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mutant named white because of early senescence was identified having 4bp deletion in EGY1. To further 

characterize the growth responses in white mutant, two suppressors (white suppressor 1 and white suppressor 

2), mutated in STAY GREEN1 (SGR1) which prevents chlorophyll degradation, restored the normal white 

phenotype was identified upon suppressor mutant screens. This study investigated the effect of chloroplast 
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phenotype was caused by mutations in SGR1.   
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1-Introduction 

 

Photosynthesis is one of the vital processes for life on earth, which require chlorophyll for the 

absorption of light energy and ultimately production of oxygen and food (Wang and Grimm, 2021). 

Light energy provided by sunlight sometimes varies in the quality and quantity depending on the 

seasonal shifts and in response to biotic and abiotic stress responses. Although light is an important 

source of energy for plants growth and development (Roeber et al., 2012), excessive and high 

intensity of light can cause damage to photosynthetic apparatus and imbalance in the rate of 

photochemical reactions (Liszkay et al., 2011; Oguchi et al., 2021). These unfavourable conditions 

sometimes cause a disruption in photosynthetic electron transport chain during a process called 

photoinhibition (Liszky et al., 2011). Photoinhibition is well defined by decline in rate of 

photosynthetic efficiency due to high light. Major target site of photoinhibition within the 

photosynthetic apparatus is the PSII complex. However, PSI has also known to be damaged by 

excessive light, especially under limited transfer of electrons from PSII (Vass, 2012). Chloroplast 

and mitochondrial generated reactive oxygen species (ROS) including free radicals, peroxides and 

singlet oxygen acts as a mediator of photodamage (Rehman et al., 2016). Impaired electron 

transport chain directly damages D1 protein that is the most important reaction centre subunit of 

photosystem II (Kato et al., 2012; Jafarova et al., 2019). The extents of photoinhibition in pigment 

protein complexes of PSII are larger than that of PSI (Liszkay et al., 2011; Oguchi et al., 2021). 

To protect photosystems and overcome lethal light effects on PSII efficiency plants have developed 

a special mechanism called “PSII repair cycle” (Murata et al., 2007; Oguchi et al., 2021). Photo 

activation process involves resynthesis of D1 protein (Rehman et al., 2016) and reassembly of the 

PSII water splitting complex. D1 protein is known for its high turnover rate (half-life=20 min) 

(Liszkay et al., 2011). The degree of photoinhibition largely rest on balance between rate of PSII 

damage and rate of repair (Murata et al., 2007). Excessive light stress is problematic when rate of 

damage surpasses the repair capacity. Protein synthesis inhibitors such as lincomycin and 

chloramphenicol are widely used for monitoring the rates of damage and repair (Rehman et al.,  

2016; Murata et al., 2016).  ROS associated pathways and redox signalling can be studied with the 

use of methyl viologen (MV) (Cui et al., 2019). MV transfer electrons from PSI to molecular 

oxygen, which enhances ROS production and inhibits PSII (Shapiguzov et al., 2019). In addition, 

very extensive crosstalk also exists between light and hormones signalling pathways for the optimal 

use of light energy (Kazan and Manners, 2011; Roeber et al., 2021). 



2 
 

The present study mainly focusses on an Arabidopsis mutant named “white” after its striking white 

appearance. It was identified as an allelic mutant of EGY1 gene. Genome sequencing and marker 

based approaches conducted in the previous study (Sultana, 2020) showed a 4bp deletion in EGY1 

gene in the white mutant. The objective of this study is to check the photochemical efficiency of 

single and double white mutants in response to different concentrations of lincomycin, 

chloramphenicol and methyl viologen. Besides that another objective is to see how the white 

suppressors (S1 and S2) restore the normal functions of white mutant. 

 

2-Literature Review 
 

2.1 Chloroplast Structure & Development 

 

Sun is the primary source of energy on planet earth, and photosynthesis is the process that captures 

and converts this energy into useable forms of carbon. A cellular organelle, called chloroplast is 

well adapted for that purpose (Roston et al., 2018). The origin of photosynthetic eukaryotes dates 

back to 1000 million years ago, when the first cyanobacterial endosymbiont were engulfed by 

eukaryotic host. This acquisition gave rise to plants and green algae with chloroplasts, red algae 

with rhodoplasts and glaucophytes with special photosynthetic organelle called cyanelles. Some 

major photosynthetic lineages then initiate secondary and tertiary endosymbiosis. The large scale 

transfer of genes to nucleus and huge gene loss during evolution significantly reduced the size of 

cyanobacterium derived genome. Thus, the modern chloroplastic genome exists with reduced 

number of genes (120-130) and where most of the genes codes for the photosynthetic apparatus and 

gene expression machinery, exhibiting features from both prokaryotes and eukaryotes (Jensen and 

Leister, 2014). To coordinate expression between genomes is sometimes challenging for chloroplast 

because of having its own separate genome. However, to attain the proper assembly and function of 

photosynthetically active chloroplast, extensive signalling occurs between nuclear and chloroplastic 

genome (Pogson et al., 2015). Chloroplasts are large organelles with complex structure, that 

harbours two outer membranes (chloroplast envelope) and an internal membrane system called 

thylakoids that resembles the network of flattened discs (Figure 1). Thylakoid membrane is further 

characterized into two domains, grana domain containing approximately ∼5–20 layers of 

cylindrical stacked discs and stroma lamellae domain exposed to stroma membrane pairs, 

connecting the grana stacks (Gao et al., 2018) 
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Figure 1: Structure of chloroplast: Stromal matrix contains the stacked internal membrane 

vesicles known as thylakoid that encompasses most of the chloroplast´s chlorophyll. (Adapted from 

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

 

2.2 Chloroplast Function  

 

Chloroplast contains thylakoids, with all the essential components for light capturing by 

photosynthetic apparatus and for optimal light harvesting (Pfannschmidt, 2003). Converting 

sunlight into chemical energy involve a series of steps that constitutes the light reactions of 

photosynthesis in all organisms performing oxygenic photosynthesis. Photosystem I (PSI) and 

photosystem II (PSII) of light dependant reactions are complex protein assemblies that contain 

hundreds of photosynthetic pigments. Light absorption by these pigments and subsequent excitation 

leads to the charge separation between the reaction centres of PSI and PSII, followed by the linear 

flow of electron through cytochrome b6f complex that ultimately reduced NADP+ to NADPH. At 

the same time H
+
 accumulate in the thylakoid lumen.  Later on, ATP synthase use the H

+
 

electrochemical (proton) gradient created through H
+
 -transport during electron transport to 

synthesize ATP.  The energy of ATP and NADPH is further utilized to fuel the rest of chemical 

reactions (Croce and Van, 2014). Besides photosynthesis, chloroplast is considered as the main site 

for the synthesis of hormones associated with plant defence, generation of Reactive Oxygen Species 

(ROS) and calcium signalling. Chloroplast is also responsible for synthesis of nitric oxide and 

certain antimicrobial compounds like camalexin (Nafisi et al., 2007; Lu and Yao, 2018). 

https://www.britannica.com/science/chloroplast
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Chloroplast is also known to be involved in maintaining homeostasis at organismic and cellular 

level because of its ability to act like a very unique signalling compartment, where it integrates and 

process information from intra and extracellular signals. A very interesting and emerging function 

of chloroplast is the significant crosstalk between organelles for metabolism and signal coordination 

in response to certain biotic and abiotic stresses (Bobik and Smith, 2014).  

 

2.3 Photosynthesis and Senescence Associated Processes 

 
Senescence is defined as the final stage of leaf development followed by the death; it is an 

important process in plant´s life regarding the relocation of nutrients from leaf to other developing 

organs or tissues (Kim et al., 2018; Liszkay et al., 2019). Complex mechanism behind leaf 

senescence is not easy to generalize as it seems to be affected by variety of environmental factors 

and vary widely in different species (Liszkay et al., 2019). Leaf senescence in recent studies focus 

mainly on senescence as a form of PCD (programme cell death), which is known as genetically 

controlled system of suicide. The steps in senescence programs follow an orderly manner at the 

cellular level. It starts with the chloroplast breakdown, which encompasses most of leaf cells 

protein, followed by series of biochemical changes in peroxisomes (Quirino et al., 2000).  To power 

the later stages of senescence, nucleus and mitochondria which are required for gene transcription 

and energy provision respectively, stays intact (Quirino et al., 2000; Pyung et al., 2007). 

Phyllobilin/PAO pathway is the best characterized biochemical pathway for the degradation of 

chlorophyll, with the involvement of various enzymes including NYE-/SGR proteins (NON-

YELLOWING/-STAY GREEN). NYE1/SGR1 encodes an Mg-dechelatase that catalyses the first 

step of chlorophyll breakdown, removal of Mg2+ from chlorophyll (Shimoda et al., 2016). The 

pathway of chlorophyll breakdown constitutes of two main phases. First phase is mainly concerned 

with the breakdown of phototoxic chlorophyll molecules and intermediates within the thylakoid 

membrane. The second phase modifies the chlorophyll catabolites and transfers them to vacuole 

from chloroplast (Kuai et al., 2018). Chlorophyll breakdown is not a linear sequence of events but 

rather it involves the plethora of complex processes in parallel that are tightly regulated 

independently to some extent (Krupinska and Humbeck, 2004).   

 

Highly ordered and complex process of various steps in senescence including chlorophyll 

breakdown is well regulated by Senescence associated genes (SAGs). More than 30 of them (SAGs) 

have been identified and characterized. Their roles during senescence include energy metabolism, 

degradation and transport of macromolecules, pathogens response, metabolites recycling, 
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detoxification of ROS and regulation of senescence associated pathways (Biswal and Biswal., 1999; 

Liu et al., 2008).  This type of genetic regulation by SAGs enables senescing leaves to maintaining 

their potential and cellular integrity concerning not only the nutrients relocation but also protein 

transcription and translation (Biswal and Biswal., 1999). SAGs that encodes for degradative 

enzymes such as lipases, nucleases, proteinases and chlorophyllases are involved in executing the 

senescence patterns. Intracellular protein trafficking, senescence perception reception and certain 

transcription factors are also controlled by several senescence linked regulatory genes. The 

transcripts levels of some SAGs accumulate during biotic and abiotic stresses while they are 

upregulated during senescence (Gepstein et al., 2003).  

 

2.3.1 Role of SGR1/NYE1 during Leaf Senescence 

 

Mendel´s green cotyledon gene STAY-GREEN (SGR) also known as NON-YELLOWING (NYE) 

encodes for the enzyme Mg-dechelatase, that catalyses the conversion of chlorophyll a to 

pheophytin a (Li et al., 2017).  For convenience, I will use the term SGR in my thesis. Metabolic 

channelling of chlorophyll degradation intermediates like phototoxic chlorophyll catabolites is 

mediated by the complex of SGR with chlorophyll degradation enzymes (HCAR, NOL, NYC1, 

PaO, PPH, and RCCR) and LHCII (Shimoda et al ., 2016; Li et al., 2017). Three genes named 

SGR1 (At4g22920), SGR2 (At4g11910) and STAY-GREEN LIKE (SGRL) (At1g44000) are 

associated with Arabidopsis SGR gene and sgr mutants have a strong stay green phenotype similar 

to soybean (Sakurba et al., 2014; Shimoda, Ito and Tanaka, 2016). SGR1 and SGR2 acts on 

chlorophyll a by extracting magnesium, however SGRL has higher activity associated with 

chlorophyllide a (Shimoda et al., 2016).  Mutations in the Arabidopsis SGR1 gene were first 

identified as nye1 (sgr1) mutant that exhibits a strong stay green phenotype. Because of its stable 

non-yellowing phenotype it was named as nye1 (non-yellowing) (Ren et al., 2007; Sakurba et al., 

2014).  To characterize the role of SGR2, null mutant of  SGR2 named nye2 (sgr2) was identified as 

a T-DNA insertion line (Wu et al ., 2016). Stay green phenotype like nye1 (sgr1) was not observed 

for nye2 (sgr2) mutant during leaf senescence; but nye2 (sgr2) mutant exhibits earlier yellowing of 

leaf during dark induced senescence. (Sakurba et al., 2014).  
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Figure 2 : Photos of 5 weeks old Col-0, nye1, nye2 , white nye1 and white nye2 double mutants 

(Bar=1cm) 

 

2.3.2 Hormonal Regulation of Leaf Senescence 

 

Senescence is a complex and highly coordinated process that makes sure to completely utilize all 

the cellular components before necrosis occurs and it is tightly regulated by the expression of 

cascade of genes that gets activated in response to some specific signals. Direct or indirect 

regulation of activator proteins via hormonal signals is important for regulation of genes that are 

concerned with senescence associated proteins. To unravel the mechanisms behind the initial 

signalling and coordination of senescence associated pathways, one choice is to uses mutants - in 

these a signal pathway is disrupted. For instance, Arabidopsis ethylene insensitive mutants are 

studied for understanding ethylene signalling pathway (Zarembinski and Theologis, 1994; Ecker, 

1995). Our group at department of biology and environmental sciences have put considerable 

efforts in identifying leaf senescence defective mutants in Arabidopsis. They will be discussed later.  

 

2.3.3 Abscisic acid  

 

Several studies repeatedly reported that senescence is positively regulated by abscisic acid (ABA) 

and an increase in levels of ABA has been observed both during natural or stress induced 

senescence (Gepstein and Thimann, 1980; Liu et al., 2016; Lim et al., 2017). A change in 

progression of senescence and expression profile of chlorophyll catabolic genes is observed because 

of variations in the levels of ABA. In addition, some morphological, molecular and biochemical 

changes are also induced by applications of ABA (Wojciechowska et al; 2018).  Lim et al (2007) 

and Wilkinson et al (1997) reported an increase of senescence in leaves and flower petals 

respectively because of applications of ABA. Some well-known studies on Arabidopsis thaliana 
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have shown an increase in expression of SAGs regulated by ABA. SAG113 is localized in golgi 

apparatus and encodes for the protein that belongs to phosphatase PP2C protein family. Enhanced 

expression of SAG113 led to premature senescence and decreased stomatal sensitivity to ABA 

(Zhang et al., 2012). In ABA signalling pathways, chlorophyll breakdown is promoted when NYC1 

(Non-Yellowing Coloring 1) and SGR1 are directly upregulated by a group of transcription factors 

including EEL (Enhanced EM Level), ABI5 (ABA Insensitive 5) and NAC016 (Figure 3) 

(Sakuraba et al., 2014a; Sakuraba et al., 2016). During screening for transcriptional regulators of 

SGR1/2, PAO (PHEOPHORBIDE A OXYGENASE), NYC1, PPH (PHEOPHYTIN 

PHEOPHORBIDE HYDROLASE) and RCRR (RED CHLOROPHYLL CATABOLITE 

REDUCTASE), ABF2/3/4 and ABI3 (B3 domain factor), were found to directly promote ABA -

triggered chlorophyll breakdown (Figure 3) (Kaui et al., 2018).  

 

2.3.4 Jasmonic Acid  

 

Jasmonic acid (JA) is another hormone that regulates senescence (Kaui et al., 2018). JA has broad 

functions, including regulation of pollen development, plant development, seed germination, 

responses to pathogen infection and insects wounding (He et al., 2002). In senescence, the key JA 

related transcription factors MYC2/3/4 regulate expression of NYC1, SGR1 and PAO (Figure 2). A 

set of chlorophyll catabolic genes including SGR1/2 and NYC1 are directly upregulated by the 

interaction of MYCs (MYC2) and ANACO19 (Figure 3). JA pathway encompasses a complex 

hierarchy of JA induced signals for efficient chlorophyll breakdown (Kaui et al., 2018). 

 

 

2.3.5 Ethylene  

 

Ethylene (ET) signalling is very important to regulate fruit ripening and senescence. Arabidopsis 

mutants exhibiting disturbances to ET pathways are the main source of information regarding ET 

regulatory pathways. ET insensitive mutants display delayed expression of senescence marker 

genes and ultimately delayed leaf senescence (Wojciechowska et al., 2018; Kaui et al., 2018). 

ORE1 (ORSERA1, NAC092) that belongs to NAC transcription family, is an important leaf 

senescence regulatory gene and has been found to be upregulated by EIN2 (ETHYLENE 

INSENSITIVE 2) (an essential upstream component in ethylene signalling pathway) via 

downregulation of microRNA, targeting the mRNA (miR164) of ORE1 (Figure 3). This leads to an 

ultimate progression in senescence patterns (Kim et al. 2009; Kaui et al., 2018). NAP (NAC-Like 
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Activated by AP3/PI) along with ORE1 was shown to be regulated positively, either directly or 

indirectly by EIN3 (ETHYLENE INSENSITIVE 3), which is a downstream target of EIN2 (Figure 

3) (Kaui et al., 2018). Some chlorophyll catabolic genes including NYC1, PAO and SGR1 are 

directly targeted by ORE1 and EIN3, leading to an enhanced transcription (Figure 3). ET mediated 

chlorophyll breakdown is largely dependent on ACS2 (1-aminocyclopropane-1-carboxylic acid 

synthase 2) which is an ET biosynthesis gene, and activated by ORE1, responsible for promoting 

ET production (Qiu et al., 2015). Plants that overproduce ET follow the similar aging pattern as 

those of wild type plants. This strongly indicates the involvement of certain other factors besides ET 

(Wojciechowska et al; 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Hormonal and light associated chlorophyll breakdown. Upper part of figure explains 

a regulatory network of chlorophyll catabolic genes that is controlled by light and hormones. 

Promotion is indicated by arrows, and the lines with bars at the end indicate suppression.  Solid and 

dotted lines are representing the direct and indirect evidence respectively for particular pathways. 

The lower half of the figure shows the suggested transcription factors that regulate expression of 

chlorophyll catabolic genes.  Adapted from (Kuai et al., 2018). 
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Mutants defective in ET, salicylic acid and JA signalling pathways are used in this study and are 

listed in materials and methods (Table 3).  

 

2.4 Photosynthetic Electron Transport chain  

 
Photosynthetic electron transport chain is driven by reaction centres of PSII and PSI. Photochemical 

activity starts with the charge separation on donor side across the thylakoid membrane, where water 

is oxidized with a release of proton and oxygen, and ultimately the reduction of PSII electron 

acceptors (QA and QB) takes place on the stromal side. Acceptance of two electrons leads QB into 

plastiquinone pool, where it reduces plastiquinol. Later, two electrons are released after the 

oxidation of plastiquinol. One electron descends via high potential chain to rieske protein and Cytf 

to plastocyanin and PSI. The other electron follows the low potential chain, to finally reach at Qi 

site to form semiquinone. Reduced quinone can enter the Q cycle again, once it is released from Qi. 

Within the thylakoid lumen, plastocyanin mediates the transfer of electron from cytochrome b6f to 

PSI, which behaves like an oxidoreductase; transferring electrons to ferredoxin via 4Fe-4S centres 

(FA, FX and FB). Finally NADPH and ATP produced respectively by ferredoxin NADP+ reductase 

and ATP synthase are used further for fuelling the Calvin-Benson cycle. In addition to linear 

electron flow, cyclic electron flow also exists, where electrons are transferred back from reduced 

ferredoxin (PSI terminal acceptor) to either plastoquinone or to Cytb6f complex, followed by ATP 

formation and proton translocation (Rochaix, 2011). 
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Figure 4: Photosynthetic electron transport chain. Thylakoid membrane containing PSII, Cytb6f, 

PSI, and the ATP synthase is shown. Electron transport and direction of electron flow is indicated 

by dotted line and arrows respectively.  PSII catalysed water oxidation initiated transport of electron 

from PSII to Cytb6f via plastoquinone (PQ) pool. Cytb6f transferred the electrons to PSI through 

electron carrier plastocyanin (PC), leading to formation of NADPH. For cyclic electron flow, two 

different paths are shown in figure. One involves the involvement of NADPH, Ndh and ferredoxin. 

However, the other pathway directly transfer electron to cyt c′ in Cytb6f complex via ferredoxin. 

ATP is produced by ATP synthase that is driven by pH gradient generated across thylakoid lumen. 

Superoxide (O2
.−

) is produced when oxygen is reduced by PSI. Adapted from (Rochaix, 2011). 

 

2.5 Photoinhibition of PSII (D1 Damage and turnover) 

 

Light induced stress causing irreversible damage to PSII reaction centres is well defined by the term 

“photoinhibition”. This type of photodamage leads to inactivation of photosynthetic apparatus, 

fluctuations in photosynthetic rate, loss of electron transport activity, loss of oxygen evolution and 

ultimately impaired plant growth. Irreversible inhibition can only be recovered by chloroplast 

protein synthesis (Kok, 1956; Platt et al., 1980; Aro et al., 1993; Tyystjärvi, 2013). Sometimes 

photoinhibition is confused with term downregulation, which is a gradual process and under high 

light conditions leads to reversible decrease in PSII quantum yield. However, photoinhibition is 

totally irreversible, except when some chloroplastic proteins are degraded and resynthesized 

properly. Both terms should not be confused as they can be easily distinguished from each other via 

NPQ (Non-Photochemical Quenching) of excitation energy (Baker, 2008; Rochaix, 2011; 

Tyystjärvi, 2013). In addition, excessive ROS production also damages photosynthetic apparatus. 

Plants sitting in the shades, when exposed to very high intensity of light develop pale green leaves 

and this bleaching of chlorophyll is visible to eye (Roach & Krieger., 2014). Plants have developed 

highly efficient system for PSII repair, thus reducing the extent of photodamage to protein 

components, with D1 as the main target. D1 is hydrophobic protein having five membrane spanning 

helices. N and C-terminal are exposed to stroma and thylakoid lumen, respectively (Kato et al., 

2012). PSII repair cycle involving D1 degradation and re-synthesis has been studied in many 

organisms. There are several steps involved in the repair of PSII D1 protein. It starts when damaged 

PSII core complex is transferred to stromal thylakoid, followed by partial disassembly of PSII core 

monomer. Damaged D1 is then accessed by FtsH and Deg proteases, leading to the concomitant 

synthesis of D1. Later, activated reaction centres are reassembled into grana thylakoids. PSII repair 
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cycle ensures the homeostasis between numbers of active PSII centres, which shows the 

dependence of rate of repair reactions on number of photoinhibited reaction centres (Tyystjärvi, 

2013; Kato et al., 2012). 

 
                           

                                             
  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Proposed model for Photoinhibition and repair cycle of PSII. Steps involved in PSII 

repair cycle are shown in figure. As a result of light induced damage, partial disassembly of PSII 

occurs, where most of D1 is degraded. During PSII repair cycle, PSII is activated again by the 

incorporation of newly synthesized D1 protein in PSII. Adapted from (Tyystjärvi, 2008; Tyystjärvi, 

2013) 

 

2.6 Chlorophyll Fluorescence 

 
Chlorophyll fluorescence being the by-product of light absorption by photosynthesis is considered 

as a powerful tool for examining photosynthetic performance in plants and algae. Light energy 

absorbed by PSII has three different fates. Absorbed energy can either be used to drive the process 

of photochemistry (photochemical quenching), or can be lost from PSII as heat (NPQ) or 

chlorophyll fluorescence (Baker, 2008; Porcar-Castell et al., 2014). Competition exists between all 

three processes, as increase in rate of one process can decrease the other two and vice versa. Fv/Fm, 

being an important chlorophyll fluorescence parameter estimates the extent of damage to PSII and it 

is considered as the maximum photosynthetic efficiency of PSII. Maximal fluorescence level, when 

electron acceptor Qa is reduced is defined by Fm, which is measured by saturating flash of light 

(short flash of 1 second). However, F0 represents minimal fluorescence level (when Qa is fully 

oxidized) and is measured in darkness with weak measuring flash of light. Difference between Fm 

and F0 is defined as Fv/Fm. In order to get the maximum PSII yield and to dissipate NPQ, plants 
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are usually dark adapted at least for 20 minutes before measuring Fv/Fm (Baker, 2008). In this 

master’s thesis, I mainly used pulse amplitude modulation (PAM) flouremetry for chlorophyll 

fluorescence imaging. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Simple model for three fates of light energy absorbed by PSII. Chlorophyll absorbed 

light can be used in three different ways. It can be utilized for driving the photochemical reactions 

(photochemistry), where an electron from P680 reaction centre is transferred to QA (primary 

quinone acceptor). However, absorbed light energy from PSII can be lost as chlorophyll 

fluorescence or it can dissipate in the form of heat. All three processes are directly in competition 

with each other. Increase or decrease in rate of one can lead to decrease in the rate of other process 

or vice versa. Adapted from (Baker, 2008). 

 

2.7 Reactive Oxygen Species 

 

Reactive Oxygen Species (ROS) are produced in several cellular compartments including 

chloroplasts, peroxisomes, mitochondria and endoplasmic reticulum, as a by-product of aerobic 

metabolism when electrons are inevitably leaked onto O2. ROS are a group of free radicals that 

exists in different molecular and ionic states, including hydroxyl radicals (•OH), superoxide ions 

(O2
⋅−), hydrogen peroxide (H2O2) and singlet oxygen. Photosynthetic electron transport chain in 

chloroplast and NADH dehydrogenase complexes I and III are the main source of ROS generation 

in chloroplast and mitochondria respectively (Singh et al., 2016). ROS can cause damage to 

biomolecules when present in very high concentrations; but in addition plants also use controlled 
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production of ROS as signalling molecules in development and stress responses (Sharma et al., 

2012; Haung et al., 2016). 

 

2.8 MV Induced ROS signalling 

 

As ROS are very important signal transduction intermediates in plants, various tools have been 

developed to experimentally generate controlled ROS production to study their function (Cui et al., 

2019). Paraquat, also known as Methyl Viologen (MV) (N,-N′-dimethyl 4,-4′-bipyridinium 

dichloride) is commonly used  herbicide that kill plants through light dependant  ROS production 

and highly toxic to humans (Drechsel and Patel, 2008). MV transfers electrons from PSI to oxygen, 

leading to production of superoxide. Later on, super oxide is converted into hydrogen peroxide and 

molecular oxygen spontaneously or in a reaction catalysed by SOD (super oxide dismutase) (Babbs 

et al., 1989; Fuerest and Norman, 1991). Through application of MV to plants, it becomes possible 

to study the role of ROS in retrograde signalling between chloroplast, mitochondria and nucleus. 

ROS induction by MV has been reported outside chloroplast as well as in non-photosynthetic 

organisms, implying that MV can have additional functions, for example in mitochondria where 

MV can act as electron acceptor (Cui et al., 2019).  In addition to that, chloroplast physiology, MV 

transport and ROS detoxification are considered as notable MV tolerance mechanisms (Cui et al., 

2019).  

 

2.9 Effect of Lincomycin and Chloramphenicol on PSII efficiency 

 
Two processes mainly considered while studying photoinhibition are: inactivation of PSII reaction 

centres (with main focus on D1 protein) and thermal energy dissipation by xanthophyll cycle 

pigments (Batchmann et al., 2004). To understand photosynthetic machinery and signalling 

mechanisms between chloroplasts and nucleus, one option is to use chemicals (for example 

antibiotics), that inhibit transcription or translation (Mulo et al., 2003). The present study focus 

mainly on the effect of lincomycin on D1 protein. Protein synthesis inhibitors like lincomycin are 

mostly employed for inferring the involvement of D1 degradation in photoinhibition. Lincomycin 

reduces the amount of chloroplast encoded D1 protein, ultimately leading to reduced photosynthetic 

efficiency (Fv/Fm). D1 is affected by lincomycin to greater extent than any other known chloroplast 

encoded protein. Besides protein synthesis, lincomycin also alters ion channel functions 

(Batchmaan et al., 2004). In addition, changes in the expression of nuclear encoded genes by 

lincomycin have shown downregulation in transcription rates and phosphorylation levels of certain 
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photosynthesis related genes and proteins like Lhcb, RbcS and LHCII (light harvesting complex II) 

(Mulo et al., 2003).  

 

 

 

                                           

 

 

 

 

 

 

 

Figure 7: Photoinhibition and D1 synthesis inhabition by lincomycin. Photoinhibition 

(photodamage) inhibits the electron transfer activity of PSII. PSII is ultimately repaired by PSII 

repair cycle via D1 protein’s degradation and resynthesis. To inhibit or block the protein synthesis, 

lincomycin can be used. Adapted from (https://www.wcngg.com/2019/10/02/heat-stress-dont-get-

burned/) 

 

 

 

Chloramphenicol is another protein synthesis inhibitor widely used for studying PSII photodamage 

(Kordu et al., 2020). Chloramphenicol inhibits the synthesis of protein in chloroplast when it binds 

to 70S ribosomal subunit, and hence blocking the peptidyl transferase activity (Okada et al., 1991). 

Higher concentrations of chloramphenicol leads to inhibition of uptake of anions and cations to 

higher plant tissues (Ellis, 1963; Rehman et al., 2016).   

 

2.10 Mutants Defective in Chloroplast Function 

 

2.10.1 Role of EGY-1 in Chloroplast Development 

 

Previously, a mutant named egy1 (ethylene-dependant gravitropism-deficient and yellow-green 1) 

was identified, which displays yellow green cotyledons and abnormal hypocotyl gravicurvature. 

Map based cloning of egy1-1 identified a 10 bp deletion in the gene AT5G35220, and egy1-2 is a t-

https://www.wcngg.com/2019/10/02/heat-stress-dont-get-burned/
https://www.wcngg.com/2019/10/02/heat-stress-dont-get-burned/
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DNA mutant allele (Chen et al., 2005). Molecular and cellular studies elucidated that EGY1 

encodes for a 59-kDa plastid targeted ATP-independent metalloprotease (Guo et al., 2008; Chen et 

al., 2005). Within chloroplast membranes, the accumulation of light harvesting complex (LHC) and 

chlorophyll required EGY1. Additionally, EGY1 have an important role in growth and development 

of thylakoid grana and well-ordered lamellae (Chen et al., 2005). Reduced levels of LHC and 

chlorophyll have been seen in hypocotyl tissues and endodermal cells respectively, where EGY1 is 

highly expressed and up-regulated by light and ethylene (Guo et al., 2008). In addition, EGY1 also 

regulate nuclear gene expressions, interaction with ABA signalling and ammonium stress responses 

(Li et al., 2012). Endodermal plastid biogenesis is also affected with loss of EGY1 function. 

Further, chloroplast development and chloroplast proteostasis was proposed to be regulated by 

EGY1 in coordination with another chloroplast metalloprotease VAR2/AtFtsH2 (Qi et al., 2020).  

 

 

 

 

 

 

 

 

 

Figure 8: Photo of 5 weeks old Col-0 (wild type) and egy1-2 mutant (Bar=1cm) 

 

2.10.2 white mutant 

 

The white mutant was discovered as a spontaneous mutation in Col-0 background by Mikael 

Brosche. Marker based mapping and genome sequencing identified a 4bp deletion in EGY1 gene in 

the white mutant. An allelism test between white and egy1-2 proved that they are two different 

alleles of the egy1 mutant (Mikael Brosche, unpublished).  For simplicity the new mutant allele in 

this thesis will be referred to as white, as it displays white phenotype that was observed as the plant 

ages. This mutant exhibits an unusual type of early senescence that includes increased transcript 

accumulation of senescence regulated genes. Despite the premature aging, white mutant is still able 

to complete their life cycle. This study focusses mainly on understanding the chloroplast 
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development and senescence associated photosynthetic processes in white mutant and its 

suppressors. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Photo of 5 weeks old Col-0 (wild type) and white mutant (Bar=1cm) 

 

2.10.3 white suppressor mutants 

 

To identify biological processes that restore normal growth to the white mutant, a suppressor mutant 

screen was performed in the white mutant background. The aim was to identify mutations that 

restore normal growth. Genetic screens were made in the white allele. First white seeds were ethyl 

methanesulfonate mutagenized followed by screening for restoration of green leaves in F2 

generation. Two mutants (white suppressor 1 and white suppressor 2) largely restored chlorophyll 

content and were mapped to the gene SGR1 (STAY GREEN1, AT4G22920; also known as NYE1 – 

NON- YELLOWING1). Both mutants have point mutation in SGR1 but at different sites. The 

suppressors were used in this thesis to further understand growth and chloroplast functions of the 

white mutant.  

In Arabidopsis, the first identified mutant for sgr1 was named nye1 (non-yellowing1) (Ren et al., 

2007). In this thesis, a double mutant white nye1 was also used to see if it will behave similar to 

suppressors white S1 and white S2.   
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                Figure 10: Photo of 5 weeks old Col-0 ,white , white S1 and white S2.(Bar=1cm) 

 

2.10.4 RCD1 and its function 

 

RADICAL-INDUCED CELL DEATH1 (RCD1; At1g32230) is a 589 amino acids nuclear protein 

(Shapiguzov et al., 2019; Jaspers, 2010), that was first described 21 years ago in Arabidopsis 

(Overmyer et al., 2000). The rcd1 mutant was initially identified as an ozone sensitive mutant 

(Overmyer et al., 2000), but subsequent work revealed that it is highly pleiotropic with multiple 

phenotypes related to stress, hormone and development processes (Jaspers, 2010). RCD1 acts to co-

ordinate proper function of transcription. RCD1 integrates ROS mediated signalling from both 

mitochondria and chloroplast. For example, a ROS-related retrograde signals from mitochondrial 

complex III is mediated by direct interaction of RCD1 with certain transcription factors like 

ANAC017 and ANAC013 (Shapiguzov et al., 2019). Arabidopsis rcd1-4 is a T-DNA allele of rcd1, 

however several other loss of function alleles of RCD1 also exists and all of them exhibits very 

similar phenotype. In my study I used the rcd1-4 mutant, that is highly tolerant to MV and have 

some developmental defects and distinctive phenotype like smaller rosettes, early flowering and 

curlier leaves, when compared with wild type (Shapiguzov et al., 2020; Ahlfors et al., 2004). In 

addition Cui et al (2019) showed enhanced tolerance of rcd1 towards high light stress.  
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Figure 11: Photo of 5 weeks old rcd1-4 mutant. (Bar=1cm) 

3- Objectives of the study 

 

Overall aim of this study was to  

1- Study the effect of lincomycin and chloramphenicol on photosynthesis (chlorophyll 

fluorescence, western blots) in the white mutant and its suppressors. 

2- Study the effect of MV (methyl viologen) on photosynthesis (chlorophyll fluorescence) in 

the single and double white mutants  

3- Confirm the correct identification of white suppressor 1 and 2 as mutations in sgr1/nye1.   

 

4-Materials and Methods 

4.1 Plant Materials and Growth Conditions:   

 

Arabidopsis Columbia-0 accession (Col-0) was used as wild type in this study. Seeds for all the 

Arabidopsis (Arabidopsis thaliana) lines used in this study (Table 1)  were planted in 8cm square 

pots with the 1:1 soil mixture of peat: vermiculite respectively. For Stratification purpose and to get 

the uniform germination, trays were first transferred to cold dark room (4°C). After two days; all 

the Arabidopsis lines were grown in the growth rooms under 220 μmol m−2 s −1 white fluorescent 

lamps, 12 hours photoperiod at 23°C/19°C and 70%/90% relative humidity (day/night).  
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Table 1:   Arabidopsis thaliana lines used in this study                   

Double Mutants Mutant Locus Description 

egy1-2                                                       

 

AT5G35220 T-DNA insertion in gene EGY1 

 

white AT5G35220 4bp deletion in gene EGY1 

nye1 AT4G22920 A/T Substitution in gene SGR1 

nye2 AT4G11910 T-DNA insertion in gene SGR2 

white nye1                                                     AT4G22920 Double mutant in EGY1and 

NYE1/SGR1  

white nye2                                                      AT4G11910 Double mutant in EGY1and 

NYE2/SGR2 

white S1 AT5G35220/ AT4G22920 Double mutant in EGY1 and SGR1 

   

white S2 AT5G35220/ AT4G22920 Double mutant in EGY1 and SGR1 

   

rcd1-4 AT1G32230 T-DNA insertion in gene RCD1 

 

white rcd1-4 AT1G32230 Double mutant 

 

sr1-4D AT2G22300 C/T Substitution in SR1 

 

white sr1-4D AT2G22300 Double mutant 

 

ein2 

 

white ein2 

 

AT5G03280 

 

AT5G03280 

Substitution in gene EIN2 

 

Double mutant 

   

EGY1= Ethylene-dependant gravitropism-deficient and yellow-green 1, SGR/NYE=Stay green /Non-

yellowing, RCD1=Radical Induced cell death 1, SR1=Signal responsive 1 transcription factor, EIN2=Ethylene 

insensitive 2 

 

4.2 Genotyping: 

 

Some of the double and triple mutants including rcd1 sr1-4D, white rcd1 sr1-4D and white ein2 

sr1-4D were confirmed by genotyping before performing any experiment. All other Arabidopsis 

lines used in this study were already genotyped by Dr Mikael Brosche. Isopropanol precipitation 

was used for nuclear DNA extraction. Fresh leaves were homogenized using glass beads and 

extraction buffer (See appendix 9.1) followed by removal of debris by centrifugation. Supernatant 

was transferred to new tube and DNA precipitated with isopropanol. To identify the Single 

Nucleotide Polymorphism (SNP), dCAPS markers were used, as they are best suited for finding any 
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SNP. (Neff et al; 1998). dCAPS primer sequence used for detecting sr1-4D and ein2 mutations are 

listed below (Table 2). Samples were run on PAGE followed by overnight restriction digest. ein2-1 

and sr1-4D. PCR products were digested with XhoI and PvuII respectively. 

 

Table 2:     dCAPS primer sequence to detect ein2-1 and sr1-4D mutations 

dCAPS primer sequence Forward Reverse 

ein2-1 CTCGGTCTATGATTTGCCAGAGAA CAGAGTCTTCCTTAAGACTACTAACTC 

sr1-4D AGTGATGATTCCGTGCAAGCAG TGCACCTGTATTTTGATGATTCTT 

 

 

4.3 Arabidopsis Seed Cleaning and Surface Sterilization:  

 

Arabidopsis seeds were cleaned through sieves (hole size-425 µm). For surface sterilization, seeds 

were first treated with 1mL of 70% Ethanol/ 2% TritonX-100. After gentle mixing of 10 minutes, 

solution was discarded and seeds were rinsed 3 times with 1mL of 99% ethanol. Finally, 500µL of 

99% ethanol was added before moving seeds on a sterile filter paper. Laminar flow cabinet was 

used to dry the seeds completely.   

 

4.4 Kanamycin Selection of SGR1 Complementation Lines: 

 

Generation of SGR1 complementation constructs and transformation of white suppressor 1 and 

white suppressors 2 is already described in previous study (Sultana, 2020). Briefly, the wildtype 

SGR1 gene including 1.6 kB promoter region was PCR amplified from Col-0 genomic DNA and 

cloned with gateway technology to pDONR-Zeo. After sequencing the SGR1 gene was recombined 

to plant binary vector pMDC100 and transformed to Agrobacterium. Flowering white suppressor 1 

and white suppressor 2 were transformed with floral dip method. Transformed seeds were selected 

in T1 and T2 generation. In the current study, seeds from T3 generation were selected on 

kanamycin plates [½ MS salts (2.2g/litre media), 0.7% Agar, 50 µg/ml kanamycin (stock 50mg/ml)] 

and used to document development of the white mutant phenotype in an age time series in 

complementation lines and in Col-0, white, white suppressor 1 and white suppressor 2 lines. 
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4.5 white Double Mutants 

 

Photos were taken when plants were 5 weeks old to see any difference in phenotype. List of double 

mutants that were used for that purpose are listed below (Table 3).  

 

Table 3:  List of white double mutants blocking hormone signaling and synthesis. 

Double Mutants Mutant Locus Description 

white sid2                                                       AT1G74710 Blocks salicylic acid signaling 

white ein2                                                       AT5G03280 Blocks ethylene signaling 

white eds1                                                      AT3G48090 Blocks defense/pathogen signaling 

white coi1                                                      AT2G39940 Blocks jasmonic acid signaling 

white aos                                                     AT5G42650 Blocks jasmonic acid biosynthesis 

white sr1-4D                                                      AT2G22300 Dominant mutation that blocks 

function of defense related 

transcription factor 

   

 

 

4.6 Lincomycin Light Treatments for Western Blotting:  

 

Plants were grown for 4 weeks in growth rooms- 220 μmol m−2 s −1 light level. Leaf Discs were 

punched from different genotypes and put into 24 well plates with 0.05% Tween-20 and 2mM 

lincomycin. The leaf disc plates were incubated overnight in darkness. Next morning, plants were 

transferred to chamber with extra LED light panels and incubated at 1000µE. Samples were taken 

for protein extraction at 0h, 1h and 2h and snap-froze in liquid nitrogen. Samples were stored at -

75°C until protein extraction.  
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4.7 Measuring Chlorophyll: 

 

Samples were treated with ice cold 80% acetone. Vortexed for 1 minute. Spinned at maximum 

speed for 3 minutes. Optical density (OD) was measured at 652nm. To get the approximate 

chlorophyll [mg/ml] for western blotting purpose, OD was multiplied by 4.35. 

 

4.8 Crude Protein Preparation and Measurement of Protein Concentration: 

 

Plant material was ground in a safe lock eppendorf with glass beads under liquid nitrogen. For 

protein extraction, lysis buffer [2% SDS, 20mM Tris-HCl (pH 7.8), x1000 sigma protease 

Inhabitor, mQ] was added to the unfrozen powder .Samples were incubated for 20 min at 37°C and 

centrifuged at maximum speed for 3 min. (Shapiguzov et al; 2019) Protein concentration was 

measured at OD750 and the supernatants were equilibrated using original lysis buffer and 4 x LB 

(+/-mercaptoethanol). Samples were stored at -75°C and used later for SDS-PAGE.  

 

4.9 Immunoblotting:  

 

SDS-PAGE (12% polyacrylamide) was used for protein separation. Following the electrophoresis, 

PVDF membrane was activated in 20% methanol. Samples from the gel were transferred to PVDF 

membrane [0.22 µm, Millipore] (Qi et al; 2020) and sandwich assembling was done in pre-cool 

transfer buffer (1× PAGE with 20% methanol).Transfer was left overnight in cold room at 130mA. 

Prior to immunoblotting, PVDF membrane was blocked in TBS-T plus 5% milk for 1 hr at room 

temperature or overnight at 4˚C.Membrane was then immunoblotted with specific primary antibody 

(Anti-D1) [anti-Phosphothreonine (rabbit): x10 000 in 3% BSA] overnight or 1-4 hrs room 

temperature. After 6 × 5 min washing in TBS-T, membrane was incubated with anti-rabbit x5000 

(in 0-1% milk; 1hr room temperature) followed again by 6 × 5 min washing by TBS-T. Finally; 

immunodetection was done. The experiment was repeated 4 times, each time differing on the basis 

of amount of sample loaded and concentration of primary antibody used. Samples were loaded both 

on the basis of chlorophyll and protein content. ImageJ software was used for protein quantification 

(https://imagej.nih.gov/ij/).  

 

https://imagej.nih.gov/ij/
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4.10 Preparation of Leaf Discs:  

 

Leaf disc assay was performed with three different treatments. 4
th

 or 5
th

 true leaves of 4.5 weeks old 

plants were punched from 4 or 5 individual plants for each leaf disc in every experiment and put 

into the 96 well plates. For the first treatment, the wells were filled with milli-Q water + 0.05% 

tween-20 with lincomycin (1mM) or without lincomycin. As a second treatment, leaf discs were left 

floating in DMSO (1:1000) with chloramphenicol (1mM) or without chloramphenicol. Methyl 

viologen (MV) with different concentrations was used as our third treatment for leaf disc assay. 

Leaves from 4.5 week old plants were punched and added to the milli-Q water + 0.05% tween-20 

with MV (2.5mM, 0.25mM and 0.15mM) or without MV. Leaf disc plates were all incubated 

overnight in the dark to get the better penetration of antibiotics inside the leaf discs. Next morning 

the plates were moved to PAM for further analysis. All the experiments for leaf disc assay as 

explained above were reproduced twice or thrice. 

 

4.11 Spectroscopic Analysis of Chlorophyll Fluorescence Using PAM: 

 

Chlorophyll Fluorescence Measurements for all the leaf Discs were done by MAXI Imaging PAM 

Chlorophyll Fluorimeter (Walz, Germany). Dark gaps (450 nm, 80 µmol m
−2

 s
−1

) protocol was used 

throughout all the experiments. Leaf Discs were repetitively exposed to 1hr of blue actinic light 

followed by 20 minutes of darkness and Fo and Fm measurements. Photosynthetic efficiency of 

PSII was measured as Fv/Fm. (Shapiguzov et al; 2019)  

 

4.12 Statistical Analysis:  

 

Data obtained from PAM was subjected to statistical analysis using two way factorial analysis of 

variance (ANOVA). Box plot and analysis was implemented on R version 4.02 and significant 

means were separated using Tukey HSD at 5% significance level.   
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5. Results 

 

5.1 Genotyping 

 

Arabidopsis double and triple mutants, rcd1-4  sr1-4D , white rcd1-4  sr1-4D and white ein2-1 sr1-

4D were genotyped to detect homozygosity for sr1-4D and  ein2 mutations, respectively. rcd1-4 

sr1-4D double mutant was genotyped for performing MV treatments. In addition, white rcd1-4  sr1-

4D and white ein2-1 sr1-4D were used for taking photos, with the purpose of documenting 

development of the white mutant phenotype in an age time series. rcd1-4 sr1-4D (samples 1-6) 

double mutant is homozygous for sr1-4D mutation, as PvuII only cuts Arabidopsis wild type Col-0 

(Figure 12). Similarly, PvuII did not cut white rcd1-4 sr1-4D (samples 7-12) and white ein2-1 sr1-

4D (samples 13-18) depicting the presence of homozygous mutation for sr1-4D (Figure 12). white 

ein2-1 sr1-4D was genotyped again for detecting ein2-1 mutation. ein2-1 mutant remained intact 

while Col-0 was cut by XhoI hence confirming that ein2-1 is homozygous (Figure 13). The above 

results thus confirmed the mutants ready and fit for future studies.   

 

 

Fig 12: sr1-4D amplification with dCAPS marker. Samples 1-6 (rcd1-4 sr1-4D), 7-12 (white rcd1-4 

sr1-4D) and 13-18 (white ein2-1 sr1-4D) digested with PvuII. Faint band in negative control shows 

small amount of PCR product that leaks from neighbouring wells. 
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Fig 13: ein2-1 amplification with dCAPS marker. 13-18 (white ein2-1 sr1-4D) digested with XhoI. 

Yellow arrow indicates the correct PCR product that is digested with XhoI in the wildtype Col-0. 

Red arrow indicates an unspecific amplification band that is also present in the negative control. 

 

5.2 Kanamycin Selection of SGR1 complementation lines 

 

The suppressor mutation in white suppressor 1 and white suppressor 2 was mapped to the gene 

STAY GREEN1 (SGR1). In the previous study conducted by Sultana (2020), white suppressor 1 

and white suppressor 2 were already transformed with wildtype SGR1 and transformed seeds were 

selected for T1 and T2 generation. In this study we selected seeds from T3 generation for Col-0, 

white, white S1, white S2 (grown on plates without kanamycin) and white S1 and S2 

complementation lines and grow them on kanamycin selection plates. After one week we observed 

positive selection for kanamycin resistance plants (Figure 14A). Later on, resistant seedlings were 

transplanted to soil and photographed at 5
th

 week. SGR1 complementation lines successfully 

restored the white mutant phenotype (Figure 14B).  These results suggest that suppressor phenotype 

is caused by mutation of SGR1. 
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Figure14: Kanamycin resistance of SGR1 complemnetation lines. (A) Col-0, white, white S1, 

white S2 were grown on plates without kanamycin. Transformed  plants (whiteS1 and white S2 

complemented with wildtype SGR1) were selected on kanamycin plates. (B). 5 week old plants  

under standard growth conditions (12hr photoperiod with 220 μmol m−2 s −1 of white luminescent 

light). Scale bar= 1 cm  

 

5.3 D1 abundance in white mutant and its suppressors 

 

To investigate the role of EGY1 in PSII repair cycle and D1 stability under high light stress, mutant 

and wild type leaf discs were treated with lincomycin followed by 0, 1 and 2 hours of high light 

exposure. Later on, levels of PSII protein D1 were analysed using immunoblotting.  
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My data showed that lincomycin treated egy1 and white showed more pronounced decrease in 

abundance of D1, than Col-0, when loaded on equal protein basis (Figure 15A). We observed that 

the S1 (white suppressor 1) and S2 (white suppressor 2) lines had the same level of D1 proteins, as 

egy1 and white. When loading based on equal protein, we observed very similar abundance of RbcL 

in all the samples. However, the abundance of LHCII (as assessed with amido black staining) was 

decreased in egy1 and white, but was partially restored in S1 and S2 (Figure 15A). The white nye1 

double mutant behaved in a similar way to that of S1 and S2 lines. (Figure 15B).The pronounced 

decrease in D1 abundance in the S1 and S2 lines, suggested that the suppressors do not fully 

complement D1 levels of the white mutant.  

As a complementary approach, samples were loaded based on equal chlorophyll content. With this 

type of gel loading, no decrease in D1 abundance was observed in white and egy1 (Figure 15C). 

However, S1 and S2 showed a pronounced decrease in D1 levels. Interestingly, when samples were 

loaded based on equal chlorophyll, we observed much higher presence of RbcL (as assessed with 

amido black staining) in egy1 and white than in Col-0, S1 and S2. This is in line with previous 

observation that the chloroplasts of egy1 have less thylakoids, but more stroma than the chloroplasts 

of Col-0 (Figure 15C, Chen et al., 2005). When Anti-D1 was normalized to rubisco (RbcL), we 

observed that white nye1 followed the same trend as white and egy1 (Figure 15D). These results 

suggested that S1 and S2 lines as well as white nye1 did not seem to fully restore D1 protein levels 

to white mutant. 

We loaded gels both on basis of equal chlorophyll and protein content to account for the phenotypes 

of the mutants used in this study. They regulate chlorophyll and protein content- EGY1 is a protease 

and the egy1/white plants are distinctly yellow with less chlorophyll (Qi et al., 2019) and the 

suppressors S1 and S2 are mutated in SGR1 which prevents chlorophyll degradation (Li et al., 

2017). This means that loading based on chlorophyll content will bias for the white/egy1 – as this 

mutant has less chlorophyll, this means that more protein will be present in samples from these 

mutants. Vice versa, if the gels are loaded based on equal protein content, this may lead to other 

biases as the abundance of protein complexes (for example LHC) is changed in white/egy1. 

However, the fact that we observed such different presentation of results depending on how we 

equilibrated (loaded) the samples tells us that immunoblotting for D1 is not easy to interpret. For a 

more unbiased approach we decided to test photoinhibition using PAM, and not immunoblotting. 
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Figure15: Immunoblot analysis of D1 protein at 0, 1 and 2 hours of high light exposure. Leaf 

discs from 4 week old plants were infiltrated with 2mM Lincomycin, followed by overnight 

darkness, they were exposed to LED lights where they were incubated at 1000µE. 12% SDS-PAGE 

was used for protein seperation and PVDF membrane was stained with Coomasie Brilliant Blue. 

Immunoblot signals using anti-D1 antibodies and the corresponsing bands stained with Coomasie 

Brilliant blue for RbcL and LHCII are shown. Samples were loaded based on equal content of 

protein (A and B) and chlorophyll (C). ImageJ program was employed for quntifying the 

immuoblot signals and D1 was normalized to Rubisco (RbcL) (D).  
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5.4 white mutant is tolerant to lincomycin and chloramphenicol 

 

The differentiating results from D1 immunoblotting lead us to continue with PAM for chlorophyll 

fluorescence imaging. Leaf discs from wild type Col-0 and mutant lines were punched and treated 

with 1 mM of lincomycin or 1 mM chloramphenicol to check the impact of protein synthesis 

inhibitors on photosynthetic efficiency of PSII. In parallel, control samples were incubated in the 

same buffer without inhibitors. Leaf discs were dark adapted overnight followed by several hours of 

light under incubation. In the control treatments, only minor changes were observed between 

genotypes, which were not statistically significant (Figure 16C and 16D). 

Lincomycin:  

With lincomycin treatment, a steady decrease in maximal photochemical efficiency of PSII was 

observed for wild type throughout different time points (Figure 16A). However, chlorophyll 

fluorescence measurements indicated higher photochemical efficiency for white and egy1-2, when 

compared with Col-0.  S1 and S2 follow more or less the same trend as Col-0 (Figure 16A). Besides 

studying the kinetics at different time points we selected one specific time point for statistical 

analysis. At time point 4 hr, Col-0 leaves showed a rapid decrease in Fv/Fm when treated with 

lincomycin but interestingly, white and egy1-2 showed enhanced tolerance to lincomycin which was 

statistically significant when compared with Col-0. Both suppressors (S1 and S2) complemented the 

lincomycin tolerance of white mutant and egy1-2 (Figure 16C). 

Chloramphenicol: 

To check whether chloramphenicol affects photochemical efficiency the same way as lincomycin 

did, we treated the same set of mutants with 1mM chloramphenicol. All the lines followed more or 

less the same trend for lincomycin and chloramphenicol treatment, including increased tolerance in 

white and egy1-2. Again both suppressors (S1 and S2) behaved almost same as Col-0, thus 

complementing the chloramphenicol tolerance of white and egy1-2 (Figure 16D).  As both 

lincomycin and chloramphenicol reproducibly led to decreased Fv/Fm, the results also suggests that 

penetration of lincomycin and chloramphenicol into wild type leaf discs competently inhibited D1 

synthesis that leads to PSII photodamage and thus compromised Fv/Fm. Whereas, white and egy1-2 

were reproducibly more tolerant than Col-0 in the presence of lincomycin and chloramphenicol. 

These results also confirmed that S1 and S2 restored the lincomycin and chloramphenicol tolerance. 

Furthermore, both chloramphenicol and lincomycin behaved similarly. 
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Figure16: Maximal photochemical effeciency (Fv/Fm) of PS II in the presence or absence of 

lincomycin and chloramphenicol. Leaf discs from 4.5 week old plants were infiltrated with 1 mM 

Lincomycin and 1 mM chloramphenicol and left overnight for better penetration of antiboitics. 

Prior to measuring  Fv/Fm, each leaf discs was dark adapted for 20 minutes and then incubated for 

0, 2, 4, 6, 8, 10, 12 and 14 hours under light. Values are mean ± sd (A,B). The data at time point 4 

hr with and without lincomycin (C) and chloramphenicol (D) is represented as boxplots (dots as 

outliers, minimum, median and maximum) at 5% significance level using ANOVA and Tukey’s 

HSD post hoc test. Treatments with the different letters are significantly different. The experiment 

was repeated three times.  
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5.5  ein2-1 mutant provides moderate tolerant to oxidative stress caused by MV 

 

To see how ETHYLENE INSENSITIVE-2 (EIN2) is involved in oxidative stress responses in 

Arabidopsis, ein2-1 was treated with MV. ein2-1 mutation was also crossed with white mutant to 

see how it changes the photochemical efficiency of white mutant. Previous study conducted by Cao 

et al (2006) showed that upon treatment with MV, ein2-1 showed enhanced tolerance as compared 

to wild type Col-0. The study by Cao et al (2006), used a survival assay were seeds were grown on 

MV containing media; in contrast the PAM based assay used in this thesis allows for better 

resolution to determine the impact of MV on chloroplast function. Leaf discs from Col-0, white, 

ein2-1 and white ein2-1 was first treated with 0.15µM of MV. Interestingly, ein2-1 was slightly 

more tolerant to MV than Col-0 (Figure 17A, 17C). The kinetics and data at time point 4 hr showed 

that white was highly sensitive to MV, whereas ein2-1 and white ein2-1 behaved almost similar to 

each other at MV 0.15µM. To further clarify ein2-1 sensitivity towards MV; Col-0, white, ein2-1 

and white ein2-1 were treated with 0.25µM MV. At time point 4 hr there was statistical significance 

between lines. Clear separation between ein2-1 and white ein2-1 was observed at 0.25 µM MV 

(Figure 17B, 17D). Taken together, these results suggested that ein2-1 is moderately tolerant to MV 

and white ein2-1 is somewhat more tolerant than white.  
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Figure 17: Maximal photochemical effeciency (Fv/Fm) of PS II under MV: Leaf discs from 4.5 

week old plants were infiltrated with different concentrations of MV and left overnight for better 

penetration. Prior to measuring  Fv/Fm, each leaf disc was dark adapted for 20 minutes and then 

incubated for 0, 2, 4, 6, 8, 10, 12 and 14 hours under light. Values are mean ± sd (A,B). The data at 

time point 4 hr with 0.15 µM MV (C) and 0.25 µM MV (D) is represented as boxplots (dots as 

outliers, minimum, median and maximum) at 5% significance level using ANOVA and Tukey’s 

HSD post hoc test. Treatments with the different letters are significantly different. The experiment 

was repeated three times. 
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5.6 sr1-4D changes the MV response 

 

SIGNAL RESPONSIVE1 (SR1) is calmodulin binding transcription factor. It is proposed to have 

an important role in ET induced senescence where it regulates ET signalling by directly binding to 

ETHYLENE INSENSITIVE3 (EIN3) promoter. Besides that, SR1 is also involved in plant defence 

responses. sr1-4D mutation was identified as single nucleotide change (C to T) at nucleotide 2,564 

of At2g22300 coding sequence, which was ultimately predicted as amino acid change leading to a 

transcription factor with impaired function (Nie et al., 2012). In this study sr1-4D and double 

mutant white sr1-4D was used to see if sr1-4D changes the MV response. Photochemical efficiency 

for Col-0, white, sr1-4D and white sr1-4D was determined at MV 0.15µM and 0.25µM (Figure 

18A, 18B). No significant differences were observed between the lines at MV 0.15µM for time 

point 4 hr and all lines showed a decrease in photochemical efficiency by 2-5% (Figure 18C). 

However, when the lines were treated with MV 0.25µM, a very nice separation between white 

mutant and the other genotypes was observed. Interestingly, while the white mutant was MV 

sensitive, Col-0, sr1-4D and white sr1-4D were more tolerant than white single mutant (Figure 

18D). These results suggested that sr1-4D changed the MV response and the white mutant response 

towards MV.  
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Figure 18: Maximal photochemical effeciency (Fv/Fm) of PS II under MV: Leaf discs from 4.5 

week old plants were infiltrated with different concentrations of MV and left overnight for better 

penetration. Prior to measuring  Fv/Fm, each leaf disc was dark adapted for 20 minutes and then 

incubated for 0, 2, 4, 6, 8, 10, 12 and 14 hours under light. Values are mean ± sd (A,B). The data at 

time point 4 hr with 0.15 µM MV (C) and 0.25 µM MV (D) is represented as boxplots (dots as 

outliers, minimum, median and maximum) at 5% significance level using ANOVA and Tukey’s 

HSD post hoc test. Treatments with the different letters are significantly different. The experiment 

was repeated three times. 
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5.7 MV response in rcd1-4 double mutants 

 

To reveal the role of MV induced ROS production in rcd1-4 and its double mutants 4.5 week old 

plant rosettes were treated with different concentrations of MV.  

First plants were treated with 0.25 µM MV. Data generated from chlorophyll fluorescence imaging 

showed that rcd1-4 did not change its photochemical efficiency throughout 14 hours under light. 

However, Fv/Fm for white mutant went down sharply even in the first few hours of light exposure 

(Figure 19A). Time point 4 hr was selected for statistical analysis, where it was clearly evident that 

white rcd1-4 had almost the same level of tolerance against MV as rcd1-4 (Figure 19C).   

As the results showed that sr1-4D was sensitive and rcd1-4 tolerant towards MV (Figure 18D, 

19C), this promoted the investigation of  rcd1-4 sr1-4D double mutant, together with Col-0, rcd1-4 

and sr1-4D with 2.5 µM MV. Importantly, this assay used a much higher MV concentration, as the 

rcd1 mutant is highly MV tolerant. Data from PAM under different hours of light (Figure 19B) and 

Fv/Fm at time point 4 hr (Figure 19D) clearly indicated high MV tolerance of rcd1-4 compared 

with sr1-4D, rcd1-4 sr1-4D double mutant and Col-0. Interestingly, rcd1-4 sr1-4D double mutant 

exhibited lower tolerance than the rcd1-4 single mutant, showing that extreme MV tolerance in the 

rcd1 mutant could potentially be partially regulated by SR1. 

 

 

 

 

 

 

 

 



36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Maximal photochemical effeciency (Fv/Fm) of PS II under MV: Leaf discs from 4.5 

week old plants were infiltrated with different concentrations of MV and left overnight for better 

penetration. Prior to measuring  Fv/Fm, each leaf disc was dark adapted for 20 minutes and then 

incubated for 0, 2, 4, 6, 8, 10, 12 and 14 hours under light. Values are mean ± sd (A, B). The data at 

time point 4 hr with 0.25 µM MV (C) and 2.5 µM MV (D) is represented as boxplots (dots as 

outliers, minimum, median and maximum) at 5% significance level using ANOVA and Tukey’s 

HSD post hoc test. Treatments with the different letters are significantly different. The experiment 

was repeated three times. 
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5.8 MV response in different aged leaves 

 

As the error bars for some mutants (e.g rcd1 sr1-4D –Figure 19B, 19D) was large, one additional 

experiment was performed. To gain clarity about the variability in some of the results and to see 

whether white mutant MV phenotype was leaf development (age) dependant, one repeat of larger 

(older leaves) and one repeat of smaller (young leaves) was treated with 0.25 µM MV on the same 

96 well plate. Data from chlorophyll fluorescence at time point 4 hr clearly depicted that as usual 

white was more sensitive to MV than Col-0 and rcd1-4 had the same level of tolerance as white 

rcd1-4 and sr1-4D showed the same level of sensitivity as in previous experiments with MV 

(Figure 20). There was better separation between different mutants for the old leaves, which 

suggests that old leaves were moderately more sensitive to MV than young ones. However, leaf age 

did not have a major impact on the MV sensitivity of the white mutant, and instead some other 

aspects in growth conditions could lead to the larger variances in the results for rcd1 sr1-4D (Fig. 

19D). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Maximal photochemical effeciency (Fv/Fm) of PS II under MV: Leaf discs from old 

and young leaves were infiltrated with 0.25 µM MV and left overnight for better penetration. Prior 



38 
 

to measuring  Fv/Fm, each leaf disc was dark adapted for 20 minutes and then incubated under 

light. The data at time point 4 hr with 0.25µM MV is represented as boxplots (dots as outliers, 

minimum, median and maximum) at 5% significance level using ANOVA and Tukey’s HSD post 

hoc test. Treatments with the different letters are significantly different. The experiment was 

repeated three times. 

 

5.9 white double mutants 

 

Normal senescence is regulated by several plant hormones including ET, salicylic acid and JA. 

Thus, mutations that block hormone biosynthesis or signaling were crossed to the white mutant to 

test how regulators of plant stress responses and senescence influence the white phenotype. white 

coi1, white aos and white sid2 looked greener as compared to white. However, white ein2-1, white 

eds1 and white sr1-4D, showed phenotype more or less similar to white (Figure 21).  

 

    

 

                                     

 

 

 

 

 

Figure 21: 5 weeks old white double mutants, Bar=1cm 
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 6. Discussions 

 

Plants are continuously exposed to variety of biotic and abiotic stresses, excessive light being one of 

the most important factors responsible for the accumulation of ROS, abnormal chloroplast 

development and chloroplast biogenesis, impaired electron transport chain and reduced 

photochemical efficiency. This study was carried out on Arabidopsis white mutant and its 

suppressors, to find out the role of EGY1 (the gene disrupted in the white mutant) in maintenance of 

photosynthesis. We evaluated the role of EGY1 in D1 turnover process using immunoblotting and 

chlorophyll fluorescence imaging technology. Besides that, to address the role of hormone 

signalling in oxidative stress response and senescence associated processes; different mutants alone 

and in combination with white mutant were tested with inhibitors of various chloroplast functions 

including lincomycin, chloramphenicol and MV.  

Our immunoblotting results clearly showed a marked decrease in D1 abundance in white mutant, 

when treated with lincomycin under high light conditions. Interestingly, faster D1 degradation rate 

was found in egy1 (evr3-1) upon high light treatments (Qi et al., 2019). Both white and egy1 lost 

PSII faster which is in line with the fact that white mutant is allelic to egy1. These findings suggest 

that EGY1 is important for proper assembly of PSII and D1 turnover. Thus, lack of protease, EGY1, 

is associated with enhanced degradation of protein (Qi et al., 2019). S1 and S2 lines failed to restore 

the D1 levels (upon lincomycin treatment) of white and egy1 .This suggests that restoration of 

chlorophyll levels in the suppressors is not enough to impact the D1 turnover.  

Amido black staining showed the higher presence of RbcL in egy1 and white mutant. This is 

consistent with the fact that chloroplasts of egy1 have more stroma but less thylakoids than the 

chloroplast of Col-0. This again shows that egy1 and white are allelic. This fact is further supported 

in another study which showed the presence of fewer thylakoids in plastids of egy1 mutants (Chen 

et al., 2005). The white nye1 mutant follows the similar trend as suppressors, which is obvious 

because it is genetically analogous to S1 and S2.  In this line of context, the distribution of proteins 

between stroma and thylakoids is restored in S1, S2 and white nye1 to wild type (Col-0) values, 

which matches well their restored greenness. 

Data from PAM showed enhanced tolerance of white and egy1 mutant in response to lincomycin 

and chloramphenicol under light. Smaller decline in Fv/Fm for both egy1 and white clearly 

indicates PSII tolerance to photodamage both in the presence or absence of 

lincomycin/chloramphenicol. The higher tolerance of egy1 and white to the translational inhibitors 
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could be because they may have more chloroplastic ribosomes available per the amount of 

thylakoids and PSII. However, to get deep insight about the tolerance of white mutant more 

molecular studies are needed.  

SGR1 protein is involved in catalysing the removal of magnesium in chlorophyll breakdown 

process. Suppressors (S1 and S2) contain mutations in SGR gene that stop this breakdown process 

and stay green. Our PAM results showed that S1 and S2 have successfully suppressed the 

lincomycin/chloramphenicol tolerance of white and egy1 mutants. Complementation results from 

this study and previous study (Sultana, 2020) confirmed that white phenotype is restored by wild 

type SGR in suppressor mutants. In addition, the mutants nye1 and nye2 deficient in SGR homologs 

SGR1 and SGR2 accordingly had low photochemical efficiency because of defective SGR gene, as 

Mg-dechelation is also known to be involved in PSII assembly (Shimoda et al., 2016). As white 

nye1 behaved similar to S1 and S2 in immunoblotting results, it genetically supports the fact that we 

identified the correct mutants and suppressor phenotype is caused by mutation in SGR1. 

SGR mutation in the white suppressors caused increased sensitivity towards 

lincomycin/chloramphenicol as evident by our PAM result. This could be better explained by the 

fact that the function of SGR is to convert chlorophyll a to pheophytin a, and the supply of 

pheophytin a is important for PSII formation and stability. The supply of pheophytin a could also be 

involved in PSII repair cycle, but there is no strong evidence supporting that idea. However, SGR or 

some other Mg dechelatase are assumed to be involved in PSII formation and repair cycle (Shimoda 

et al., 2016). These findings suggest that SGR have an important role in regulating the stability of 

photosystems. Suppressors (S1 and S2) having more chlorophyll (when SGR1 protein is not 

functional) influence the PSII repair cycle, hence causing an increased sensitivity towards 

lincomycin/chloramphenicol. 

In this study we tried to understand whether the chloroplast-related phenotypes of white depend on 

plant hormones and other signalling pathways. We did this by reverse genetic approaches. The 

white mutant was highly sensitive to MV. Moderate tolerance of ein2-1 against MV suggests that 

oxidative stress response is to some extent regulated by EIN2 (Cao et al., 2006). We found that the 

double mutant white ein2-1 was mildly tolerant towards MV. The fact that ein2-1 provides minor 

MV tolerance was also confirmed by Cui et al (2019) in seedling growth assays.  

SR1 regulates the ET signalling pathway by binding to ETHYLENE INSENSITIVE3 (EIN3) 

promoter (Nie et al., 2012). Thus, one assumption would be to see similar phenotypes between 

ein2-1 and sr1-4D, as both mutations should lead to defective ET signalling. In our experiments, 
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this means that we expected both ein2-1 and sr1-4D to give MV tolerance. But, that was not the 

case, as sr1-4D mutant, when tested in rcd1-4 background brings MV sensitivity. This shows that 

besides regulating the expression of EIN3, SR1 have some other important functions. SR1 is also 

involved in salicylic acid mediated immunity (Jacob et al., 2018). SR1 regulates plant defense 

signalling, as SR1 mediated repression of SA pathway leads to decreased expression of plant 

defense genes. Genes that impart freezing tolerance are also regulated by SR1 (Kim et al., 2017). 

Given that SR1 appears to regulate many different signalling pathways, this complicates the 

interpretation of experimental results using the sr1-4D mutant. The lowered tolerance of rcd1-4 sr1-

4D double mutant towards MV suggests that sr1-4D clearly breaks the high tolerance of rcd1-4. 

rcd1-4 which is a T-DNA allele of RCD1 is highly tolerant to MV and white is highly sensitive to 

MV. The study was conducted to check the response of white rcd1-4 double mutant towards MV. 

High tolerance of white rcd1-4 compared to white showed that this double mutant is more similar to 

rcd1-4 which shows that even in white background we were unable to break the tolerance of rcd1-4. 

Better separation between different aged leaves suggests that old leaves are more sensitive to MV 

than young ones. 

Overall, our results indicate that EGY1 is involved in proper chloroplast function and PSII assembly 

and those suppressor phenotypes in white suppressors (S1 and S2) are caused by mutation in SGR1. 

In addition, our results also indicate that certain plant hormones and signalling pathways are 

involved in controlling the chloroplast related phenotype of white mutant.  
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7. Conclusion 

 

This study involves the characterization of excessive light induced changes in photosynthesis in 

Arabidopsis white mutant. Our findings suggests that white mutant loose PSII as fast as egy1, hence 

showing that the white mutant is allelic to egy1 mutant. This is further supported by chlorophyll 

fluorescence imaging, where both white and egy1 showed enhanced tolerance towards lincomycin 

and chloramphenicol under light stress. Moreover, successful restoration of white phenotype and 

lincomycin/chloramphenicol tolerance by white suppressors clearly indicates that chlorophyll 

content regulated via SGR1 regulate photosynthesis. Hence, we conclude that EGY1 plays a very 

important role in PSII turnover process. Our studies also suggest the involvement of certain 

hormone signalling pathways. Different response of white double mutants including white ein2-1, 

white sr1-4D and white rcd1-4 towards MV suggests that white mutant is linked to signaling by 

ethylene, to the transcription factor SR1 and possibly to the metabolic processes controlled by 

RCD1 respectively.  
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9. Appendixes 

 

9.1 Plant miniprep extraction buffer 

 

100 mM Tris pH. 8.0 

50 mM EDTA 

500 mM Nacl 

MiliQ H2O 

 

 9.2 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 

 

 9.3 PCR program for dCAPS marker 

 
95 ˚ C (Initiation) 

  3  min 

95 ˚ C (Denaturation) 45 sec 

60 ˚ C (Annealing) 
45 sec 

72 ˚ C (Elongation) 1min 15 sec 

Steps 2-4 repeated for 45 cycles  

 

9.4 Restriction digests (Master mix)  

 

10 X buffer 3.4 µl 

Restriction enzymes 0.1 µl 
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Sterile water 0.5 µl 

 

 

9.5 PAGE gels for dCAPS (0.75 mm thick gels) 

 

10 X TBE 0.5 ml 

water 2.5 ml 

30% acrylamide monomers 2 ml 

10% APS 80 µl 

TEMED 3.5 µl 

Taq polymerase 0.1µl 

 

Note: After the gel has solidified. Add 3 µl loading dye to restriction digests. Mix and load 10 µl on the 

PAGE gel. The gel is run in 1*TBE at 210 V for approximately 1h 15 min. 

 

9.6 Statistics for Figure 16C (lincomycin treatment) 
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 9.7 Statistics for Figure 16D (chloramphenicol  treatment) 

 

 

 

 

 

 

 

 

 

 

 9.8 Statistics for Figure 17C (MV 0.15 µM) 
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  9.9 Statistics for Figure 17D (MV 0.25 µM) 

 

 

 

 

 

 

 

 

 

 

 9.10 Statistics for Figure 18C (MV 0.15 µM) 
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9.11 Statistics for Figure 18D (MV 0.25 µM) 

 

 

 

 

 

 

 

 

 

 

 

9.12 Statistics for Figure 19C (MV 0.25 µM) 
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9.13 Statistics for Figure 19D (MV 2.5 µM) 

 

 

 

 

 

 

 

 

 

 

9.14 Statistics for Figure 20 (MV 0.25 µM) 

 

 

 

 

 

 

 

 


