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Introduction

Singlet oxygen (*O,) in one of the reactive oxygen species that is produced
mostly in light via type Il photosensitization reactions of tetrapyrroles in the oxygenic
world. Reduced amount of 'O, is readily quenched by carotenoids, tocopherols,
histidine and possibly detoxified by ascorbate. Elevation in the level of 'O, occurs
when plants are subjected to extreme environmental fluctuations like high light,
extreme temperature, salinity, and drought stress. The overaccumulation of 1O, induce
oxidative stress in plants. Highly reactive O, oxidizes various biologically relevant
biomolecules such as lipids, proteins, and nucleic acids and ultimately impairs their
function. The intensive damage to cellular machinery ultimately leads to programmed
cell death.

In higher plants, the major site of 1O, production is in the chloroplast. When
plants receive surplus light, the excess energy that is absorbed, excite chlorophyll and
its metabolic intermediates to their triplet excited state. The increased life span of
triplet excited state allows interaction with molecular oxygen to give rise to singlet
oxygen. Presence of parallel spin electrons in the outer orbital of oxygen reduces the
reactivity of oxygen. However, the absorption of excess energy removes the spin
restriction. Hence non-reactive oxygen gets converted into most reactive, singlet
oxygen via type Il photosensitization reaction. Elevated singlet oxygen induces
oxidative stress in plants and activates a downstream signaling pathway that leads to
programmed cell death. Analysis of conditional mutants such as flu, tigrina, chlorina
1 has paved the way to understand the signaling cascade initiated by singlet oxygen in
a controlled manner. Elevation of 'O, level induces activation of stress-responsive
genes that are specific to 10, and not induced by other ROS such as superoxide and

hydrogen peroxide.

Various enzymes tightly regulate chlorophyll biosynthesis and degradation
pathway. Some of the intermediates involved in both biosynthesis and degradation
pathways are photodynamic. When plants are exposed to sun light, these
intermediates absorb the excess energy and return to their ground state by transferring
their energy to nearly available molecular oxygen. During chlorophyll biosynthesis,
the photodynamic intermediate protochlorophyllide accumulates in the dark. Its

conversion is catalyzed by a light dependent Protochlorophyllide oxidoreductase



enzyme which requires NADPH as a co-factor. The surplus availability of PORC
enzyme during high light stress will ensure maximum conversion of dark accumulated
pchlide into chlide. The minimum level of potent singlet oxygen generator in high
light condition will minimize the Pchlide derived singlet oxygen-induced oxidative
stress in plants.

Chlorophyll degradation generally takes place during senescence. The
presence of photodynamic intermediates in the pathway need to be rapidly converted
into non-photodynamic form. Therefore, chlorophyll degradation pathway is tightly
regulated to prevent the catabolic intermediate induced formation of singlet oxygen.
Degradation of chlorophyll molecule majorly involves the removal of phytol tail and
magnesium ion. It is followed by the oxygenic opening of the macrocyclic chlorine
ring which is mediated by NADPH dependent Pheophorbide a oxygenase (PAO). It
catalyzes the conversion of photodynamic green-colored closed tetrapyrrole
pheophorbide a into red colored open chain tetrapyrrole called red chlorophyll
catabolite (RCC). In this case, both the intermediates formed are photosensitizers. The
conversion of red chlorophyll catabolite into non-fluorescent chlorophyll catabolite
(NFCCs) is mediated by Red chlorophyll catabolite reductase (RCCR). Together, PAO
and RCCR, forms a ternary complex with the pheophorbide a and they convert it into
colorless non-photodynamic intermediate nFCCs, that are exported to the vacuole for
further degradation. In the present study, the role of PAO, as well as RCCR, is
studied by using the double overexpressor AtPAO and AtRCCR in Arabidopsis.
Under high light stress, it is assumed that the overexpression of PAO and RCCR will
enable the plant to tolerate the stress by decreasing the accumulation of photodynamic

intermed iates, pheophorbide a and red chlorophyll catabolite.

In this study, we present a different aspect to reduce 10, mediated cytotoxic
damage. It involves reducing the accumulation of photosensitive chlorophyli
metabolic intermediates by overexpressing enzymes of the same pathway that convert
them into a non-photosensitive compound. Hence, by reducing the accumulation of
potential singlet oxygen generators, a plant system can be established where a
reduction in singlet oxygen production will not only protect plants from toxic effects

of singlet oxygen but also will enable plants to tolerate photooxidative stress.



To implement the above strategy, the transgenic plants previously generated in
our laboratory were treated with light to increase or minimize the generation of singlet
oxygen via type Il photosensitization reactions of chlorophyll anabolic or catabolic

products.

Objectives
1. To characterize chlorophyll biosynthetic mutant of Protochlorophyllide
Oxidoreductase C (porC-2) and its overexpressor (AtPORCX) in Arabidopsis

thaliana.

2. To study the impact of light stress on photosynthetic efficiency, singlet oxygen
production, and cell death mechanism in the above chlorophyll biosynthetic

mutant and its overexpressor.

3. To characterize Chlorophyll catabolic mutant of Pheophorbide a Oxygenase
(pao) and double overexpressor of Pheophorbide a Oxygenase C (PAO) + Red
Chlorophyll ~ Catabolite Reductase (RCCR) (AtPAOX/AtRCCRx) in

Arabidopsis thaliana.

4. To study the impact of high light stress on photosynthetic efficiency, singlet
oxygen production, and cell death mechanism in the above chlorophyll

catabolic mutants and their overexpressors.



Review of literature

Photosynthesis is an indispensable process for survival on Earth. It utilizes
solar energy to convert inert inorganic components into utilizable biochemical
energy, which is necessary for nearly all forms of life to thrive. Oxygen is
produced as a byproduct, whereas carbohydrates are produced to carry out
metabolic processes in photosynthesizing organisms. The rise in oxygen level in
the primitive reduced atmosphere of earth paved the way for the evolution of
advanced /complex forms of life. However, living in an oxygen-rich world also
increases the risk of oxidative stress. Molecular oxygen in its ground (Triplet)
state is kinetically slow. The parallel spin of two unpaired electrons in the
outermost orbit restrain oxygen molecule from interacting with other molecules.
However, the spin restriction can be removed by applying energy, which is
enough to change the spin of one of the electrons. The antiparallel spin of
electrons in the outermost orbital of excited oxygen creates highly reactive singlet
oxygen. In plants, chloroplasts serve as the major source of singlet oxygen in
response to photooxidative stress (Rebeiz et al. 1988; Triantaphylides et al.
2008a). It readily oxidizes biologically significant molecules and renders them
non-functional and cause cytotoxic damage. Exposure to extreme environmental
fluctuation results in a rapid accumulation of singlet oxygen. When the damage is
beyond repair, it induces the expression of a distinct set of genes that lead the cell

towards programmed cell death (Gutiérrez etal. 2011).
Singlet oxygen production in plants.

In a plant cell, the impact of oxidative stress induced by singlet oxygen is
greatly affected by the site of its production. Singlet oxygen cannot diffuse to
long-distance (Gorman and Rodgers 1992), and its life span is restricted to 200 ns
(Sies and Menck 1992). The location of singlet oxygen generation becomes the
primary target of 10,-mediated oxidation events. ROS like hydrogen peroxide,
superoxide are formed by transfer of electrons, whereas singlet oxygen is
produced by the transfer of energy. Therefore, the production of singlet oxygen

primarily takes place in sites where energy transfer events are prominent. During
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photosynthesis, where solar energy is absorbed by the chlorophylls, and its

derivative can induce the formation of singlet oxygen.

Reaction center and antenna complex

Chlorophyll pigment absorbs light and converts solar energy into electrical
energy by charge separation. It is a tetrapyrrole pigment with a central magnesium
ion and a phytol tail. The presence of conjugated double bonds in the chlorophyll
molecule allows it to absorb light energy. Therefore, it is present in the light-
harvesting complex as well as in the reaction center. Upon receiving photons, the
chlorophyll molecule is excited from a lower energy ground state to higher energy
singlet state. The excited chlorophyll molecules at the antenna complex transfer
their energy to the adjacent chlorophyll molecule by resonance and return to its
ground state. The subsequent transfer of energy within the antenna ultimately
reaches chlorophyll a in the P680 reaction center. Pheophytin (Pheo) is the
intermediary acceptor in photosystem I1. It receives electrons from excited p680~
at Photosystem Il to form ion-radical pair P680*Pheo”. Since Pheo™ is unstable, it
readily gives its electron to the first stable plastoquinone electron acceptor Qa.
After gaining an electron, the reduced Qa transfer it to the second plastoquinone
electron acceptor Qg molecule located at D1 protein within the photosystem II.
Another light reaction results in the formation of Qg® which utilize 2 protons and
a bicarbonate ion (Stemler 1973; Shewela et al. 2012) to give rise to QgH>
(Plastoquinol). This mobile electron carrier leaves D1 protein to transfer electrons
to the cytochrome bgf complex which not only take part in subsequent transfer of
electrons to PSI but also result into formation of a proton gradient across
thylakoid lumen and stroma. Establishment of a proton motive force and
activation of ATP Synthase in the thylakoid membrane synthesize ATP by
utilizing ADP and inorganic phosphate.

When plants receive light energy, which is more than their requirement for
photochemistry, the over-reduction of the electron transport chain takes place. The
unavailability of oxidized Qg favors charge recombination reactions (Vass 2011)
between p680 and pheophytin, giving rise to triplet 3p680°(Aro et al. 1993). This

energy transfer between an excited triplet 3p680” to molecular oxygen results into
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production of singlet oxygen (Shook, F. C., & Abakerli 1984). In the light-
harvesting complex where the chlorophyll molecules are in abundance, the
proximity with zeaxanthin or other carotenoids quenches the energy excitation
energy in the form of heat (Baroli et al. 2000). The distance between the excited
state of chlorophyll and carotenoid is directly related to efficient heat dissipation.
However, in the reaction center, the distance between the excited chlorophyll
molecule and carotenoids is too large to allow the quenching, which eventually
leads to the formation of singlet oxygen in the reaction center. The distant
Carotenoid present in the reaction center reacts with the singlet oxygen produced
from the 3p680°. And thus, prevent singlet oxygen-mediated damage to D1

protein.

Cyt b6f complex

Experiments done on sub thylakoid preparations suggested that electron
transport activity of isolated PS Il core complex was majorly affected when
irradiated with bright light. The increase rate of PS Il photoinactivation was
prominent due to the inclusion of cytochrome b6/f, whereas, addition PSI to the
sample had no effect on the photoinactivation. Consequently, detection of singlet
oxygen by chemical trapping method indicate the role ofand cytochrome b6/fas a
photosensitizer (Suh et al. 2000). However, to protect itself from the oxidative
effects of singlet oxygen, it requires a neighboring beta- carotene to quench the
singlet oxygen produced in light (Stroebel et al. 2003). Contribution of
cytochrome b6/f in singlet oxygen generation is minor in comparison to PSII-

mediated singlet oxygen production.

Chlorophyll biosynthetic intermediates

Chlorophyll biosynthesis is a tightly regulated process that takes place in the
stroma as well as in the thylakoid membrane. All the enzymes that participate in
the biosynthesis pathway are encoded by nuclear genes. Their synthesis takes
place in the cytoplasm, and after post-translational modification, they are
transported to their respective site of action. The whole process of chlorophyll
biosynthesis can be subdivided into the following parts (i) formation of 5-
aminolevulinic acid (ALA) (ii) synthesis of protoporphyrin 1X from ALA (iii)
formation of chlorophyll. Early steps of the chlorophyll biosynthesis pathway take

place in the stroma, but the later steps are carried out in the thylakoid membrane
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due to the hydrophobic nature of the enzymes catalyzing the process (Mohapatra
and Tripathy 2007). Among the various chlorophyll biosynthetic intermediates,
membrane-bound  Protoporphyrin ~ 1X,  Mg-protoporphyrin  IX, and
Protochlorophyllide are photodynamic. When illuminated, similar to chlorophyll
molecule, these intermediates absorb energy and gets excited to their respective
higher energy state and revert to the ground state by transferring energy to the
molecular oxygen which leads to singlet oxygen production via type Il
photosensitization reaction (Foote 1991) and induces oxidative stress in plants
(Chakraborty and Tripathy 1992).

Aminolevulinic acid (ALA)
5- Aminolevulinic acid (ALA) is a natural nonproteinogenic metabolite which

is the common precursor to all the tetrapyrroles such as chlorophyll, sirohaem,
haem, and phytochromobilins. Since most of the chlorophyll biosynthetic
intermediates are photodynamic, therefore their production is strictly regulated to
reduce the formation of light-induced singlet oxygen. Therefore, the synthesis of

ALA serves as the rate-determining/limiting step for the tetrapyrrole biosynthesis.

Exogeneous application of ALA on cucumber seedlings inhibited the PSII-
dependent oxygen evolution by 60% within 30 minutes of exposure to sunlight.
Consequently, in a different experiment, ALA treated plants were dark-adapted
after illumination for 15 min, to analyze the reversibility of the photodynamic
stress. Chlorophyll fluorescence induction kinetics of dark-adapted samples
showed 50% decline in variable fluorescence, which declined further irrespective
of the time. After, 12 h of dark incubation, plants exhibited visible damage in the
form of necrotic lesions. It was concluded that the photodynamic damage induced
by ALA could not be reversed by putting plants in the dark. The elicitation of
singlet oxygen, within 15 min of light exposure is sufficient to induce permanent
damage to plants (Tripathy and Chakraborty 1991; Chakraborty and Tripathy
1992).

Photodynamic properties of ALA are also utilized in the animal system to
selectively target cancerous and malignant tissues. Inanimals, ALA is synthesized
in mitochondria from succinyl Co-A and Glycine. Further conversion into haem

requires additional enzymes in a coordinated way to reduce the accumulation of
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photodynamic intermediate Protoporphyrin IX. For therapeutic use, ALA is
administered topically or systemically where it is metabolized into Protoporphyrin
1X. Distinct characteristics of tumorous cells facilitate overaccumulation of PPIX.
Site-specific irradiation activates photochemical production of singlet oxygen in
the localized area of interest and induces photooxidative stress, ultimately leading
to cell death (Muchowicz et al. 2011; Valdes et al. 2014).

Protoporphyrin IX
Protoporphyrin 1X (PPIX) is a common precursor for both chlorophyll and

heme biosynthesis. It is a heterocyclic tetrapyrrole which is capable of chelating
metal transition metal to form metalloporphyrin. It is formed by oxidation of
unstable Protoporphyrinogen IX by Protoporphyrinogen oxidase (PPOX). It
requires flavin as a cofactor, and oxygen is used as a terminal electron acceptor
(Poulson and Polglase 1974). It serves as the precursor of heme and mg
protoporphyrin IX. External application of PPOX inhibitors such as AF-Na
(Acifluorfen-Na) not only halters the chlorophyll and heme biosynthesis pathway
but also result in an accumulation of photodynamic Protoporphyrin IX that absorb
sunlight to give rise to singlet oxygen via type Il photosensitization reaction.
Induction of singlet oxygen burst impairs photosynthetic electron transport rate by
damaging PSI and PSII activities (Tripathy et al. 2007).

In humans, the absence of functional PPOX gene leads to variegate porphyria,
which is an autosomal dominant disease. Accumulation of PP1X causes extremely
photosensitive skin, gallstones, and damage to the liver (Sachar et al. 2016).
Exposure of sunlight leads to severe blistering due to excess production of singlet
oxygen from the accumulated Protoporphyrin 1X. However, the characteristic
feature of PPIX to induce singlet oxygen production can be utilized for therapeutic
purpose. Photodynamic therapy is a clinically approved procedure which is
minimally invasive and selectively cytotoxic towards malignant cells. Recent
studies have shown that encapsulation PPIX in Achieved Silica Nanoparticle
(SINPs) greatly increases its efficiency to destroy osteosarcoma (Makhadmeh and
Abdul Aziz 2018).

Mg Protoporphyrin IX
Addition of Mg®* to PPIX divert the tetrapyrrole biosynthesis pathways

towards chlorophyll formation. The reaction is catalyzed by a multi-subunit Mg-
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chelatase enzyme to form Mg-protoporphyrin (Mg-PPIX). The Mg-chelatase
enzyme has three subunits (CHLI, CHLD, and CHLH) that take part in sequential
ATP-dependent activation step followed by ATP-dependent chelation step.
Another subunit has been identified as CHLM that encode methyltransferase
enzyme that catalyzes the formation of Mg-protoporphyrin monomethyl ester
(MPE). Seedlings grown in Norflurazon supplemented media showed ten times
the accumulation of Mg-PPIX following ALA feeding compared to non-treated
plants (Strand et al. 2003). Downregulation of nuclear photosynthetic genes in
response to elevated Mg?*-PPIX level indicates its role in retrograde signaling
(Pontier et al. 2007). However, subsequent reports were unable to confirm Mg?*-
PPIX mediated regulation of gene expression, as supplementing ALA externally
induced photosynthesis-related nuclear genes. Rather a prominent role of singlet

oxygen as a signal was observed (Moulin et al. 2008).

Protochlorophyllide
The photosensitive intermediate Protochlorophyllide (Pchlide) is formed from

Mg-PP1X monomethyl ester by the help of enzyme Mg-PPIX monomethyl ester
cyclase. Inangiosperms, the accumulation of Pchlide in dark halts the chlorophyll
biosynthesis pathway by blocking ALA synthesis. The suspension of chlorophyll
biosynthesis by feedback inhibition is a characteristic feature in higher plants.
This efficient strategy is employed to reduce the damage that may occur due to the
accumulation of unbound tetrapyrrole intermediates. Previous studies have shown
the involvement of heme as an effector in regulating the negative feedback
mechanism. Inactivation of heme degradation enzyme, heme oxygenase leads
accumulation of heme, that downregulate not only ALA synthesis but also reduces
the build-up of Pchlide (Muramoto et al. 1999). Conversely, by chelating unbound
Fe?*/** by adding an iron chelator reduces heme level and result in upregulation of
Pchlide (Duggan and Gassman 2008). Since the content of heme and chlorophyli
cannot be the same, hence, Heme cannot be solely responsible for regulating the
feedback machinery. ldentification of flu mutant has paved a way to understand
singlet oxygen-induced regulation of gene expression in Arabiopsis
(Meskauskiene et al. 2001). The fluorescent in blue light (flu) mutant was
identified from wildtype by irradiating the etiolated seedlings with blue

fluorescent light. Emission of bright red fluorescence in the flu mutant was
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observed due to the accumulation of pchlide in the dark. Upon illumination,
activation of enzyme Protochlorophyllide oxidoreductase (POR) converts Pchlide
into Chlorophyllide. In etiolated angiosperm seedlings, Pchlide is found in
association with NADPH: POR in the prolamellar bodies (PLB). The decrease in
Pchlide level release the block on ALA formation and thus the chlorophyll
biosynthesis resume in light. When flu mutant seedlings were grown under
continuous light, no difference in phenotype was observed. However, when
etiolated flu mutant seedlings were shifted to light, it resulted in rapid
photobleaching and ultimately followed by cellular death. External application of
ALA on plants disrupts the feedback inhibition machinery. Excess ALA
overproduces photodynamic tetrapyrroles that ultimately reaches a bottleneck at
the light-dependent step. Due to limited availability of POR enzyme results into
an accumulation of Pchlide and thus it induces a rapid burst of singlet oxygen in

the chloroplast compartment.

External application of ALA induces overproduction of singlet oxygen in
plants (Tripathy and Chakraborty 1991). Since it is the precursor of all the
tetrapyrroles, its synthesis is tightly regulated by a negative feedback mechanism.
But when it is externally applied to plants, it disrupts the feedback inhibition and
results into overproduction of photosensitive intermediates and thus cause singlet
oxygen-mediated oxidative stress. A genetic approach was made to screen out the
additional regulators of tetrapyrrole synthesis to understand more about the

regulation of ALA synthesis.

Chlorophyll catabolic intermediates

Chlorophyll degradation takes place during senescence, fruit ripening or due
to exposure to exireme environmental fluctuations. During favorable conditions,
chlorophyll is catabolized in a steady-state, but when plants are under stress, a
large amount of chlorophyll is degraded in a short period. Similar to chlorophyll
biosynthesis pathway, few chlorophyll catabolic intermediates are also
photosensitizers. Hence, the chlorophyll degradation pathway is also tightly
regulated by 6 enzymatic and 1 nonenzymatic reaction. It involves the sequential
removal of phytol tail followed by the opening of the macrocyclic ring of

chlorophyll, which is regarded as an important event in downstream processing of
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the photosensitive chlorophyll breakdown products (Hortensteiner and Krautler
2011).

Pheophorbide a
The Chlorophyll degradation is initiated by chlorophyllase enzyme which

removes the phytol tail from the chlorophyll to form green colored chlorophyllide.
Mg-dechelating substance (MDS) removes the central magnesium ion from the
chlorophyllide to form colorless pheophorbide a. Conversion of Pheorphide, a to
red chlorophyll catabolite, is catalyzed by an Iron-Rieske dependent
monooxygenase, Pheophorbide a oxygenase that opens the oxygenic ring C4 and
C5 position (Hirashima et al. 2009).

Earlier, it was proposed that in the absence of PaO activity will lead to
inhibition of chlorophyll degradation pathway, and the plant will exhibit stay
green phenotype. The Arabidopsis genome was analyzed to search for PAO-
encoding gene having sequences homologs with the known iron-containing
Rieske- type monooxygenase sequences. Three open reading frames were
identified as- Tic-55, ACD1, and ACD1 like. Analysis of antisense ACD1
transgenic revealed the role of ACD1 in PAO activity. Plants lacking PAO
activity showed no phenotypic difference from the wild type plant. However,
accumulated large amount of pheophorbide a when illuminated to normal light
after five days of dark incubation followed by the death of plant due to
photooxidative damage (Tanaka et al. 2003; Hirashima et al. 2009). Since
pheophorbide a is a photosensitizer, its accumulation in ASACDL1 resulted into
production of singlet oxygen which induces the photobleaching. Pheophorbide
mediated singlet oxygen production is clinically utilized in photodynamic therapy
as a photosensitizer to induce localized production of singlet oxygen for the

treatment of cancer (Busch et al. 2009).

Red chlorophyll catabolite
Conversion of pheophorbide a into primary fluorescent chlorophyll catabolite

was thought to be a major step in the degreening process involving primarily PAO
enzyme. But the enzymatic reaction involved in the oxygenolytic opening of the
macrocyclic ring has been characterized only partially. Studies done on Chlorella
protothecoides speculated the role of a red-colored bilin pigment excreted by the

alga when grown in a nitrogen-deficient, glucose-rich medium. Later experiments
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involving isotope-labeled oxygen, 80 showed the participation of a red-colored
bilin derived intermediate (Curty et al. 1995). This compound was produced as a
result of monooxygenase -—catalyzed oxygenation, which suggested the
involvement of C4/C5 double bond. Hydrolysis of epoxide followed by
intramolecular ring arrangement resulted in the opening of the macrocyclic ring.
For the opening of the ring by the mechanism above, it would require the addition
of two atoms each of oxygen and hydrogen into the pheide a molecule. Hence, it
was assumed that the conversion of pheide a to FCCs (Fluorescent chlorophyll
catabolite ) requires two enzymatic steps (Rodonietal. 1997). Later, a red-colored
intermediate was identified as red chlorophyll catabolite (RCC) that acts as an
immediate precursor of FCCs (Wiithrich et al. 2000). Further confirmation was
done by chemical degradation of pheophorbide a (Krautler et al. 1997). RCC in
the unbound form is a photosensitizer and induce the formation of singlet oxygen
upon absorbing light. Also, it readily binds to PAO enzyme, thus preventing it
from acting on the pheide a molecule. Therefore, a cytosolic reductase enzyme,
Red chlorophyll catabolite reductase (RCCR) directly reduces the bound RCC and
sets free the primary fluorescent chlorophyll catabolite (pFCC). Formation of blue
fluorescent chlorophyll catabolite from pheide a require cooperation between
PAO and RCC reductase to reduce the photodynamic RCC intermediate into FCC.
This transformation also requires reduced ferredoxin and stroma proteins.

Similar to chlorophyll biosynthetic intermediates, degradation products of
chlorophyll are also photodynamic. Therefore, their biosynthesis and breakdown
processes are highly compartmentalized and tightly regulated. Accumulation of
chlorophyll degradation derivatives can induce cell death as the plant's exhibit
induction of defenses in pathogen resistance. Treating plants with Pseudomonas
syringae effector, Coronatine, induced lesion mimic phenotype in light-exposed
plants. However, complete suppression in cell death was observed in plants kept
in the dark.

Singlet oxygen-induced oxidative stress

Plants utilize solar energy to fix atmospheric carbon dioxide by the process of
photosynthesis. The absorption of solar energy is carried out by chlorophyll and

its accessory pigments such as Carotenoids and phycobilins. Together they
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efficiently absorb light energy to drive photochemical reactions. However, when
plants are exposed to saturating light intensities, the excess excitation energy is
also absorbed by the pigments, and they get excited to their triplet state.
Interaction with molecular oxygen results into formation of singlet oxygen. Since
singlet oxygen has a short life span and low diffusion rate, the major damage due

to singlet oxygen is caused at the site of its maximum production.

Singlet oxygen-induced lipid peroxidation.

During chlorophyll biosynthesis, the intermediates from Protoporphyrin X
onwards are hydrophobic. Therefore they are found embedded in the thylakoid
membrane (Mohapatra and Tripathy 2002, 2007). Their ability to absorb energy
allows them to convert molecular oxygen into singlet oxygen. When these
intermediates are accumulated in response to external application of ALA, rapid
burst of singlet oxygen primarily oxidizes the polyunsaturated fatty acids to lipid
hydroperoxide that further breaks down into several products of lipid
peroxidation. However, the addition of singlet oxygen quenchers such as histidine
and sodium azide protected isolated chloroplasts from ALA-induced oxidative
stress as analyzed by measuring the Thiobarbituric acid reactive substances
(TBARS) (Chakraborty and Tripathy 1991). Lipid peroxidation is mediated by
two nonenzymatic reactions that ultimately produce a specific pattern of PUFA
oxidation product (Stratton and Liebler 1997). Type | reactions involve free
radicals with high redox potential like hydroxyl radicals, organic oxyl, and peroxy
radicals. Initiation of type | reaction is mediated by free radicals that have high
redox potential. However, free radicals such as superoxide ion and hydrogen
peroxide are not sufficient to readily oxidize the PUFA. Instead, they require a
transition metal ion, Fe?* to mediate the formation of hydroxyl radical by a non-
enzymatic Fenton reaction. Type Il reactions are mediated by singlet oxygen.
Production of singlet oxygen by the membrane-bound chlorophyll intermediates
primarily targets o- Linolenic acid, which is present in the majority in the
chloroplast membrane (Murakami et al. 2002). In plant system, lipid peroxidation
is considered one of the markers to study oxidative stress (Mueller et al. 2006) and
the resulting peroxidation products have been involved in regulating various

developmental processes (Mueller et al. 2006).
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To discriminate between free radical and singlet, oxygen-induced lipid
peroxidation in plants, quantification of oxidized hydroxyl fatty acids were
analyzed with HPLC-tandem mass spectrometry (MS/MS) after treating plants
with hydrogen peroxide and methylene blue to trigger free radical (FR) and singlet
oxygen production respectively. Differential oxidation of hydroperoxy PUFAs,
linoleic (18:2) acid and linolenic acid (18:3) was determined by HPLC- negative
electrospray ionization-MS/MS. Hydroxy fatty acid isomer specific to singlet
oxygen was exclusively enhanced in response to methylene blue in the
photosynthetic tissues. Further, exposure of singlet oxygen-sensitive double
mutants vtel npg with photooxidative conditions significantly increased the
accumulation of singlet oxygen specific 10-HOTE and 15-HOTE hydroxyl fatty
acid isomer and intensified cell death progression (Triantaphylides et al. 2008b).
In a different experiment, leakage of plastidic protein into the cytosol was
observed in response to singlet oxygen stress. In flu seedlings, the loss of
chloroplast integrity as a result of singlet mediated lipid peroxidation resulted in
the release of chloroplast protein. Smaller subunit of Rubisco (SSU) was tagged
with a green fluorescent protein to study its localization in response to singlet
oxygen-generating conditions. When WT plants were kept in high light (270pmol
photons m2s?), for a different period of time, loss in plastid integrity was
visualized by a fluorescent microscope. The evident release of plastidic SSU-GFP
in the cytoplasm 96 h of high light stress indicate singlet oxygen-mediated
disintegration of plastidic membrane increase protein leakage into the cytoplasm
(Kim etal. 2012).

Degradation of protein in response to singlet oxygen stress

Exposure of saturating light intensities over reduce the electron transport chain
and favors the formation of excited chlorophyll molecules. Unable to transfer their
energy into photochemical reactions, these excited chlorophyll molecules interact
with molecular oxygen to form singlet oxygen. Presence of carotenoids in the
antenna system prevents the formation of singlet oxygen by absorbing energy and
dissipating it as heat. But in the reaction center, presence of 2 p-carotene
molecules are not enough to prevent singlet oxygen formation. Since the

Vanderwal distance between the reaction center chlorophyll molecule and the b
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carotene molecule is large, it prohibits the transfer of energy from an excited

reaction center molecule to the beta carotene (Loll et al. 2005).

When plants are exposed to high light, the overproduction of singlet oxygen in
the reaction center oxidizes D1 protein and initiate its degradation. Since D1
protein allows the reduction of P680 * through its Tyr-Z residue present at 161
position abstracts an electron from the water evolution complex. In the absence of
functional D1 protein, photoinhibition of PSII results into decrease in the electron
transfer efficiency of plants. Furthermore, studies have shown that the excess of
active oxygen in the vicinity of PSII hampers the D1 repair machinery, thereby
causing permanent damage to the electron transport chain. Studies done on
Arabidopsis cell suspension culture explained that the addition of singlet oxygen
generators such as methyl viologen, rose Bengal, and indigo carmine oxidizes D1
protein of the PSII reaction center. Even the low concentration of the
photosensitizers was capable of inducing protein degradation inall the illuminated

samples (Gutiérrez et al. 2014).

DNA fragmentation

Overaccumulation of singlet oxygen is known to cause programmed cell death in
plants (op den Camp 2003). Inanimal cells, a series of biochemical and molecular
changes precede apoptosis. The major events include cell shrinkage, loss of
membrane integrity, leakage of cytochrome ¢, membrane blebbing, chromatin
condensation, and fragmentation of chromosomal DNA. Activation of indigenous
endonucleases cleaves DNA at specific sites to form different sizes of degraded
DNA. Resolving those fragments on Agarose gel exhibit a ladder-like pattern
corresponding to the DNA fragments. Detection of these fragments by in situ
labeling methods can serve as a marker of apoptosis. Terminal deoxynucleotidyl
transferase BrdUTP nick end labeling assay (TUNEL) utilize Terminal
deoxynucleotidyl transferase enzyme to incorporate Br-labelled dUTP in a
template- independent manner. Incubation of the labeled DNA with a fluorophore-
conjugated antibody specific to Br-dUTP provide an accurate measure to check
free 3’OH ends generated in response to singlet oxygen-induced oxidative stress
(Ambastha et al. 2017).

Role of singlet oxygen in programmed cell death
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Singlet oxygen production in plants and animals in response to stress
conditions is well documented. In plants, exposure to saturating light intensity
enhances singlet oxygen production in chloroplasts as a result of absorption of
excess excitation energy, which cannot be utilized in photochemistry (Niyogi
2002). However, the induction of the cell death pathway in response to pathogen
infection is regarded as a controlled hypersensitive reaction to restrict the invasion
of the pathogen and is described as an important element of their defense

machinery against the pathogen (Le6n and Montesano 2013).

Irradiating flu seedlings after dark incubation induces phenotypic alterations as
observed by necrotic lesions followed by cell death. However, in wild type plants,
the intensity of light, the duration of stress, and ultimately, the level of singlet
oxygen determines the fate of the cell. Experiments were conducted on flu mutant
to identify second-site mutations that could negate the cytotoxic effect induced by
singlet oxygen. It was revealed that a plastid protein EXECUTOR 1 (EX1),
regulate the singlet oxygen-induced retrograde signaling (Wagner et al. 2004).
Double mutants of executorl/ flu accumulated Pchlide similar to flu mutant when
kept in the dark. However, upon reillumination, the double mutant does not
exhibit any necrotic patches, unlike flu mutant, which showed visible symptoms
of photobleaching. In a different experiment, plants were treated with DCMU
under high light conditions generate singlet oxygen. Leaves from the plants were
floated onto different concentrations of DCMU. Analysis of cell death was done
by checking the electrolytic leakage from the treated vs. control leaves with
respect of time. Mutation in the Executor 1 protein abrogated singlet oxygen-
induced cell damage and cell death. It was concluded that the presence of
EXECUTOR 1 is required for the induction of singlet oxygen-induced response
(Wagner et al. 2004). Another nuclear-encoded protein is identified as
EXECUTOR 2, which, along with EX1, play a role in regulating downstream
signaling initiated by singlet oxygen (Lee et al. 2007). Genes expressed in
response to singlet oxygen has been identified by transcriptome profiling (Ramel
et al. 2013). Among the upregulated gene, OXI 1 kinase was identified as one of
the genes getting upregulated in response to singlet oxygen-induced cell death.
OXI 1 kinase is a serine-threonine kinase which was known to regulate ROS

influenced developmental processes. Strong induction of OXI 1 kinase mRNA
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transcript was observed in the conditional chlorina 1 mutant in response to high
light exposure. A null mutant of oxil exhibited a drastic decrease in the extent
singlet oxygen-induced photooxidative damage and thus, a significant reduction in
plant cell death. Similar to the Executor proteins studied previously, OXI1 also
play a role in regulating the retrograde signaling associated with singlet oxygen
(Shumbe et al. 2016a). However, the gene expression profile studied in oxil, and
chll mutants seem to work independently of executor proteins. Another study on
the Arabiopsis cell suspension culture showed that induction of singlet oxygen
genes in response to a photosensitizer rose Bengal is independent of executor
proteins. These experiments suggest that 1O, mediated downstream signaling to
modulate gene expression is regulated by more than one intermediate signaling
regulators that work independently of each other. It is speculated that the different
site of singlet oxygen generation may play a role in defining the *O, regulatory
network within a cell. Moreover, the involvement of intermediate signaling
molecules such as beta cyclocitral and dihydroactinidiolide cannot be overlooked
(D’ Alessandro and Havaux 2019).

Manipulating chlorophyll metabolic pathway to reduce

singlet oxygen-induced damage

Chlorophyll biosynthesis and degradation pathways are strictly regulated to
prevent the accumulation of photodynamic intermediates. The presence of
conjugated bonds within their structure allows them to absorb light energy.
However, in the absence of a reaction center molecule in their vicinity, the excess
absorbed energy cannot be used to drive photochemical reactions. Instead,
interaction with nearly available molecular oxygen gives rise to active singlet
oxygen. Overproduction of singlet oxygen in response to stress is correlated with
the accumulation of photodynamic chlorophyll intermediates and its derivatives.
Strategies can be employed to reduce their accumulation by targeting an enzyme
that catabolizes them into their nonphotodynamic forms without altering the

pathway.

In the chlorophyll biosynthesis pathway, PORC enzyme plays a prominent role in

converting dark accumulated Pchlide into chlide.
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Protochlorophyllide oxidoreductase (POR)

In higher plants, chlorophyll biosynthesis reaches a checkpoint during the
synthesis of protochlorophyllide (Pchlide). The accumulation of Pchlide in dark
initiate a feedback signal to the precursor ALA to reduce the biosynthesis process.
At the checkpoint, a second regulation was done by light-dependent
Protochlorophyllide oxidoreductase. In the chlorophyll biosynthesis pathway, this
step is the only light-dependent step that requires photoactivation of POR enzyme
and, NADPH as a cofactor to donate electron during the reduction of Pchlide.
Together, POR:Pchlide: NADPH form a ternary complex and accumulate in the
prolamellar bodies (PLBs), formed from the convoluted membrane to form a
crystalline structure in the etioplasts of the dark-grown seedlings (Dehesh and
Ryberg 1985). It specifically adds two hydrogen atoms at C17 and C18 position
on the D-ring of protochlorophyllide. NADPH: Pchlide reductase (E.C.1.3.1.33) is
a nuclear-encoded protein localized in the chloroplast envelop membrane.
Multiple forms of POR are synthesized in the cytosol as large precursors (pPORS)
that are later transported to chloroplast after post-translational modification.
Association of mediator protein assists in the translocation of the mature protein to
the chloroplast. Suppression in the activity of protein which interacts during POR
import resulted in blockage of POR transport across the chloroplast and resulted in
accumulation of Pchlide and thus result into formation of Pchlide derived 102
(Reinbothe et al. 2015).

POR proteins are members of the RED (Reductase, Epimerase,
Dehydrogenase) superfamily that is involved in NADP(H) or NAD(H) dependent
reactions (Wilks and Timko). Analysis of the CD spectra of POR showed the
relative amount of the secondary structures in the POR protein. It was estimated
that POR enzyme carries 13% alpha-helix, 19 % beta-sheet, an approximate of 20
% turn and 28 % random coil. It is speculated that it is anchored to the
hydrophobic membrane using a beta-sheet or alpha helix carrying a tryptophan
residue. However, the presence of a hydrophobic loop can also involve in
membrane anchorage. Furthermore, experiments were conducted to study the
catalytic activity of the enzyme. Clustered charge to alanine scanning mutagenesis
study revealed that out of the 37 mutants enzymes only 5 retained their enzymatic

activity, 14 were catalytically inactivated, and the rest of them showed altered

24



enzymatic activity (Dahlin et al. 2002). Mutation in the beta-sheets of the protein
structure negatively affects the enzymatic activity. On the contrary, no difference
in the enzymatic activity was observed when the mutation was in the alpha helix.
To study the involvement of amino acid in protein folding and membrane
anchorage, replacement of the charged amino acid at N and C terminal region of
the protein showed alterations in the protein assembly. Conversely, a mutation in
the central core of protein greatly reduces its attachment with the thylakoid
membrane (Dahlin et al. 2002).

In the model plant Arabidopsis, multiple isoforms of POR exist. Namely, POR
A, POR B, and POR C. In the etiolated seedlings, POR A take part in the greening
of the leaves. However, its mMRNA decreased drastically afterward. Arabidopsis
WT plants, when grown under controlled far-red light, exhibited similar growth as
with the plants grown under white light. However, the far-red light seedlings were
yellow in color due to limited POR A indicate direct involvement of POR A in the
greening process (Sperling et al. 1997). POR B mRNA transcripts were present in
etiolated and green seedlings (Armstrong et al. 1995a). Although both POR B and
PORC mRNA are influenced with diurnal fluctuations, but only POR B mRNA
exhibited circadian regulations (Su et al. 2001).

POR enzymes are highly evolutionary conserved as they show more than 74%
amino acid sequence similarity. Variation among the POR sequences can be
attributed by N-terminal transit peptide. Sequence alignment studies between
PORC and previously identified POR A and POR B showed 82.8 % and 83.2 %
aminoacid similarity. However, analysis of the N-terminal of the POR C protein
shows divergence from the POR A and POR B sequences. Furthermore,
phylogenetic analysis of the POR protein to understand its evolutionary
relationship indicated that PORC diverges early, whereas POR A and POR B are
recent (Oosawa et al. 2000).

In rice, analysis of the OsSPORA function was studied in faded green leaf
mutant that exhibits severe necrotic lesions and variegation due to a mutation in
the PORA gene. Accumulation of Pchlide also induces phototoxicity in the
mutant. By complementing the function of OsPORA by OsPORB rescued the

lesion mimic phenotype in the fgl mutant (Kwon et al. 2017). Similarly,
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overexpression of ZmPORB in maize plant increased the Tocopherol content in
the leaves and kernels (Zhan et al. 2019). Overexpression of POR enzymes can
provide an efficient solution to prevent the accumulation of Pchlide derived
singlet oxygen production and prevent oxidative stress conditions in the high
amplitude of light.

Pheophorbide a Oxygenase (PAO)

Chlorophyll degradation is one of the events that take place during senescence.
In plants, chlorophyll is degraded in specialized plastids, gerontoplast. The
chlorophyll degradation process is also regulated by a number of enzymes as
similar to chlorophyll biosynthesis; the chlorophyll catabolic intermediates are
also photosensitive. Major events during chlorophyll degradation involve
removal of phytol tail and central Mg®* ion, breaking of the chlorine ring and
transport of the non-fluorescent catabolite to the vacuole for further degradation.
The first step in the Chl degradation involves the conversion of Chl b into Chla
by Chl b reductase and 7-hydroxymethyl Chl reductase (Hortensteiner et al.
2002). Hence it is the Chl a that participate in the Chl catabolic pathway. The
removal of phytol tail from the porphyrin ring is mediated by Chlorophyllase, to
form chlorophyllide a. Magnesium ion is removed by Mg-dechelating substance
to form a pheophorbide a. This green-colored pigment is photodynamic as
described above. Its conversion is regulated by a Fe-dependent monooxygenase
that requires NADPH and ferredoxin to produce red chlorophyll catabolite (Curty
etal. 1995). Pheophorbide a oxygenase is a nuclear-encoded membrane- localized
Rieske-type-iron-sulphur-cluster containing enzyme. To study the biochemical
features of the enzyme, several attempts were made to purify the PAO protein by
using the classical approach were futile. Functional genomics approach was
utilized to identify putative candidate genes that exhibit PAO like activity. In
Arabidopsis, Accelerated cell death 1 has been identified (At3g44880), that
showed PAO like activity when cloned in E.coli (Pruzinska et al. 2003). Earlier it
was assumed that by reducing the activity of the chlorophyll degrading enzyme,
the chlorophyll degradation process can be abrogated and thus the plant will stay
green forever. On the contrary, the accumulation of pheophorbide a in the
antisense ACD lines induced severe photobleaching and oxidative stress in plants
(Tanaka et al. 2003).

26



Similarly, in maize, its homologues gene was identified as lethal leaf spot 1.
The Ils1 mutant exhibited an autonomous induction of necrotic lesions that

induced programmed cell death in the leaves (Gray et al. 1997).

PAO catalyze the oxygenic ring-opening of the pheophorbide a between C4
and C5 (Hortensteiner et al. 2002). Pheophorbide b present nearby inhibit the
enzyme activity in a competitive manner (Hortensteiner et al. 1995). Presence of
2 transmembrane domain in its C-terminal allow it to anchor to the inner

membrane of the chloroplast membrane.

Red chlorophyll catabolite reductase

The RCC formed by the action of pheophorbide a Oxygenase on the green-
colored pheophorbide a, inhibit the action of PAO enzyme by strongly binding to
it. Therefore, the existence of another enzyme was speculated (Mach et al. 2001).
A cytosolic RCC reductase bind to the PAO: RCC complex and release the non-
fluorescent chlorophyll catabolite for further degradation (Rodoni et al. 1997).
Crystal structure analysis speculated the significant role of glutamic acid 154 and
aspartic acid 291 in regulating the substrate binding and catalytic site on ACD2.
In Arabidopsis, Accelerated cell death 2 is identical to RCCR. In-plant cell, the
ACD?2 is localized in the chloroplasts of the mature leaves. In the early stage of
development, ACD?2 is present in both chloroplasts and mitochondria. The acd2
mutant exhibited runaway cell death phenotype due to limited RCCR enzyme. To
further elucidate that the necrotic lesions are formed because of accumulation of
RCC, exogenous application of Chl biosynthetic photodynamic intermediate
PPIX induced apoptotic like events in a light-dependent manner (Yao and
Greenberg 2006). Similarly, overproduction of ACD2 reduced the pathogen-
induced disease symptoms and cell death upon infection with virulent P.syringae
(Mach et al. 2001).
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Materials and Methods
Surface sterilization of Arabidopsis seeds

50-60 Arabidopsis seeds were soaked in double-distilled water and kept in 4°C
for stratification. After 48 h, seeds were sterilized with 2 ml of sterilization solution
(2% Sodium hypochlorite with 1ul/ml of 20% Triton X-100) in culture hood. Seeds
were gently mixed by inverting the centrifuge tube for 10-15 min. Before plating the
seeds on MS plates, the sterilization solution is removed by 5 times washing with

distilled water. Seeds were germinated in half-strength MS media pH 5.7.

General sterilization procedures
Culture media, glassware, and tissue culture tools were sterilized by
autoclaving at 121°C and 15Ib/inch? for 15 min.

Nutrient media

Half strength MS media (1.1 g) is added to half a liter of double-distilled
water. The pH is maintained by adding 1M-KOH to make MS plates. The media is
solidified by adding 0.8% agar-agar.

Table-1 Composition of the GM medium (Gamborg et al. 1968)

Constituents Concentration

05X MS salt with macro-and | 2.2 ¢/L

micronutrients,

Vitamins (Sigma)

1% Sucrose 10 g/L

0.8 % Agar-agar 8g/L

Table-2 List of various specific chemical used

Material Source
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FDA (Fluorescein diacetate)

Calbiochem

DAPI (4’,6-diamidino-2-phenylindole)

Invitrogen, Eugene,Oregon,USA

Evan’s blue

HIMEDIA

Cellulase R-10

Yakult, Minatoku, Tokyo, Japan

Macerozyme R-10

Yakult, Minatoku, Tokyo, Japan

SOSG

Scientific

Molecular  Probes,

Thermo  Fisher

General chemicals

SRL

Amersham, Biorad, Qualigen, Sigma,

Table-3 Plant materials and their sources.

Plant Specification Source

Arabidopsis Arabidopsis thaliana (Col-0) | Delhi University

(wild type) (South campus)
Arabidopsis Arabidopsis thaliana (Col-0) | Received with thanks from

( porc2 mutant)

POR C Mutant having T-
DNA

insertion in the fourth exon of

PORC, (Masuda et al., 2003)

Prof. T. Masuda. Graduate

School of Bioscience and

Biotechnology, Tokyo
Institute of Technology,

4259 Nagatsuta, Midori-Ku,

Yokohama, 226-8501 Japan.
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Arabidopsis

Arabidopsis thaliana (Col-0)

Transgenic developed at

(PORC over expressing PORC, Prof. B.C.Tripathy’s lab,
_ SLS,
overexpressor) Line T-13. (Pattanayak and
Tripathy) JNU, New Delhi, 110067,
India
Arabidopsis Arabidopsis thaliana (Col-0) | Transgenic developed at
(AtPaOx/RCCRx over expressing Prof. B.C.Tripathy’s lab,
SLS,
overexpressor) At PAO/At RCCR,
_ JNU, New Delhi, 110067,
Line-D26
India
Arabidopsis Arabidopsis thaliana (Col-0) | Transgenic developed at

(AtPaOx overexpressor)

over expressing
At PAO

Line-PS51

Prof. B.C.Tripathy’s lab,
SLS,

JNU, New Delhi, 110067,

India

Arabidopsis

(pao mutant)

Arabidopsis thaliana (Col-0)

Received with thanks from

Prof. Stefan Hortensteiner

Spectrophotometry:

Spectrophotometric studies were done on UV-160A (Shimadzu Corporation,
Kyoto, Japan), Lambda-35 (Perkin Elmer) and Cary 300 Bio UV-visible (Varian)

double-beam spectrophotometers.

Chlorophyll and carotenoid estimation:
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Leaf tissue was homogenized in 90% chilled ammoniacal acetone (10 ml) in a
pre-chilled mortar and pestle under safe green light. For preparing 90% ammoniacal
acetone, 1 N ammonia solution (7.48 ml in 100 ml distilled water) was prepared and
then was diluted ten times. This 0.1N ammonia solution was taken, and acetone was
added to obtain 90% ammoniacal solution. Four replicates were taken for each batch.
Homogenate was centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was
taken for estimating Chl and carotenoids. Absorbance was recorded at 663 nm, 645
nm, and 470 nm. Reference cuvette contained 90% ammoniacal acetone. Chl was
calculated as described by (Porra et al. 1989) and carotenoids were calculated as
described by (Wellburn and Lichtenthaler 1984)

Chl (a+b) = (9.05 X Agp3 + 22.2 X Agas) VIW
Carotenoids = (1000 X A470 — {3.27 x Chla —1.04 x Chl b}/5) /227 x W

Pulse amplitude modulation (PAM) measurements

Fv/Fwm, electron transport rate (ETR), quantum yield of photosystem |1 (yield),
non-photochemical quenching (NPQ), and coefficient of photochemical quenching
(gP), vyield of non-regulated energy dissipation Y(NO) of high light treated and
untreated plants were measured at room temperature by a Dual PAM-100
Chlorophyll fluorimeter (Walz, Germany). Plants were incubated in the dark for 20
min to relax all the reaction centers. Red actinic illumination (wavelength, 655nm)
provided by five LEDs (H3000); (Stanley, Irvine, CA, USA) focused onto the leaf
surface (79 mm?). Two other H-3000 LEDs that emit 650-nm pulses were used as
measuring light. Leaf clip holder 2030-B, equipped with a micro quantum sensor,
monitored photosynthetically active radiation. Chl fluorescence was detected by a
photodiode (BYP 12; Siemens, Munich, Germany) that was shielded by a long-pass-
far-red filter (RG9; Schott, Southbridge MA, USA) and a heat filter. The different
photosynthetic parameters were calculated according to the equations mentioned
below:

FuFm=(Fm-Fo)/Fm (Fv is the difference between maximum

and minimum fluorescence)
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Yield= (Fm’-Ft)/Fm’

qP= (Fm’-Ft)/(Fm’-Fo)

qL= (Fm’-Ft)/(Fm’-Fo) x Fo’/F

ETR= Yield x PAR x0.5 x0.84

Y(NPQ)

Y(NO)

(Fm’ is the maximum fluorescence yield,
when the sample is pre-illuminated, and
Ft is the fluorescence yield at any given
time).

(Fo is the minimum fluorescence of the

dark-adapted leaves when all the reaction
centers are open)

(Fm is the maximum fluorescence when

all the reaction centers are closed)

(Yield is overall photochemical quantum
yield; PAR is flux density of incident
photochemically active radiation
measured in umoles photons m? s; 0.5
factor is transport of one electron
requires for absorption of two quanta, as
two photosystems are involved; 0.84 is
84% of the incident quanta are absorbed
by the leaf).

Quantum vyield of regulated energy

dissipation in PS II.
Y(NPQ) =
1-Y(l)- 1/ (NPQ+1+gL (Fm/Fo-1))

Quantum vyield of nonregulated energy

dissipation in PS II.

Y(NO) = 1/ (NPQ+1+qL (Fm/Fo-1))
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ALA treatment

1 mM aqueous ALA solution was used to spray on three-week-old pot grown
Arabidopsis plants. Later, plants were covered with aluminum foil and kept in the
dark for 12 hours to accumulate Pchlide. Control plants were sprayed with distilled

water.

Light treatment
After 12 hof dark incubation, ALA-treated and untreated plants were exposed

to low light (75 pmol photons m %) for different time intervals.

Imaging PAM

After completion of light treatment, plants were again incubated in the dark
for 20 min to open all the reaction centers. Images were captured from IMAGING
PAM MAXI chlorophyll fluorometer (Walz, Germany) and the fluorescence
parameters were calculated from ImagingWin software (Walz, Germany).

Chlorophyll fluorescence parameters such as the maximum quantum yield of PS Il
(FvIFm) was determined by the equation Fy/Fy = (Fm-Fo )/ Fm where Fo is the dark
fluorescence yield, Fy is the maximum fluorescence yield and (Fm-Fo) is the variable
fluorescence (Fv). Maximum efficiency of the water diffusion-reaction is analyzed
from the ratio of variable to minimum fluorescence yield (Fv /Fo). Other parameters
such as Electron transport rate of photosystem Il was calculated from the equation
ETR (1) = ¢ PS Il x PAR x 0.5 x 0.84 where ¢ PS Il is effective PSII quantum yield
(calculated by (F'm —Ft)/ F'm=AF/ F'y, where F', is referred as the maximum
fluorescence yield when the samples are illuminated, and F; is the fluorescence yield
at any given time (t). PAR abbreviates for photosynthetically active radiation, 0.5 is
the factor of the ratio of PS Il and PS 1 (1:1), 0.84 is the value that correlates with the
percentage of incident photons are absorbed by the leaf to drive photosynthesis. The
nonphotochemical quenching of the maximum fluorescence was calculated by (Fm-
F'm)/ F'm. Quantum yield of nonregulated energy dissipation Y(NO) is calculated by
the equation 1/(NPQ+1+qL (Fm/Fo-1)), where gL represents the fraction of reaction

centers that are open according to the lake model (Baker 2008).
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Protein extraction
Leaves (100mg) were harvested and immediately frozen in liquid nitrogen and

pulverized. Total protein was extracted in extraction buffer (0.1% Triton X-100, 0.1%
SLS, 0.01 M EDTA, 0.01 M B-ME, 0.05 M NayHPO4, pH 7.0). The homogenates
were centrifuged at 12,000 rpm for 30 min at 4°C. Protein concentrations of the

supernatants were determined using the Bradford method (Bradford, 1976).

Catalase (CAT) activity (EC 1.11.1.6)

Three-week-old WT, PORCx and porC-2 plants were grown under control
light. 50 mg tissue was harvested, and their total protein was isolated in 50 mM
phosphate buffer (pH 7), and its concentration was determined by Bradford assay
(Bradford 1976). Catalase activity was measured by a UV double beam
spectrophotometer at 250 nm by monitoring the consumption of H,O, (Extinction
coefficient=39.4 mMtcm™) by the enzyme present in the protein extract with respect

to time.

Ascorbate Peroxidase (APX) activity (EC 1.11.1.11)
The H,0, dependent oxidation of ascorbate was determined at 290 nm using
the extinction coefficient of ascorbate (E=2.8 mMcm™). The reaction mixture

contained 10 mM ascorbic acid. 10 mM H;0, and 40 microgram protein.

Protoplast Isolation

Protoplasts were isolated using Tape Arabidopsis method (Wu et al. 2009).
Leaves (width: 2 cm, length: 5 cm in optimal light condition; width: 0.5 cm; length:
2.5 cm in low light conditions) were collected from 3 to 5-week-old plants grown
under optimal light conditions. Selected leaves were used in a 'Tape-
Arabidopsis Sandwich' experiment. The upper epidermal surface was stabilized by
affixing a strip of Time tape while the lower epidermal surface was affixed to a strip
of magic tape. The Magic tape was then carefully pulled away from the Time tape,
peeling away the lower epidermal surface cell layer. The peeled leaves (7 to 10
optimal- light-growth leaves, about 1-2 g, up to 5 g), still adhering to the Time tape,

were transferred to a Petri dish containing 10 mL of enzyme solution [1% cellulase
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'Onozuka’ R10 (Yakult, Tokyo, Japan), 0.25% macerozyme '‘Onozuka’ R10 (Yakult),
0.4 M mannitol, 10 mM CaCl,, 20 mM KCI, 0.1% BSA and 20 mM MES, pH 5.7].
The leaves were gently shaken (40 rpm on a platform shaker) in light for 20 to 60 min
until the protoplasts were released into the solution. The protop lasts were centrifuged
at 100 x g for 3 min in an Eppendorf A-4-44 rotor, washed twice with 25 mL of pre-
chilled modified W5 solution (154 mM NaCl, 125 mM CaCl,, 5 mM KCI, 5 mM
glucose, and 2 mM MES, pH 5.7) and incubated on ice for 30 min. During the
incubation period, protoplasts were counted using a hemocytometer under a light
microscope. The protoplasts were then centrifuged and resuspended in modified MMg
solution (0.4 M mannitol, 15 mM MgCI2, and 4 mM MES, pH 5.7) to a final

concentration of2 to 5 x 10° cells/mL.

Singlet oxygen imaging by SOSG

For 10O, detection, protoplasts were incubated with the SOSG (100 uM) in the
dark for one hour, then washed with the protoplast suspension buffer and exposed to
light for 30 min and visualized in Nikon-Ti-E microscope at 60x magnification. For
staining whole leaf Plantlets, prior to the transfer and at the end of the treatment,
were immersed and infiltrated in the dark under vacuum with a solution of 100 uM
Singlet Oxygen Sensor Green® reagent (SOSG) (S36002, Invitrogen) in 50 mM
phosphate potassium buffer (pH 7.5). Infiltrated plantlets were then placed again on
control and treatment media for 30 minutes in the light before being photographed

under the microscope.

Terminal deoxynucleotidyl transferase nick end labeling (TUNEL)
Assay

DNA nicks formed as a result of the initiation of PCD was visualized by
TUNEL assay. Incorporation of deoxyuridine (BrdUTP) to the free 3’-OH in the
DNA strand was detected by fluorophore-labeled antibody (Alexa-488) specific for
BrdUTP. Addition of BrdUTP to the exposed 3’- hydroxyl end is catalyzed by
Terminal deoxynucleotidyl transferase in a template- independent manner. Labeling of
DNA nicks can be visualized by using excitation-emission spectra similar to
fluorescein. Before DNA labeling, the protoplasts from the treated and untreated
samples were washed with suspension buffer and immediately fixed with 2%
paraformaldehyde and 2.5 % glutaraldehyde in 50mM sodium phosphate buffer (pH
7.2) for 1 h at 4°C. Fixed protoplasts were washed gently with 50 mM phosphate
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buffer pH 7.2 and finally suspending in 1 ml phosphate buffer. To increase the
permeability, protoplasts were sequentially dehydrated in an increasing gradient of
alcohol (from 20% to 100%) for half an hour. Dehydrated protoplasts were finally
incubated in 100% absolute alcohol at -20°C for 2 days. The treatment of protoplast
with alcohol also removed the chlorophyll pigments making the protoplast colorless.

The decolorized protoplasts were again rehydrated with 50mM phosphate buffer pH

7.0, and TUNEL assay was performed using APO-BrdU™ TUNEL Assay Kit
(Invitrogen) according to the manufacturer’s protocol. After TUNEL labeling, the
protoplasts were counterstained with DAPI and observed under a fluorescent
microscope to localize nucleus. Green fluorescence of Alexa-488 under blue filter
marks the site at which TdT-mediated incorporation of fluorescein-labeled BrdUTP

occurs during the fragmentation of the DNA.

Estimation of lipid peroxide

The level of lipid peroxidation products was estimated using 200 mg fresh
tissue according to the method of (Hodges et al. 1999) and were expressed as
thiobarbituric acid reactive substances (TBARS). Plant samples were extracted in
0.25% 2-thiobarbituric acid (TBA) in 10% TCA using a mortar and pestle. Contents
were heated at 95°C for 30 minutes and the quickly cooled in an ice bath and
centrifuged at 12,000 rpm for 10 min. The absorbance of the supernatant was read at
532 nm, and correction for unspecific turbidity was done by subtracting the
absorbance of the same at 600 nm. The blank was 0.25% TBA in 10% TCA. The
concentration of lipid peroxides, together with oxidatively modified proteins, were
quantified and expressed as total TBARS in terms of nmol g fresh weight using an
extinction coefficient of 155 nM™ cmit. TBARS are an index of lipid peroxidation. To
increase the accuracy of determining TBA-MDA levels by correcting for compounds
other than MDA, which absorb at 532 nm, subtraction of the absorbance at 532 nm of
a solution containing plant extract incubated without TBA from an identical solution
containing TBA was done. Arabidopsis WT and transgenic plants samples were
homogenized in (i) -TBA solution comprised of 20 % (w/v) trichloroacetic acid (-
TBA) or (ii) TBA solution containing the above plus 0.25% TBA (+TBA). Samples
were then mixed vigorously, heated at 95°C in a water bath for 25 min, cooled, and

centrifuged at 12,000 rpm for 10 min. Absorbances were read (Shimadzu, Japan) at
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440 nm, 532 nm, and 600 nm. Malondialdehyde equivalents were calculated in the

following manner:

1) [(A 532+TBA) - (A 600+ TBA) - (As32-TBA) - (heoo-TBA)] = A;
2) [(Laao+TBA - Ago+TBA) 0.0571] = B;

3) MDA equivalents (nmol.mlI) = (A-B/157000) X 10°.

Handy PEA

Chlorophyll a fluorescence induction was measured using Handy PEA (Plant
Efficiency Analyzer), Hansatech Instruments, UK. Arabidopsis seedlings were pre-
darkened for 20 min at room temperature. Chlorophyll a fluorescence induction
transients were measured, up to 2 s, by excitation with 650 nm light of high intensity
(3500 umol photons m2 s%), as provided by anarray of 3 LEDs. These data were then
analyzed by the so-called OJIP-test (Stirbet et al. 2018), here, O (origin) is the
(measured) initial minimum fluorescence, which is followed by a rise to a J level (2
ms), an inflection I (30 ms), and then finally the peak P (260 ms). Parameters labeled
as Pl (performance index), RC/ABS (estimated ratio of reaction center to PSII
antenna absorption), F\/Fo (variable to minimal fluorescence), and an area over the
fluorescence induction curve were obtained by using ‘‘PEA plus software’’ (Strasser
etal. 2005).

In addition, we measured 2 other parameters: (i) variable to minimum
fluorescence (Fv/Fo), which is considered to be proportional to the activity of the
water-splitting complex on the donor side of the PSII; and (ii) Area, the area above
the chlorophyll fluorescence curve between Fo and Fy, which estimates the size of the
plastoquinone pool. To examine the OJIP data from different samples, fluorescence
transients were normalized at the Fo (the O level).

In addition, we also calculated Vop = (Ft — Fo)/ (Fp — Fo)
and Vip = (Fe- F)/ (Fp - F)).

High light treatment
High light exposure was given in the Votsch plant growth chamber. The
intensity of light was measured by Fluorometer (LICOR). Plants were kept at top rack

where the intensity was measured to be 800 pmol photons m? s*. For reducing
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damage due to heat, the temperature was reduced to 18°C such that temperature on the

rack was maintained to 21%

Carbon dioxide assimilation analysis by Infrared gas analyzer
(IRGA)

Photosynthetic carbon dioxide assimilation of 6-week-old plants grown under
short-day condition (8h L/16h D) in soil, were measured using an Infrared gas
analyzer (Portable Gas Exchange Fluorescence System GFS3000, Walz) using a
standard head, for known leaf areas. The CO, concentration in the sample chamber
was maintained at 400 ppm, block temperature at 22°C, and relative humidity at 50
%. For measurements of stomatal conductance (gs), transpiration rate (E), and water
use efficiency (WUE), we used a light intensity of 400 umol photons m? s™*(von

Caemmerer and Farquhar 1981).

38



Results
Comparison of photosynthetic parameters of WT, PORCX,

and porC-2 mutant

Plant phenotype

WT, overexpressor of Protochlorophyllide oxidoreductase C (PORCX), and its
knock-down mutant (porC-2) were grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent light (100 pmol photons m s*) for up to five

weeks. Images captured indicate that they are almost similar in appearance (Fig. 1).

Pigment content in WT, PORCX, and porC-2 plants

Total chlorophyll (Chl), and carotenoid content were measured in three-week-
old WT, PORCx and porC-2 plants grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent light (100 pmol photons m? s?).
Overproduction of PORC increased chlorophyll and carotenoid content in PORCX in
comparison to WT plants. PORCx plants had 17 % more Chl than porC-2 and WT.
Likewise, carotenoid content was higher in PORCx plants, i.e., 30% higher than WT
(Fig. 2a, 2b).

Analysis of chlorophyll a fluorescence parameter by Pulse amplitude
modulation

Analysis of chlorophyll a fluorescence in response to modulated pulses of
light provides an important tool to study the photosynthetic efficiency of a plant in a
quick and non-invasive manner. The chlorophyll molecules absorb light energy, and
its subsequent de-excitation takes place through one of the three inter-competitive
processes, i.e., energy being utilized in photochemical reaction, thermal dissipation, or
Chl a fluorescence. Analysis of Chl a fluorescence kinetics has paved the way for

better understanding of the complex events involving the electron transport.

Minimum fluorescence (Fo)
Before measurement, all plants were incubated in the dark for 20 minutes so

that all reaction centers remain uniformly open. The Chl a fluorescence was

monitored by Dual PAM 100 spectrofluorometer (Walz, Germany). Exposure of
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plants to measuring light (ML) gives the minimum fluorescence yield (Fo). Under
control conditions, there was no significant difference in the minimum fluorescence
level of WT and PORCx and porC-2 plants (Fig. 3a).

Maximum fluorescence (Fm)
Exposure to a short pulse of saturating light determines Fm, which indicate

maximum reduction of the primary electron acceptor Qa. No significant difference
was observed in the maximum fluorescence of WT, PORCX, and porC-2 plants in

control conditions (Fig. 3b).

Fv/Fm
Variable fluorescence can be determined by calculating the difference between

maximum to minimum chlorophyll fluorescence. Plants growing under control
conditions have a higher and almost similar value of Fv/Fm ratio. The Fv/Fm ratio
was approx ~ 0.80 in WT, PORCx, and porC-2 plants, which indicated that the

guantum efficiency of dark-adapted plants was almost similar (Fig. 4a).

Fv/Fo
The ratio of variable to minimum fluorescence gives an insight regarding the

activity of oxygen evolution complex onthe donor side of PSII. In control conditions,
the Fv/Fo ratio of WT, PORCX, and porC-2 plants were almost similar (Fig. 4b).

Quantum yield of photosystem II (¢ PSII)
It represents the fraction of photons that are utilized to drive photosynthetic

machinery. The ¢ PSII decreased in response to light intensity. The PSIlI quantum
yield of PORCx plants was 12% higher than the WT in most light intensities. The
porC-2 mutant had a very small decrease of ¢ PSII quantum yield (Fig. 5a).

Electron transport rate of PSII (ETR I1)
The PSII-dependent electron transport rate increased with an increase in light

intensity. The calculated electron transport rate (ETR 1) was plotted against
photosynthetic active radiation (umol photons m?s™*) to form a light response curve.
In the absence of any stress, the ETR of PORCx was 11% higher than WT. The
porC-2 plants had almost similar ETR values with respectto WT (Fig. 5b).

Non-photochemical quenching (NPQ)
NPQ corresponds to the activation of a heat dissipation machinery to protect

PSII from excess excitation energy. The NPQ increased in response to higher light
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intensities. The porC-2 mutant had 27% higher NPQ than the WT. The NPQ of
PORCx plants was slightly lower than the WT in higher light intensities (Fig. 6a).

Quantum yield of non-regulated energy dissipation Y(NO)
Y (NO) is a measure of non-regulated energy dissipation in PSII. It involves

light-induced processes that in addition to basal energy loss contribute to non-
radiative decay by photo-inhibition. The Y(NO) values of WT, PORCX, and porC-2
plants were almost similar in the control condition. (Fig 6 b)

Coefficient of photoche mical quenching (qP)
The gP denotes the fraction of reaction centers in the open state, i.e. having

oxidized Qa. It is based on the puddle model that does not take into account the
connectivity of PSII reaction centers. In PORCX, a 14.8% increase in the qP value
indicates that its photochemical efficiency of PSII is more in higher light intensities.

In the porC-2 mutant, qP values were similar to that of WT (Fig 7a).

Coefficient of photoche mical quenching (qL)
This parameter indicates the fraction of reaction centers that are open in PSII

according to the lake model that assumes that all or most of the PSII complexes are
interconnected. A higher value of gL in PORCX, i.e., 30% more than WT, suggesting
that a larger fraction of open reaction centers that can efficiently utilize absorbed
energy into photochemical energy. The porC-2 mutant had almost similar gL as
compared to WT (Fig. 7b).

Measurement of photosynthetic CO, assimilated by plants
Five-week-old Arabidopsis plants were used to analyze their carbon dioxide
assimilation efficiency as described in the materials and methods. Before
measurements, leaves were pre-illuminated at 400 pmol photons m? s for 25 min.
The rest of the parameters were monitored in the same light intensity, and 400 umol

(mol)* of CO; and the leaf temperature was maintained of 25°C using LiCOR (6400)

Infrared gas analyzer.

CO; assimilation rate (An)
The An of PORCXx plant was 16% higher than WT. However, the carbon

assimilation rates of WT and porC-2 plants were almost similar (Fig. 8a).
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Stomatal conductance (gs)
It measures the rate of CO, intake or release of water vapors through stomatal

pores present in the leaves. Maximum stomatal conductance was observed in PORCx
plants. The stomatal conductance of PORCx plants was 20% higher than the WT. In
contrast, the porC-2 mutants had 18% lower gs than the WT. (Fig. 8b)

Transpiration rate
It is a measure of the transfer of water from the plant to the atmosphere by

evaporation predominantly through stomata. In consonance with stomatal
conductance, the transpiration rate in porC-2 plants was lowest. However, under
identical conditions, the PORCx had 10% increase in the transpiration rate with

respect to WT plants (Fig. 9a).

Water use efficiency (WUE)
It is calculated by taking the ratio of photosynthetic rate to the transpiration

rate. The WUE denotes the amount of water used to fix CO,. Maximum WUE was
observed in porC-2 plants due to reduced transpiration rate. They had 70% higher
WUE than the WT. However, the WUE of PORCx plant was almost similar to the
WT (Fig. 9b).

Antioxidative enzyme activities

Presence of any kind of stress illicit formation of reactive oxygen species in
plants. As a result, the presence of inbuilt antioxidant enzyme-mediated defense
machinery readily increases for detoxification of the free radicals produced in

response to stress.

Catalase activity
It mostly detoxifies hydrogen peroxide produced during photorespiration or by

[~ oxidation of fatty acid. In control conditions, the activity of catalase was 15 % less
in PORCx plants than WT plants. The porC-2 plants had 19% higher catalase
activity (Fig. 10a).

Ascorbate Peroxidase activity
It utilizes ascorbic acid for the reduction of hydrogen peroxide into water and

oxygen. In PORCXx plants, the APX activity was reduced by 14% in comparison to
WT. However, in porC-2 mutants, the APX activity was higher by 7% (Fig. 10b).
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Impact of singlet oxygen-induced oxidative stress causes

severe photooxidative stress in porC-2 mutant

Morphological changes

Three-week-old WT, PORCx and porC-2 plants were sprayed with 1 mM
ALA or distilled water (control) and incubated in the dark for 12 h to accumulate the
Chl biosynthetic intermediate Pchlide. After dark-incubation, plants were exposed to
low light (75 pmol photons ms™) for up to 2 h. As shown in Figure. 11, the porC-2
mutants had the most visible photooxidative damages. Under identical conditions, the

visible damage to PORC plants was minimal.

Chlorophyll a fluorescence imaging

The severity of ALA-induced stress on plant photosynthetic efficiency was
determined by using Imaging PAM MAXI (Walz, Germany). The Fv/Fm false-color
images of plants overexpressing PORC enzyme demonstrated that it was least
affected in PORCx plants whereas porC-2 plants had the highest decrease of Fv/Fm in
the image after 2 h light exposure (Fig. 12)

Ft false-color image
False-color images of Chl a fluorescence at a time t (Ft), from WT, PORCx

and its knock-down mutant porC-2 plants treated without or with 1 mM ALA,
were obtained from Imaging PAM (Fig. 13). In ALA-treated porC-2 mutants, the
fluorescence was seen from only a few partially green patches of bleached
leaves. Under identical conditions, the overexpressor plants had a lot of
fluorescence emanating from greener leaves whose images were recorded by the

fluorometer.

Singlet oxygen generation in response to Pchlide accumulation

To monitor the 'O, generated via type Il photosensitization reaction of the
photosensitizer Pchlide, leaves were harvested and treated with singlet oxygen sensor
green (SOSG) to monitor the O-induced green fluorescence in a fluorescence
microscope (Fig. 14a). Results demonstrate that the maximum amount of 'O, was

produced from the photosensitizer Pchlide by ALA-treated porC-2 plants exposed to
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light for 2 h. The minimal SOSG fluorescence was produced from ALA-treated and
light-exposed PORCx plants (Fig. 14b).

Singlet oxygen-induced damage to photosynthetic apparatus

Fv/Fm ratio
To ascertain the ALA-induced oxidative stress, the Fv/Fm ratio was quantified

in both control and ALA-treated samples after 1 hand 2 h of light exposure (Fig.15a).
The Fv/Fm ratio of dark incubated ALA-treated WT and porC-2 plants was reduced
by 8% and 14% after 1 h of light treatment. Under identical conditions, the Fv/Fm
ratio of PORCx plants was unaffected. After 2 h of light treatment, the Fv/Fm ratio
declined by 14% in WT, 20% in porC-2 and to a smaller extent (5%) in PORC

OVerexpressors.

Fv/Fo ratio
To ascertain the intensity of damage caused by 1O, to the oxygen evolution

complex, the Fv/Fo ratio in ALA-treated dark-incubated plants was monitored upon
light exposure (Fig.15b). The Fv/Fo ratio denotes the activity of water splitting
complex of PSII. Due to the limited availability of PORC enzyme in porC-2 and WT
plants, the accumulation of Pchlide caused a burst in 1O, production that significantly
damaged the oxygen-evolving complex. The maximum decrease in Fv/Fo ratio was
observed in porC-2 plants followed by WT, whereas PORCx plants had smaller
impairment of photosynthetic oxygen evolution machinery. The Fv/Fo ratio declined
by 23% and 18% after 2 h of light exposure in porC-2 and WT plants, respectively.
However, under identical conditions, the Fv/Fo ratio of PORCx plants remained

unaffected.

Quantum yield of photosystem II (¢ PS II)
The impact of Os-induced oxidative stress on the overall photochemical

quantum yield of PSII (¢ PSII) was determined at 530 pmol photons m? s light
intensity using the equation described in materials and methods. In ALA-treated dark
incubated porC-2 plants, the effective quantum yield of PS Il decreased by 50.3%
within an hour of light exposure that later declined to 72.6 % after 2 h of light
treatment (Fig.16a). In the WT plants, the effective quantum yield decreases from
35% and 63% due to 1h and 2h of light treatment, respectively. Under identical
condition, the ¢ PSII pf PORCx plants were affected to a smaller extent (15%-20%).
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Electron transport rate (ETR II)
The PSIl-dependent ETR measured at 530 pmol photons m™ s was determined in

control and ALA-treated plants. ALA-sprayed and dark-incubated porC-2 and WT
plants, exposed to light 75 pmol photons m? s for 2 h had 50% and 35% reduction in
ETR respectively (Fig. 16b). However, the ETR of PORCXx plants declined by 17%
after 2 h of light exposure.

Non-photochemical quenching (NPQ)
It is a measure of non-photochemical fluorescence quenching, reflecting

photoprotection by heat dissipation machinery in response to stress. Increased NPQ in
PORC overexpressor indicates the activation of proton gradient-dependent heat
dissipation machinery (Fig.17a). However, porC-2 and WT, the decrease in NPQ

indicate the absence ofactivation of the protective mechanism.

Quantum yield of non-regulated energy dissipation Y(NO)
In the control conditions, the Y(NO), that denotes quantum vyield of energy

dissipation in PS |1, were similar in all the three types of plants (Fig.17b). After ALA
treatment, the increase in Y(NO) in porC-2 and WT indicates that both the processes
of photochemical energy conversion and protective regulatory mechanisms are unable
to cope up even with the low light (75 pmol photons m? st). Under identical
conditions in PORCx plants, the decrease in the Y(NO) indicates that due to excess of

PORC enzyme, the Y(NO) remained unaffected after 2 h of light exposure.

Cell death due to singlet oxygen-induced oxidative stress
After completion of low light exposure, the ALA treated and untreated plants

were stained with Evans blue dye. Maximum inclusion of Evans blue dye was
observed in the porC-2 mutant after 2 h of low light exposure. In contrast, the PORCx
plants had marginal inclusion of the dye demonstrating that overexpression of PORC

enzyme reduced singlet oxygen-induced cell death, (Fig.18)

Photooxidative stress in high light
Because of the presence of higher concentration of the photo-sensitizer

Pchlide in ALA-treated and dark-incubated plants, the 1O, production was triggered
even by very low light intensity (75 pmol photons m s%). To study further, the 'O,
generation in plants was triggered by exposing plants to high light (800 pmol

photons m? s™t) without prior ALA treatment. The excess light energy absorbed by
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Chl molecules cannot be utilized in photochemical reactions; instead, the excitation

energy is transferred to O, to generate 10,.

Five-week-old WT, PORCXx, and porC-2 plants grown in 100 pmol photons m’
25T were exposed to high light (800 pmol photons m?s™*) to induce the formation of
triplet excited state of Chl molecules that transfer their energy to oxygen to generate
singlet oxygen. High light intensity was provided from metal halide lamps within the
plant growth chamber maintained at 21°C (Votsch, Germany). Immediately after
stress treatment, pictures were taken to visualize high-light-induced photobleaching
in plants. From figure 19 it is apparent that a number of leaves from porC-2 mutant
were bleached. WT plants also had visible photodamage to their leaves. However,

PORCXx overexpressor had little visible damage to the rosette structure.

Generation of singlet oxygen from the leaves in high light

To monitor *O; level in the absence of stress, three-week-old WT, PORCX,
and porC-2 plants were grown under cool-white fluorescent light (100 umol photons
m?2s?) in Arabidopsis-growth-room were exposed to the same light intensity in the
plant growth chamber. Leaves were excised using a sharp razor and infiltrated with
SOSG solution. Fluorescence microscopy revealed that porC-2 mutant emitted 40%
higher SOSG fluorescence than WT. In control conditions, PORCx plants generated
lower 'O, than the WT. Maximum SOSG fluorescence in control conditions can be
attributed by the presence of a higher amount of Pchlide in porC-2 mutants (Fig. 20-
21).

Upon high light treatment (800 pumol photons m? s ) of WT, PORCx and
porC-2 plants in plant growth chamber maintained at 21°C, the SOSG fluorescence
substantially increased in all. However, the leaves of PORCx plants emitted the
lowest amount of SOSG fluorescence. However, maximum SOSG fluorescence was
recorded from porC-2 mutants in high light. It was 76% higher than the WT. The
PORCXx leaves emitted 59% lower singlet-oxygen-induced SOSG fluorescence (Fig.
20-21).

Pulse amplitude modulation (PAM) measurement after high light
stress
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To quantitate the high-light-induced damage to the photosynthetic apparatus,
five-week-old WT, PORCx and porC-2 plants were exposed to high light (800
pmoles photons m? s*) for 16 h. Control plants were kept under their growth light
intensity (100 pmol photons m? s?). After 16 h light treatment, plants were
incubated in the dark for 20 min to uniformly open all the reaction centers. Their
photosynthetic functions were measured using Chl a fluorescence as a non-invasive

tool.

Quantum yield of photosystem II (¢ PS II)
In PORCx plants, 5 % decline in the PSII yield was observed after 16 h HL

treatment. In porC-2, the ¢ PSII yield was reduced by 29%. (Fig. 22a).

Electron transport rate (ETR 1)
After 16 h of high light stress, maximum reduction of 38 % in ETR Il was

observed in porC-2 mutant with respect to its control plant. However, only 7 %

decline in ETR Il was observed in PORCx plants in response to high light (Fig. 22b).

Non-photochemical quenching (NPQ)
In PORCx plants, NPQ increases by 53% in response to high light stress.

Activation of NPQ mediates heat dissipation machinery involving the establishment
of a proton gradient across the thylakoid membrane. Severe reduction of NPQ inWT
and porC-2 plants exposed to HL suggests damage in their NPQ machinery in stress
condition (Fig. 23a).

Quantum yield of non-regulated energy dissipation Y(NO)
Higher values of Y(NO) indicate that at that point of time, the photochemical

energy conversion and heat dissipation machinery are unable to tolerate the stress. In
response to high light, the Y(NO) increased by 50% in WT and 69% in the porC-2
mutant. However, there was no increase of Y(NO) in PORC overexpressors (Fig.
23b).

Chlorophyll a fast fluorescence kinetics

Chlorophyll fluorescence parameters serve as a versatile tool to study the
function of the photosynthetic apparatus. When plants are incubated in the dark for
20 min, all the reaction centers remain open. Illlumination with a short pulse of
saturating light uniformly reduce most Qa centers that result in maximum

fluorescence signal (Fm). Irradiation with actinic light (light intensity sufficient to
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initiate photochemical reaction) for a short period results into a characteristic
induction in Chl fluorescence as explained by Kautsky effect. Upon plotting the
fluorescence induction Kinetics on the logarithmic time scale, distinct inflections can
be seen which are collectively referred to as OJIP curve. The O stands for the origin
of Chl a fast fluorescence induction kinetics; it denotes the initiation of reduction of
primary plastoquinone acceptor Qa. On the other side, the J and | represent the
intermediate process involving the reduction of plastoquinol pool and reduction of
ferredoxin at PS I and P denote the peak. Analysis of Chl a fluorescence kinetics can

give insight into interconnecting processes during photosynthesis.

OJIP curve
Comparision of the OJIP curves obtained in control and 16 h high light stress

revealed that the Fm rise was highest in PORCx plants. It indicates efficient electron
transfer from PSII to PSI via all the intermediary steps. However, a delay in the Fm
rise was obtained in the porC-2 mutant indicating an interruption in the electron

transport due to the presence of reduced electron acceptors. (Fig. 24).

Double normalization at O and P
The OJIP curve is normalized at both O (20 ps) and P (270ms). A significant

J-rise was obtained in the porC-2 mutant in response to HL stress. (Fig. 25).

Double normalization at I and P
The OJIP curves were normalized at | (30ms) and P (270ms). Early IP rise

may indicate the effective transfer of electrons from PSII to PSI and its subsequent
conversion into reducing equivalents such as NADPH. Under control conditions, all
the plants showed an early rise from | to P. However, under HL stress, the PORCXx
plants showed early IP rise followed by WT and delayed rise was observed in porC-2
mutant plants. A quick IP rise may indicate the productivity of the plant in terms of
higher photosynthetic rate and growth as observed in rice plants (Hamdani et al.
2015) (Fig. 26).

Normalization at |
By normalizing the transient curve datapoints only at 30 ms which

corresponds to the, | phase, early rise in the PORC overexpressor after high light
stress indicate that the absorbed energy is effectively utilized in the photochemical

reaction without reducing its efficiency (Fig. 27).
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Minimum fluorescence (Fo)
In response to high light stress, the Fo increased in all the plants. However, the

increase of Fo in porC-2 plants was 25 % higher in high light. Likewise, WT plants
had 11.1 % higher Fo values than its control. Under identical conditions, PORCx
plants had 4 % increase in Fo (Fig. 28a).

Maximum fluorescence (Fm)
Under control conditions, the value of maximum fluorescence was almost

similar in WT, PORCX, and porC-2 plants. Subsequent exposure to high light stress
for 16 hreduced the Fm values in WT and porC-2 mutant. (Fig. 28b).

Fv/Fm
In control conditions, the maximum PSII quantum yield was almost similar in

all the plants. Exposure to high light stress prominently reduces the Fv/Fm in the por-
C2 mutant by 15.6%. Likewise, WT plants had 5.9 % lower Fv/Fm. Conversely, the
PORCx plants showed less than 5% decline in Fv/Fm after 16 h of high light exposure
(Fig. 29a).
Fv/Fo

Exposure to high light intensity greatly reduces the D1 protein turnover. As a
result, exposure to high light intensity reduced the water-splitting activity in all the
plants types. A maximum decline of 33.8% was observed in the porC-2 mutant,
followed by 29 % decline in the high light treated WT plants. Under similar
conditions, PORCx had less than 17% decline the Fv/Fo ratio (Fig. 29b).

Radar plot
In order to summarize most of the relevant chlorophyll fluorescence

parameters (Fig. 30), a radar plot was prepared to easily compare with respect to WT

control, which is used as a reference.
Parameters used
Fo, that denotes the minimum chlorophyll a fluorescence increased in porC-2 plants

Fm, the Maximum fluorescence upon exposure to short pulse of saturating light,was

similar in among all the control and treatment plants

Fv/Fo, the maximum efficiency of water water-splitting activity in the PSII is

declined in porC-2 after high light treatment.
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Area, the area above the OJIP curve which is a measure of redox status of the

plastoquinol pool, was higher in PORCx plants

10RC/CSp, represents the efficiency index, expressed as the density of reaction

center per chlorophyll molecule.lt was minimum in highlight treated porC-2 plants

Dlo/ CSnm -Represents the energy that is not utilized by the reaction center. Instead
the absorbed energy is dissipated as heat. Maximum loss of energy was observed in
porC-2 high light treated plants.

ETo/ CSm —It indicates the rate of electron transport by one reaction center.PORCXx

plants had maximum rate.

Tro/ CSpm—Energy flux trapped by one active reaction center. Maximum utilization of

energy into photosynthetic reactions was observed in PORCx plants.

Analysis of lipid peroxidation

Generation of singlet oxygen in the plastidic membrane primarily targets
membrane-bound polyunsaturated fatty acids (PUFAS). Estimation of the extent of
lipid peroxidation serves as a marker for photooxidative stress. It can be measured by
quantifying the oxidized product malonaldehyde, through MDA assay. Under control
conditions, the MDA content in all the plant types was similar. Howe ver, after 16 h of
HL stress, the MDA content increased by 216% in WT, whereas in porC-2 it
increased by 768%. On the contrary, PORCx had only 266% increase in the MDA
content. (Fig. 31),

Evans blue staining

Elevation in singlet oxygen damages the cell membrane by rapidly oxidizing
the structural membrane-bound lipids. Loss of membrane integrity can be observed by
staining tissues with Evans blue dye that selectively penetrate nonviable cells.
Maximum dye-inclusion was observed in porC-2 mutant, whereas PORCx plants had
minimum inclusion of dye with respect to WT and porC-2. (Fig. 32),

Analysis of 'O, in protoplast
To check the induction of 1O, at a cellular level in response to HL stress, four-
week-old plants were kept under high light intensity for 16 h. Later, their protoplasts

were isolated by using cellulose and macerozyme. Protoplasts were immediately
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stained with SOSG dye and imaged under a fluorescent microscope. Nearly 57%
increase in the SOSG signal was observed from the porC-2 protoplast. Under
identical conditions, PORCx protoplasts had 34% less SOSG fluorescence than WT.
(Fig. 33),

Induction of cell death in response to high light stress

Excessive accumulation of 'O, rapidly oxidizes nearly available molecules
and render them non-functional, thus causing cytotoxic damage to the cell. When the
rate of damage exceeds the rate of repair, the cell undergoes programmed cell death.
The characteristic features of programmed cell death involve fragmentation of DNA,
condensation of chromatin, and blebbing of cell membrane. By incorporating
fluorophore-labeled deoxynucleotide, the formation of DNA nicks during stress can

be analyzed.

TUNEL assay

Terminal deoxynucleotidyl transferase nick end labeling (TUNEL) of the
protoplast indicate the presence of DNA break by utilizing Alexa-fluor-labeled
antibody specific to the modified deoxynucleotide. After completion of HL stress,
protoplasts were harvested from the stressed leaves. Further processing of protoplasts
was done as described in the materials and methods. Analysis of the labeled
protoplasts under FITC channel showed TUNEL positive nuclei in the porC-2 and
WT protoplasts. However, very few TUNEL positive nuclei were observed from
PORCXx protoplasts. (Fig. 34),

Genetic manipulation of chlorophyll catabolic enzymes to

prevent oxidative stress

During senescence and stress conditions the Chl molecules are extensively
degraded, leading to the buildup of tetrapyrrolic Chl catabolites. These act as
photosensitizers and generate *O; in the presence of light and causes photooxidative
damage to plants. Previously in our laboratory, the Chl catabolic enzyme
pheophorbide a oxygenase was overexpressed in Arabidopsis thaliana to minimize
the accumulation of pheophorbide a in stress conditions. The other enzyme in the Chl

catabolic pathway, i.e., red chlorophyll catabolite reductase (RCCR) was also
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previously overexpressed in our laboratory along with pheophorbide a oxygenase
(PAO) in A. thaliana to minimize the accumulation of both the photosensitizers, i.e.,

Pheo a and RCC to prevent singlet-oxygen-induced oxidative stress.

In the present study, the impact of overexpression of AtPAO alone and
overexpression of both the Chl catabolic genes AtPAO/AtRCCR on high-light-
induced photooxidative stress is studied.

The Double overexpressor Arabidopsis thaliana (AtPAO/AtRCCR) line D26,
the single overexpressor AtPAOX, line PS51, its mutant pao, and WT were grown at
21°C under 10h L and 14h D photoperiod in cool-white- fluorescent light (100 pmol
photons m? s) for up to five-weeks. Their images were captured to observe any
difference in appearance due to genetic manipulation (Fig. 35). There was no

significant difference in growth in D26, PS51, and pao mutant plants.

Total chlorophyll

Total Chl content in WT, D26, PS51, and pao mutant were almost similar
demonstrating that upregulation or down regulation of Chl catabolic enzymes did not
have any impact on their Chl biosynthesis potential in controlled growth conditions
(Fig. 36a).

Carotenoid content
In the D26, PS51, and pao mutant, the carotenoid content was almost similar

to WT plants under control conditions (Fig. 36b).

Imaging PAM analysis
Fv/Fm false-color image
Four-week-old WT, D26, PS51 and pao mutant plants were grown under cool

white-fluorescent light (100 pmol photons m™ s?) light. Before capturing an image,
plants were dark-adapted for 20 min to uniformly open the reaction centers. The
Fv/Fm images revealed that all the plants had similar color at the maximum, which
signifies that the plants used for the study were healthy and devoid of any other stress
(Fig. 37).

Chlorophyll a fluorescence parameters
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Minimum fluorescence (Fo)
The fluorescence measurements were taken using a Dual PAM 100 (Walz,

Germany) spectrofluorometer. In control conditions when plants are dark-adapted, all
the primary electron acceptors become oxidized, and thus the reaction center is said to

be in openstate. The Fo values of D26, PS51, pao were similar to the WT (Fig. 38a).

Maximum fluorescence (Fm)
Exposure with a short saturating pulse to dark-adapted plants yielded the

maximum fluorescence Fm. The Fm values were almost the same in WT, D26, PS51,

and pao mutant (Fig. 38b).

Fv/Fm
The ratio of the variable to maximal fluorescence determines the overall

photosynthetic efficiency of the plant. As this parameter is very sensitive to stress, its
analysis under the control condition indicated that all the plants had similar ~ 0.8
Fv/Fm values (Fig. 39a).

Fv/Fo
The ratio of variable to minimum fluorescence determine the activity of

oxygen evolution complex at the donor side of PSII. In control conditions, D26, PS51,
and WT and pao plants had almost similar Fv/Fo ratio (Fig. 39b).

Quantum yield of photosystem II (¢ PSII)
Under control conditions, the D26 plants had 25.6 % higher ¢ PSII than WT.

Similarly, PS51 had a small increase (6%) of ¢ PSII than WT. The pao mutant and
WT had almost similar yield (Fig. 40a).

PSII-dependent electron transport rate
Analysis of the PSII-dependent electron transport rate in control conditions

indicated that D26 plants had 25% higher ETR than the WT. Likewise, in PS51 7%
increase was observed. The ETR was almost similar to the WT and pao plants (Fig.
40b).

Non-photochemical quenching (NPQ)
The activation of heat dissipation machinery was observed in pao mutant even

in control non-stressed conditions. The NPQ was 32% higher than the WT in control
conditions (Fig. 41a) suggesting that pao mutant keeps its heat dissipation machinery

active in control conditions.
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Quantum yield of non-regulated energy dissipation Y(NO)
This parameter is an indirect measure to study the relative functioning of

photochemical and heat dissipation reactions. Under control conditions, the
photochemical reactions increased with an increase in light intensity. Since the
maximum energy received by the plants is utilized in photochemistry, minimum
values of Y(NO) indicated the absence of any stressful condition. The D26, PS51, and
pao mutant had almost similar values (Fig. 41b).

Coefficient of photoche mical quenching (gL)
This parameter indicates the fraction of PSII reaction centers that are open

according to the lake model that assumes that all or most of the PSII complexes are
interconnected. The higher amount of open reaction center will ensure the channeling
of the absorbed light energy to drive photosynthetic reactions. Higher gL value in D26

plants with respect to WT indicates efficient utilization of absorbed energy (Fig. 42a).

Coefficient of photoche mical quenching (gP)
The gP denotes the fraction of reaction centers in the open state, i.e. having

oxidized Qa. It is based on the puddle model that does not take into account the
connectivity of PSII reaction centers. Higher gL values with respect to WT in D26

plants indicate efficient utilization of absorbed energy (Fig. 42b).

Antioxidative enzyme activities

Under control conditions, the cellular status of antioxidant enzyme determines
the presence of free radical at the basal level. Three-week-old plants were grown
under controlled light and temperature. Protein isolated was estimated by Bradford

assay. Equal quantity of protein was used in all the reactions.

Catalase (CAT) activity
In comparison to WT samples, pao mutant had 33% higher CAT activity. Its

activities were almost similar in WT, D26, and PS51 samples under control conditions
(Fig. 43a).
Ascorbate Peroxidase (APX) activity

The pao samples had 25% higher APX activity than WT. On the contrary,

D26 and PS51 samples showed 9% and 14% decline in the CAT activity under
control conditions (Fig. 43b).

Impact of high light stress
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Exposure to high irradiance induces the formation of reactive oxygen species.
Excess production of ROS greatly hampers the photosynthetic efficiency and growth
of the plant. The Chl degradation becomes high in stress conditions leading to the
production of Pheo a and RCC. These act as photosensitizers and generate 10, that

causes photooxidative damage.

High light-induced photo bleaching of leaves

Five-week-old WT, D26, PS51, and pao mutant plants were exposed to either
their growth light intensity, i.e., control (100 umol photons m?s™) or high light (800
umol photons ms?) for 16 h. Photooxidative stress-induced damage to the leaves
was observed in the pao mutant and WT plants. However, minimum bleaching was
observed in D26 and PS51 lines (Fig. 44).

Singlet oxygen accumulation in response to high light stress.

Involvement of singlet oxygen in high light stress was studied by exposing
three-week-old plants to high light for 2 hours. The accumulation of singlet oxygen
was studied by SOSG staining of leaves (Fig. 45a). In WT control plants that are
exposed to low light for 2 hours, minimum SOSG fluorescence was recorded.
However, upon exposing WT plants to high light for 2 h, rapid build-up of SOSG
fluorescence could be observed. In WT in response to 2 h high light treatment, the
SOSG fluorescence increased by 11-fold. As compared to WT treated samples, HL-
treated pao mutants had 18-fold increase in SOSG fluorescence. Under identical
conditions, D26 plants had only 4-fold increase in 'O2-induced SOSG fluorescence
(Fig. 46).

Chlorophyll a fluorescence parameters

After completion of high light stress, plants were incubated in the dark.
Chlorophyll fluorescence parameters such as electron transport rates, the quantum
yield of PSII photochemistry, non-photochemical quenching, and various other

parameters were calculated by using Dual-PAM software.

Quantum yield of photosystem II (¢ PSII)
Exposure of 16 h high light decreases in the photosynthetic efficiency, i.e., the

quantum yield of PS I1. In WT plants, high irradiance decreased the ¢ PSII by 38%
whereas in pao mutant the decline was more than 51%. The same ofdouble and single

overexpressor was reduced by 18% and 23% respectively (Fig. 47a).
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Electron transport rate (ETR 11)
Transfer of electrons through the PSII can be calculated from the chlorophyll

fluorescence. When plants were exposed to high light stress, the WT plants had 38%
reduction in the ETR. The D26 and PS51 transgenic lines had 19% and 23% decrease
in the ETR. Under identical conditions, pao plants had 51% decrease of PSII activity
(Fig. 47b).

Nonphotochemical quenching (NPQ)
When the intensity and duration of light intensity is more than the

requirement, the excess energy absorbed need to be dissipated immediately to prevent
buildup of free radicals and to reduce potential damage to the photosynthetic
machinery. After light stress, activation of NPQ resulted in photoprotection in the
D26 plants. D26 high light treated plants had 6% increase in NPQ. In PS51, 25%
decrease in of NPQ was observed in response to high light. Conwversely, in pao
mutant, due to lack of functional enzyme Pheophorbide a oxygenase, the
accumulation of pheophorbide in response to high light stress increases the level of
10, severely affected the pH gradient dependent photoprotective machinery that
resulted in 75% decline of NPQ (Fig. 48a).

Quantum yield of non-regulated energy dissipation Y(NO)
The Y(NO) increased in the WT by 28% in response to high light treatment.

Under identical conditions, the pao mutants had 110% increase in Y(NO).
Conversely, both the D26 transgenic line did not have any significant increase in
Y(NO) (Fig. 48b).

Chlorophyll a fluorescence JIP-Test
Analysis of Chl a fluorescence in plants exposed to high light stress can
provide an insight to study the series of events that leads to the formation of reducing

equivalents.

OJIP- Curve
Analysis of chlorophyll a fluorescent transient showed that due to high light

stress, as compared to WT, the P rise severely declined in high-light treated pao
mutants. The overexpressors, especially D26 had higher P values than the WT. (Fig.
49).
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Double normalizationat O to P
The double normalization plot both at O (20 us) level and P (270us) revealed

an early rise from O to | in pao mutants in stress condition. Under identical

conditions, O to I rise was slower in overexpressors (Fig. 50).

Double normalization at I to P
Analysis of | to P rise in the double normalized Chl fluorescent transient curve

indicates the effective transfer of electrons to ferredoxin via PSI. The | to P rise was
slower in high-light-treated pao mutants. Early I to P rise in the light stressed D26 line

can be correlated with higher photosynthesis and productivity (Fig. 51).

Single normalization at |
In high light treated plants, the chlorophyll fluorescence transient curve is

normalized at | phase (30ms). D26 line showed anearly I rise, followed by PS51 after
16 h HL treatment. It indicates the reduced impact of high light stress on the
photochemical reactions in the transgenic plants. On the contrary, in pao mutant,
delayed I rise signifies the oxidative stress-induced inhibition of the electron transport
(Fig. 52).

Minimum fluorescence (Fo)
In response to high light stress, the Fo increased in all the plants. However,

the increase of Fo in pao plants was 82 % higher in high light. Likewise, WT plants
had 44 % higher Fo values than its control. Under identical conditions, D26 plants had
22 % increase in Fo (Fig. 53a).

Maximum fluorescence (Fm)
Under control conditions, the value of maximum fluorescence was almost

similar in WT, D26, PS51, and pao plants. Subsequent exposure to high light stress
for 16 h reduced the Fm values in WT and pao mutant. After high light stress, in pao
plants, the Fm declined by 25%, whereas, WT had 22% decrease in the Fm value. In
contrast to D26 and PS51 plants had less than 20% decline in Fm (Fig. 53b).

Fv/Fm
Analysis of the ratio of variable to maximum fluorescence provides

information regarding the efficiency with which plant can utilize absorbed energy to
drive photochemistry. This parameter is highly sensitive to stress conditions. Hence, it

is widely utilized as a marker to study photooxidative stress. In control conditions, the
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maximum PSI1 quantum yield was almost similar in all the plants. Exposure to high
light stress prominently reduces the Fv/Fm in the pao mutant by 27%. Likewise, WT
plants had 17 % lower Fv/Fm. Conversely, the D26 and PS51 plants showed less than
10% decline in Fv/Fm after 16 h of high light exposure (Fig. 54a).

Fv/Fo
The ratio of variable to minimum fluorescence represents the activity of water

splitting complex that donates electrons to the oxidized P680 reaction center during
the electron transport. The function of water splitting complex is dependent on the
working status of the D1 protein. Damage to the D1 protein indirectly halts the
electron transport activity and result into the formation of oxidative radicals. Exposure
to high light intensity greatly reduces the D1 protein turnover. As a result, exposure to
high light intensity reduced the water-splitting activity in all the plants types. A
maximum decline of 70% was observed in the pao mutant, followed by 54 % decline
in the high light treated WT plants. Under similar conditions, D26 and PS51 plants
had less than 40% decline the Fv/Fo ratio. (Fig. 54b).

Radar plot
In order to summarize most of the relevant chlorophyll fluorescence

parameters, a radar plot was prepared to easily compare with respect to WT control,

which is used as a reference. (Fig. 55).
Parameters used

Fo, the minimum chlorophyll fluorescence increased in pao mutant in response to

high light stress

Area-The area above the OJIP curve, which is a measure of the redox status of the

plastoquinol pool was higher in D26 and PS51 lines respectively.

10RC/CSw, It represents the efficiency index, expressed as the density of reaction

center per chlorophyll molecule, was higher in the transgenic D26 and PS51 line

Dlo/ CSy, the energy that is not utilized by the reaction center; instead, the absorbed

energy is dissipated as heat, was higher in the high light treated pao mutant.

ETo/ CSw, the rate of electron transport by one reaction center, was higher in D26
and PS51 lines after 16 h high light stress.
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Tro/ CSm , energy flux trapped by one active reaction center was lower in the pao

mutant.

Psi/(1-psi)- It represents the ratio of electrons leaving the system to the electrons
accumulated in the system. It was least affected in D26 and PS51 after high light

stress.

Phi/(1-phi) — It denotes the ratio of efficiency of primary photochemical reactions.
Maximum efficiency was observed in the high light treated D26, and PS51 lines in

comparison to high light treated WT and pao plants.

MDA assay
Spectrophotometric analysis of thiobarbituric acid reactive substances is an

indirect method to interpret malonaldehyde produced due to 'O,-mediated lipid
peroxidation. Production of 2O, in the membrane primarily target the membrane lipids
and oxidizes them. In WT, in response to high light stress the MDA content increased
by 280%. In the pao mutant, high light increased the MDA content by 360%. In the
AtPAO/AtRCCRx D26 plants, the MDA content increased by 120% that was
substantially lower than WT (Fig. 56).

Evans blue staining

Elevation in singlet oxygen damages the cell membrane by rapidly oxidizing
the structural membrane-bound lipids. Loss of membrane integrity due to cell death
could be observed by staining tissues with Evans blue dye that selectively penetrate
non-viable cells. Maximum dye-inclusion was observed in pao mutant, whereas D26
and PS51 plants had reduced inclusion of dye with respect to WT (Fig. 57)

demonstrating the protection of plants from *0-induced cell death in high light.
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Discussion

Evolution of oxygenic photosynthesis paved the way for the emergence of
higher and complex life forms on earth. The primitive reduced atmosphere was
gradually converted into oxygen-rich due to the development of unicellular
photosynthesizing blue-green algae. With the evolution of oxygenic photosynthetic
organisms that oxidized H,O to O, to generate the reductant NADPH for the
reduction of carbon dioxide into energy-rich molecules resulted in the formation of
the present oxygenic world. The increased oxygen concentration in the atmosphere
posed a threat to the cell. Oxygen was utilized by cells to generated reactive oxygen
species (Dat et al. 2000). Accumulation of oxidized molecular intermediates signals
the cell to induce programmed cell death (Gutiérrez et al. 2011). This greatly reduces
the vitality and therefore decreases the photosynthetic efficiency of the plant
(Nishiyama et al. 2001). Reduction in the supply of energy-rich molecules reduces the
growth and therefore, the yield of the plant. Therefore, strategies must be devised

such that plants can tolerate oxidative stress without limiting their productivity.

With an increase in light intensity, i.e., from the early morning to noon, light
absorption by Chl molecules increases almost linearly. However, the rate of
photosynthesis reaches a maximum much before the linear increase in light absorption
ceases. Therefore, plants end up in absorbing excess light that could be utilized in
photosynthesis. The excess light, that remains un-utilized in photosynthesis, is often
dissipated as heat via specific carotenoids that are in close proximity to Chl in light-
harvesting chlorophyll-complexes(Bjorkman and Demmig 1987; Niyogi 2002; Asada
2006; Rossel et al. 2007; Rubanl et al. 2012). However, plants often fail to dissipate
all the unutilized solar energy absorbed by the pigment bed. The excess light energy,
not utilized in photosynthesis, causes an accumulation of excited states of Chl (*Chl*)
that are subsequently converted to triplet-excited states of Chls (3ChF), which can
transfer their energy to molecular oxygen (O2). The resulting reactive formof O, i.e.,
singlet oxygen (*0;) (Foote, 1991) causes photooxidative damage such as
photooxidation of membrane lipids (Farmer and Mueller 2013) and ultimately cell

death.
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Upon excess illumination, not only Chl, but its biosynthetic tetrapyrrolic
intermediates produce 'O, in plants and cause oxidative damage (Rebeiz et al. 1988;
Chakraborty and Tripathy 1992; op den Camp 2003; Mohapatra and Tripathy 2007,
Pattanayak and Tripathy 2011). Therefore, to prevent the O,-mediated oxidative
damage that is due to the accumulation of Chl biosynthetic intermediates, it is
essential to minimize their steady-state concentrations in plants during the daytime.
The other forms of active oxygen species, such as superoxide (O2") and hydrogen
peroxide (H2O>) could be detoxified by enzymes like superoxide dismutase, ascorbate
peroxidase and dehydroascorbate reductase (Asada 1984), glutathione reductase
(Foyer and Shigeoka 2011) and glutathione peroxidase (Fischer et al. 2012).
However, there is no enzymatic means available for plants to detoxify *0,. Recently,
a few attempts have been made to reduce '0,-mediated damage in Arabidopsis via
executerl (ex1) and executer 2 (ex2) mutations (Wagner et al. 2004; Lee et al. 2007)
or over-expressing glutathione peroxidase and glutathione s-transferase in
Chlamydomonas. These approaches strive to limit the injury to plants after 'O, is
produced. However, it is essential to limit the light-mediated 1O, generation from the
tetrapyrrolic intermediates in order to protect the plants from oxidative damage. Since
carotenoids prevent the generation of 'O, by quenching the triplet excited states of
Chl, many attempts have been made previously to increase their pool size. Increase in
the carotenoid pool size may not be always enough to control oxidative stress, as the
10, produced from Chl biosynthetic intermediates is not effectively quenched by
them. Chl biosynthetic intermediates are not part of pigment-protein complexes in
light-grown plants, and consequently, they cannot transfer their energy to the reaction
center for its utilization in photosynthesis. Instead, the light energy absorbed by these
intermediates is utilized to produce 'O, via type Il photosensitization reaction.
Therefore, to prevent *O,-induced oxidative damage during the daytime, it is essential

to minimize the steady-state concentration of Chl biosynthetic intermediates in plants.

In plants, 5-aminolevulinic acid (ALA) is synthesized from glutamic acid and
is metabolized to Protochlorophyllide (Pchlide) in the dark. Pchlide, one of the major
Chl biosynthetic intermediates, accumulates in the dark and provokes cell death in
light by producing O, endogenously. The Pchlide that accumulates overnight is
photoconverted to Chlorophyllide (Chlide) at daybreak by a light-dependent enzyme
Protochlorophyllide Oxido Reductase (POR). In etiolated angiosperms, POR is
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localized primarily in the prolamellar bodies; however, in light-grown seedlings, POR
is found in the thylakoid and envelope membranes of chloroplasts (Barthelemy et al.,
2000). In different plant species, gene organization and expression of POR have been
shown to be quite different. Two POR genes have been identified from tobacco
(Masuda et al. 2003), and three (PORA, PORB, and PORC) from Arabidopsis
(Armstrong et al. 1995b; Sperling et al. 1997; Oosawa et al. 2000; Pattanayak and
Tripathy 2002). In Arabidopsis, the expression of POR A rapidly declines after
illumination of etiolated seedlings, POR B expression is partially reduced (Armstrong
et al, 1995), whereas the POR C expression is induced by light and the transcript
abundance increases in response to increasing light-intensity (Masuda et al., 2003;
Pattanayak and Tripathy, 2002; Su et al., 2001).

One of the goals of the present investigation was to minimize the generation of
10, by reducing the steady-state concentration of the photosensitizer Pchlide in the
plant cell. This was achieved via a genetic approach, i.e., overexpression of POR C
that could efficiently photo-transform Pchlide to Chlide in light-grown plants. POR C
was chosen over its other light-downregulated isoforms, i.e., POR A and POR B
(Sperling et al., 1997) as it is light-inducible and its expression increases in response
to higher light intensity and, therefore, it is a better candidate to photo-transform
Pchlide to Chlide in high-light-grown-plants. Conversely, the porC-2 mutant is more
sensitive to high light and 1O,-induced photo-oxidative stress. It generates higher
amounts of photosensitizer Pchlide. To probe further, both PORC overexpressed, and

porC-2 mutants were taken for further study.

Solar energy is indispensable for survival on earth as the maximum biomass
produced is contributed by photosynthesis. Plants utilize solar energy to drive
photochemical reactions by trapping the light through an array of chlorophyll
molecules arranged closely in association with proteins in the light-harvesting
complex. The absorbed energy from individual chlorophyll is transferred among other
chlorophyll molecules through resonance energy transfer until it reaches the reaction
center chlorophyll. The primary event in photosynthesis involves the conversion of
light energy into photochemical energy. It is mediated by the charge separation events
that take place between the reaction center Chl (P680) and the intermediary electron
acceptor pheophytin (Pheo) (Mamedov et al. 2015). Upon receiving light, the P680

molecule goes from ground state to excited level. Subsequent charge transfer de-
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excites the Chl leads to the formation of a charged radical pair. The electron gained by
the pheophytin is transferred to the first stable electron acceptor, Plastoquinone Qa
located on the D2 protein (P680" Pheo” Qa > P680" Pheo QA" is the 1% stable
acceptor of electrons in PSII (Hankamer et al. 1997). Meanwhile, the oxygen
evolution complex split water molecule to provide electrons to reduce P680". The
water-splitting activity requires D1 protein, as electron from its 161- Tyrz position is
abstracted to reduce the PSII reaction center. From Q4" electron is transferred to Qg on
the D1 protein (Qa” Qs> Qa Qg). The subsequent transfer of another electron from
the Qa” leads to the formation of Qg?". After receiving 2 protons, plastohydroquinol
(PQH,) is formed which dissociate itself from the D1 protein to transfer electrons
further to Rieske iron-sulfur cluster and cytochrome b6f complex. The electrons are
channeled towards copper-containing mobile carrier plastocyanin. The released
protons are pumped out of the lumen to form a proton gradient across the thylakoid
membrane to activate ATP synthase. The electrons from plastocyanin reduce the
P700" at PSI. The efficient electron transfer from PSII to PSI results in the formation
of energy-rich reducing equivalents such as NADPH. The formation of proton
gradient across the membrane activates the ATP Synthase complex to generate ATP
from ADP and inorganic phosphate. Any interruption in the scheme of electron

transport thus greatly affects the photosynthesis reactions.

IHluminations with high light intensity saturate the electron flow in the linear
electron transport pathway and promote the generation of excited chlorophyll derived
singlet oxygen that severely damages the oxygenic photosynthetic apparatus. On the
acceptor side of PSII, the overreduction of the electron transport chain allows charge
recombination reactions between (P680* Pheo’) to give rise to P680-3P680 that
interact with molecular oxygen to produce singlet oxygen. Apart from the chlorophyll
molecules, their metabolic intermediates produce singlet oxygen upon light exposure.
Presence of a conjugated bond system in the intermediates allows them to absorb
light. However, they cannot channelize their absorbed energy to drive
photochemistry. Instead, they return to the ground state by transferring their energy to
molecular oxygen. Under control conditions, singlet oxygen so produced is kept in
check by singlet oxygen quenchers such as carotenoids, and tocopherols. Exposure to
saturating light intensity perturbs the balance, resulting in its accumulation.

Generation of singlet oxygen from membrane-bound pigment complexes primarily
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target the D1 protein. However, the chloroplast can recover the damaged D1 protein
by enhancing its selective degradation by series of enzymatic steps and allowing de-
novo synthesis of nascent D1 protein to replace the non-functional protein (Edelman
and Mattoo 2008). Light-induced damage to D1 protein occurs concurrently with the
light absorption. Therefore, the coherent repair machinery supplies functional D1
protein to maintain electron transport. When the damage exceeds the capacity of the
D1 repair machinery, the accumulated singlet oxygen along with inactivated PSII
invokes photoinhibition. Addition of singlet oxygen quencher such as histidine, rutin,
diazobicyclooctane partially prevented the singlet oxygen-induced photoinhibition
(Chakraborty and Tripathy, 1992; Baroli & Melis, 1998). Drastic reduction in the
guantum vyield and electron transport rate of PSIl mark the induction of

photooxidative stress in plants.

The extent of damage to the photosynthetic apparatus can be interpreted from
modulated chlorophyll fluorescence in a quick way (Pint6-Marijuan and Munné-
Bosch 2014). After absorbing light, an excited chlorophyll molecule can return to the
ground state either by transferring its energy to the reaction center molecule to initiate
photochemical reactions, or it can dissipate energy in the form of heat, or it can re-
emit the energy as fluorescence. These three processes work competitively; therefore,
by analyzing the chlorophyll fluorescence yield, the efficiency of photosynthetic
machinery and activation of heat-dissipating mechanisms can be understood. Dark
adaptation of leaf sample for up to 20 min relaxes the reaction centers, and it
represents the successful transfer of electrons from Qa to Qg. Exposure to a weak
modulating light beam (ML) measures the minimum fluorescence (Fo). Subsequent
exposure to a saturating pulse results into maximum fluorescence (Fm) by closing the
reaction centers. Difference between the maximum to minimum fluorescence
determine the variable fluorescence (Fm-Fo=Fv). The ratio of variable to maximum
fluorescence denotes the maximum quantum yield of the PSII (Fv/Fm) in dark-
adapted plants, which is used as a prominent marker to determine the health status of
the plant. In plants, under control and non-stressed condition, the Fv/Fm value
remains ~0.84. Any kind of stress that affects the PSII photochemistry results in a

decline in the parameter.

Actinic light (light capable of initiating photochemical events) is switched on

while the samples are flashed with pulses of saturating light. The maximum
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fluorescence thus obtained in the illuminated state is termed as Fm’. Initially, it is
higher, but with time, it declines (quenching), which indicates the existence of
competitive photochemical and non-photochemical processes. Value of Fm’ will
always be lower than Fm. Since in the dark-adapted state, the dissipation of energy in
the form of heat is close to the minimum, whereas, in the illuminated state, the non-
photochemical quenching of Chl a fluorescence is prevalent. Analysis of the ratio of
variable fluorescence after light exposure (difference of maximum and minimum
fluorescence in the light-adapted state) to the maximum fluorescence in the light-
adapted state provide information regarding the effective proportion of absorbed light
energy in driving photochemical reactions (Fm’-Fo’/Fm’= Quantum yield of PSII)
(Bjorkman and Demmig 1987). The difference between the maximum fluorescence in
the dark-adapted state and the light-adapted state can be used to estimate the loss of
energy in the form of heat called non-photochemical quenching. The ratio of
difference between the maximum fluorescence in dark and light-adapted state to the
maximum fluorescence in the light-adapted state determines the non-photochemical
quenching (Fm-Fm’/Fm’=NPQ). Exposure to high irradiance activates the proton
gradient-dependent non-photochemical quenching pathway to release the excess
absorbed energy as heat. Analysis of gP indicates the openness in the reaction centers.
The yield of non-regulated energy dissipation Y(NO) is an indicator of photodamage.
An increase in the Y(NO) under high light indicate damage in the PSII apparatus and

the impairment of D1 protein turnover.

In the present study, we had observed that in the porC-2 mutant (Masuda et al.
2003) accumulate Pchlide derived singlet oxygen in light. The quantum yield and
PSII-dependent electron transport chain remain unaffected under control conditions.
On the contrary, the exogenous application of chlorophyll precursor ALA on the
porC-2 plants drastically reduced the quantum yield and electron transport rates
(Tripathy and Chakraborty 1991; Chakraborty and Tripathy 1992). Dark incubation
after ALA treatment allowed plants to accumulate photodynamic Pchlide. Exposure to
light-activated the protochlorophyllide oxidoreductase C enzyme in the PORCx
overexpressor, which rapidly converted the excess Pchlide into Chlide (Pattanayak
and Tripathy 2002, 2011). However, in the porC-2 mutant, the insertion of T-DNA in
the 4rth exon resulted in a scarcity of photoactive PORC enzyme. Its unavailability

caused accumulated of un-catalyzed Pchlide in the porC-2 plant leaves. Subsequent
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exposure to low light (75 pmol photons m? s?) was sufficient to induce singlet
oxygen production via type-ll photosensitization reaction of Pchlide (Foote, 1991,
Tripathy and Chakraborty, 1991, Chakraborty and Tripathy, 1992). This is evident
from 102-induced SOSG fluorescence. Maximum Evans blue dye inclusion further
validates that the singlet oxygen produced from ALA-derived Pchlide induced cell
death in porC-2 plants (Shumbe et al. 2016b). Minimum dye inclusion in PORC
overexpressor suggests that excess of PORC in plants rapidly converted the dark

accumulated Pchlide into chlide and thus provided tolerance.

Optimum absorption of light is crucial for plants to carry out photosynthesis
for their growth and development. Efficient utilization of light energy requires
chlorophyll molecules. In plants, the synthesis of chlorophyll is regulated by a number
of enzymes since some of the chlorophyll metabolic intermediates are photosensitive,
l.e., they generate singlet oxygen upon exposure to light (Hukmani and Tripathy
1992). Under high light conditions, Chl intermediates along with chl molecules
present in the antenna and reaction center get excited and result into a burst of singlet
oxygen (Triantaphylides et al. 2008b; Tripathy and Pattanayak 2010; Pattanayak and
Tripathy 2011). In response to high light stress, the accumulation of singlet oxygen
was monitored by staining high light treated leaves with Singlet oxygen sensor green
(SOSG) (Shao et al. 2013). After 2 h of high light stress (800 pmol photons m? s1),
maximum SOSG fluorescence was observed from the porC-2 leaves, whereas,
reduced SOSG fluorescence was observed from the PORC overexpressor leaves. It
demonstrated that after high light stress, the photodynamic intermediate derived
singlet oxygen-induced photooxidative stress was maximum in porC-2 as observed by
the increase in SOSG fluorescence. However, PORCx plants effectively tolerated the

photooxidative stress by reducing the buildup of Pchlide derived singlet oxygen.

Analysis of chlorophyll a fluorescence indicated a maximum decrease in the
quantum yield and PSII-dependent electron transport rates of porC-2 plants. Elevation
of non-photochemical quenching in the PORCx plants after 16 h of high light stress
clearly demonstrated the activation of zeaxanthin mediated photoprotective machinery
in response to high light stress. Over-reduction of electron transport chain causes
acidification of thylakoid lumen. Lowering of pH activate redox-regulated
violaxanthin de-epoxidase. It mediates the conversion of violaxanthin into zeaxanthin

(Dall’Osto et al. 2012). Along with activated Psbs protein, they induce changes in the
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confirmation of the PSII antenna complex to modulate and dissipate the excess energy
absorbed as heat (Ruban et al. 2012). Conversely, higher Y(NO) in porC-2 and WT
after HL treatment indicated severe damage to the PSII apparatus due to impairment
of the D1 repair machinery (Lu et al. 2019).

To further elucidate the physiological events in response to high light stress,
chlorophyll a fast fluorescence Kkinetics was employed. Similar to the pulse amplitude
modulation, the chlorophyll a fast fluorescence measurement involves dark adaptation
of the samples to bring all the reaction centers into a relaxed state. In other words, all
the electron acceptors are oxidized in the open state of reaction center. Exposure to
light reduces the electron acceptors in the photosynthetic pathway. A reaction center
is termed as closed until the reduces Qa doesn’t pass the electron further to the

secondary electron acceptor, Qg.

Exposure of a short pulse of saturating light rapidly increases the chlorophyll
fluorescence, which later declines with time. By plotting the chlorophyll fluorescence
points with respect to the logarithmic time scale for up to 2 sec, distinct polyphasic
induction curves are obtained which are collectively known as OJIP curve. The
distinct rise in the chlorophyll a fluorescence transient curves gives an insight about
the turn of events after absorption of light. The fluorescent transient originated from
Fo level to the maximum level via 2 intermediary steps termed as Jand I. The O value
represents the initial fluorescence and is associated with the energy losses in the PSII
pigment antenna. The fluorescence rise from OJ denotes the reduction of the acceptor
side of PSII due to the reduction of Qa, it is observed between 50ps to 2 ms. Ji
indicate the reduction of Plastoquinone pool, and it is observed in between 2ms to
30ms. IP indicates the reduction of the electron carriers near PSI. Fm state represents

the complete reduction of the Plastoquinone pool.

Analysis of the OJIP curve in the high light treated plant samples
demonstrated that the PORCx plants had an early JI and IP rise, which indicate the
efficient transfer of electron through the electron transport chain. Whereas in the
porC-2 and WT plants, a delayed rise indicates that the singlet oxygen-induced
photooxidative stress is interrupting the electron transport chain. Further analysis of
the chlorophyll a fluorescent transient, the double normalization at IP phase indicated

an early rise in the PORCx plants in response to stress. Various studies correlate the
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IP rise with the increase in growth and productivity of the plants however the
mechanism with which IP rise is regulating the yield of the plant is yet to be explored
(Hamdaniet al. 2015; Kandoi et al. 2016). Analysis of the OJIP parameters suggested
that in the porC-2 mutant, the increase in the minimum fluorescence represents the
blockage of charge transfer between primary and secondary electron acceptors
(Pospi8il et al. 1998). Furthermore, analysis of the ratio of variable to minimal
fluorescence (Fv/Fo), which denote the activity of oxygen evolution complex was
decreased in the porC-2 mutant. Whereas, the marginal decrease was observed in the
PORCx plants. The presence of functional D1 protein to regulate the oxygen
evolution complex is indispensable for efficient electron transport. P680" and excited
chl triplet state molecules irreversibly damage the D1 protein. Excess singlet oxygen
in the porC-2 mutant impairs the water-splitting activity of the oxygen evolution
complex as observed by increased Fv/Fo values (Burke 2008). Comparative analysis
of the other OJIP parameters by spider plot indicates that in porC-2 plants, the
electron transport (ETo/CSy) decreased that was due to lower energy absorption by
antenna pigments (ABS/CSy), energy trapping by reaction centers (TRo/CSwm) and
higher energy loss as heat (DIo/CSy). On the contrary, PORCx plants had less
damaging effect on the electron transport (ETo/CSm), had higher energy trapping by
reaction centers (TRo/CSnm) and lower energy loss as heat (DIo/CSy). Studies have
shown prominent role of singlet oxygen in inducing lipid peroxidation
(Triantaphylides et al. 2008a). Analysis of MDA content is widely used to determine
oxidative stress-induced oxidation of polyunsaturated fatty acids (Lu et al. 2017).
Higher MDA content in the porC-2 indicates the generation of singlet oxygen from
the membrane-bound intermediate Pchlide target membrane lipids for peroxidation.
The detection of singlet oxygen mediated oxidation products serve as downstream
signals and regulate singlet oxygen specific gene expression (D’Alessandro and
Havaux 2019). Damage to the membrane integrity allowed inclusion of Evans blue
dye in the high light treated porC-2 plants. Stain uptake by the plants indicates the
extent of cell death in response to high light stress. Furthermore, analysis of DNA
fragments after high light stress is another parameter to study induction of
programmed cell death. Protoplasts isolated from the high light treated plants showed
DNA nicks in the porC-2 protoplasts which demonstrate the role of singlet oxygen in

inducing programmed cell death.
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Loss of Chl occurs during senescence of vegetative plant organs as well as
during fruit ripening. Chl has a half lifetime of around 48 h in high light-grown
photosynthetic organism. Furthermore, Chl degradation occurs due to external factors
such as injuries sustained by low or high temperature or pathogen attack or high light
or other abiotic stresses. Rapid degradation of free Chl or its colored derivatives is

necessary to avoid cell damage by their photodynamic action.

Chlorophyll is vital to all of the photosynthetic organisms. Their unique
structure allows them to harvest sunlight and convert it into energy-rich molecules.
However, this ability of light absorption can be fatal when exposed to high light. As
some of the biosynthetic and catabolic intermediates of Chl are photodynamic,
therefore their synthesis and degradation pathways are tightly controlled by redox-
regulated and light-dependent enzymes. Chlorophyll degradation majorly takes place
during senescence or ripening of fruit. The enzymes present in the mature
gerontoplast rapidly convert the green-colored chlorophyll into colorless non-
chlorophyll catabolites (nCCs) which later is transported to vacuoles for further
degradation. However, massive amount of Chls are degraded in response to biotic or
abiotic stress. Therefore, quick degradation of Chl intermediates are necessary to

prevent the accumulation of intermediates derived singlet oxygen.

The chlorophyll degradation is initiated by chlorophyllase (CLH) enzyme that
dephylate chlorophyll a to chlorophyllide. The removal of the phytol tail is followed
by removal of magnesium ion by Mg-dechelating substances (MDS) to produce
green-colored photodynamic pheophorbide a. The accumulation of pheophorbide a
can induce photooxidative stress in the light-exposed plant. Photodynamic properties
of Pheophorbide are utilized in photodynamic therapy to treat cancerous tissues
(Buschetal. 2009).

The conversion of pheophorbide a into red chlorophyll catabolite is a key
event in the chlorophyll degradation pathway as it involves the oxygenic opening of
the macrocyclic ring, that provide the structural basis of further degradation steps. Its
conversion is mediated by nuclear-encoded Rieske-type iron-sulfur oxygenase
pheophorbide a oxygenase (PAO) (Pruzinska et al. 2003; Pruzinska 2005). PAO
activity increases during senescence; therefore, play an integral role in chlorophyll

degradation. In Arabidopsis, it is present in a single copy and is identical to
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Arabidopsis accelerated cell death 1(Hortensteiner et al. 1995; Pruzinska et al. 2003).
Presence of 49 aa transit peptide targets the enzyme to the chloroplast where it binds
to the inner plastidic membrane. The red chlorophyll catabolite thus formed remain
bound to the PAO enzyme and inhibit its function (Krautler 2008). Identification of
another cytosolic reductase Red chlorophyll catabolite reductase is known to play a
role in PAO mediated degradation of pheophorbide a. It interacts with the
Pheophorbide: PAO enzyme complex to release pFCCs for further downstream
degradation. PAO independent conversion of pheophorbide a into pFCCs by RCCR
was insufficient (Rodoni et al. 1997). The bacterial two-hybrid system demonstrated
that for the conversion of pheophorbide a into pFCCs through the macrocyclic

opening require closed association of both PAO and RCCR (Pruzinska et al. 2007).

Exposure to biotic as well as abiotic stress induces leaf necrosis, which is
accompanied by chlorophyll degradation. Although PAO expression majorly takes
place during senescence, physical injury on the maize leaves increases its expression.
Further analysis of gene expression by microarray indicated that infection with

virulent pathogen P. syringae increases the expression of chlorophyll catabolic genes.

In the recent past, several studies have been carried out using mutants of both
PAO and RCCR enzymes to study the characteristic features of both enzymes and
their role in Chl degradation. Moreover, the mutant study also characterized other
roles played by these enzymes during biotic challenges (plant-pathogen interaction)
and PCD (Programmed cell death) (Greenberg et al., 1993; 1994). Mutants defective
in PAO and RCCR accumulate excessive amounts of the Chl catabolic intermediates
pheophorbide a and RCCs, respectively (Pruzinska et al., 2003; 2005; 2007, Tanaka et
al., 2003). Cell death execution required light indicating that the accumulating
tetrapyrroles act as photosensitizers causing the production of reactive oxygen species
(ROS) and ultimately cell death (Pruzinska et al., 2007, Mach et al., 2001,
Hortensteiner et al, 2004). However, excess accumulation of pheophorbide in the
dark could cause light-independent cell death as it is toxic to plants (Hirashima et al.
2009)(Tanaka et al., 2009).

Both PAO and RCCR together are involved in the degradation of Pheide a to
non-toxic pFCC during senescence. They both form a complex and work in close

vicinity of each other as part of the multienzyme complex during Chl degradation.
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They could possibly regulate each other’s catalytic activity. To understand the
significance of increased expression of PAO during high light-stress, both PAO and
RCCR were overexpressed together to formdouble transgenic plants.

Most plants are sensitive to high light. To assess the protective role of PAO and
RCCR, the WT and AtPAO/RCCRXx plants were exposed to high light (800 umol m? s
1), and their response was monitored. Under identical growth conditions,
phenotypically the AtPAO/RCCRx plants were greener and were able to withstand

stress as compared to WT and pao mutants.

Under control conditions, all the plants exhibited a similar phenotype, which
indicated that the genetic manipulation had not affected the morphology of the plants.
Analysis of chlorophyll fluorescence parameters suggested that in the absence of
stress D26 line had higher electron transport rate. WT, D26, and pao mutant had an
almost similar rate. The absence of stress in plants was further checked by studying
the quantum yield of non-regulated energy dissipation Y(NO), which was almost
similar in WT, D26, PS51, and pao.

By irradiating the plants with high light, a sharp decline in the quantum yield
of PSII and PSlI-dependent electron transport rate was observed in the pao mutant.
On the contrary, the electron transport rates of both single and double overexpressor
were only marginally affected in response to high light stress. The decrease in the
ETR in the mutant can be attributed by overaccumulation of photodynamic
pheophorbide a in the pao mutant. Limited availability of PAO, therefore leads to the
formation of singlet oxygen from the pheophorbide via type Il photosensitization
reactions (Foote 1991) in response to high light stress. The accumulation of singlet
oxygen in response to high light was observed by staining the high light-exposed
plants with singlet oxygen sensor green (SOSG) (Ambastha et al. 2017). Analysis of
the SOSG fluorescence indicates that minimum level of singlet oxygen is produced
from the D26 plants due to the rapid opening of macrocycle ring of chlorine ring,
which facilitated the further downstream degradation events. Consequently, maximum

SOSG fluorescence was observed from the PAO mutant in high light condition.

Chlorophyll a fast fluorescence transient curve demonstrated early P rise in the
D26 plants after 16 h of HL exposure. Further investigation on the polyphasic

chlorophyll a fluorescence curve showed efficient transport of electrons from the PSII
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to PSI which ensures the optimum working of electron transport even in high light
conditions. The effective transport of electron through various electron acceptors can
be attributed from the rises obtained after double normalization between | to P phase.
Analysis of other fast fluorescence parameters suggest that the rate of electron
transport per reaction center and the area which depicts the level of plastoquinone in

D26 plants was only marginally affected by the high light stress

The impact of elevated singlet oxygen on the PSII apparatus can be seen by
monitoring the NPQ and YNO values (Lu et al. 2017). Under stress conditions, the
acidification of thylakoid lumen activates the xanthophylls cycle, which absorbs the
excess energy and releases them in the form of heat (Niyogi 2002). But for the
establishment of the proton gradient, the integrity of the membrane is crucial. Excess
production of singlet oxygen at the membrane primarily target the polyunsaturated
fatty acids that constitute the membrane (Birtic et al. 2011). Furthermore, the cell
death and membrane leakage due to loss of functional lipids in the membrane allowed
the uptake of Evans blue stain (Shumbe et al. 2016a).

It has been previously observed in pao mutant plants that due to disruption
of PAQO, its substrate pheophorbide a accumulate. Pheophorbide a is highly
photodynamic in nature and after absorbing light goes to an excited state and on
returning to ground state transfers energy to oxygen, in turn, generating singlet
oxygen species (102). Due to high light stress chlorophyll degradation occurs,
pheophorbide a could accumulate leading to the generation of O, via type 2
photosensitization reaction. As compared to WT, the overexpressors accumulated
reduced amount of photosensitizer pheophorbide a in high light- stressed plants.
This led to reduced generation of O, in transgenic plants in stress conditions. As
both PAO and RCCR enzymes form a complex during degradation (HOrtensteiner et
al. 2010) so it was not possible to measure RCC accumulation during light stress.
RCC is not usually detected in Arabidopsis WT plants, as is immediately degraded
by RCCR, however in RCCR mutants RCC could be detected (Pruzunskia et al.,
2007)

Peroxidation of membrane lipids is one of the phytotoxic consequences of
oxidative stress (Kenyon and Duke, 1985; Duke and Kenyon, 1986; Gupta and

Tripathy, 2000). Lipid peroxidation is a complex process where 1O, reacts directly
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with the electron-dense polyunsaturated membrane lipids to form semi-stable
hydroperoxides (Pryor, 1976). Singlet oxygen, the dominant active oxygen species
produced from the tetrapyrrolic photosensitizers, i.e., biosynthetic and catabolic
intermediates, is responsible for causing cellular damage. This was elucidated from
the observation that the 'O, quencher histidine protected the photosynthetic
membranes from the photosensitizer-induced damage. The superoxide scavenger
SOD or OH" scavenger formate failed to protect the same (Chakraborty and Tripathy,
1992a, b; Gupta and Tripathy, 1999). MDA production is considered as an index of
lipid peroxidation. High-light stress-induced oxidative stress caused accumulation of
Chl catabolites, which in turn induced photodynamic reactions causing membrane
lipid peroxidation that resulted in accumulation of increased amounts of MDA in leaf
tissues of WT and pao plants. In PAO/RCCRXx plants due to reduced lipid peroxidation
less;, MDA was accumulated. Minimal amount of MDA was observed in
PAO/RCCRKX plants.

Our results clearly demonstrate the role of chlorophyll catabolic enzymes,
ie. PAO and RCCR in the efficient mobilization of the photodynamic Chl
catabolites to non-photodynamic compounds, i.e., fluorescent chlorophyll
catabolites to protect plants from oxidative stress. During stress conditions, the
degradation of Chl increases that result in increased production of Chl catabolite
pheophorbide a. Plants upregulate the PAO, a gene that is normally induced during
senescence, for the safe disposal of photodynamic Chl catabolites to protect them

from highly reactive 0.

Double overexpressors were able to tolerate light stress better than single
overexpressor (PAOx) plants. This is because both PAO and RCCR work in

concert to degrade photodynamic pheophorbide a to non-photodynamic FCC.
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Summary

Tetrapyrrole synthesis and degradation are highly regulated processes as some
of the intermediates involved in the process are phototoxic in nature. During the
chlorophyll biosynthesis, the evolution of light-dependent protochlorophyllide
oxidoreductase c in higher plants allowed light-mediated conversion of photodynamic
protochlorophyllide to chlorophyllide. Exposure of plants to high irradiance induces
the formation of intermediate derived singlet oxygen by type Il photosensitization
reaction that causes photooxidative stress and thus reduced photosynthetic efficiency
and the overall growth of the plant. Overexpression of PORC enzyme in Arabidopsis
provides tolerance to plants against high light stress. Conversely, PORC knock-down

that accumulate Pchlide generated more singlet oxygen in light.

The analysis of chlorophyll fluorescence parameters suggested that PORCx
overexpressor were least affected by the singlet oxygen-induced photooxidative
stress. On the other hand, porC-2 mutant was severely affected by the high light
stress. The singlet oxygen level after ALA treatment rapidly increased the SOSG
fluorescence in the porC-2 mutant after light exposure. Conversely, minimum SOSG
fluorescence was observed in the PORC overexpressor. The singlet oxygen caused
severe damage to the quantum yield of photosystem Il, and the electron transport rates
demonstrated that the accumulation of Pchlide derived singlet oxygen in the porC-2
mutant damaged the photosynthetic apparatus. Presence of surplus PORC enzyme in
the PORC overexpressor could efficiently photo-converted the dark accumulated
Pchlide to Chlide, thereby reducing the concentration of the former. The reduced
presence of the photosensitizer Pchlide in overexpressors generated lower amounts of
singlet oxygen that caused smaller damage to te photosynthetic apparatus and cell
death.

In the chlorophyll degradation pathway, the opening of the macrocyclic
backbone of chlorine ring generated green colored photodynamic intermediate,
pheophorbide a. It is the direct precursor of another photosensitizer, red chlorophyll
catabolite. Their accumulation in plants causes severe necrotic lesions that follow
runaway cell death phenotype. To reduce the severity of the stress, the overexpression
of the enzymes that catalyze their conversion into a non-photodynamic form provided

a solution to reduce the extent of photosensitizer-induced singlet oxygen production
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in plants. The enzyme pheophorbide a oxygenase is a nuclear-encoded protein which
is localized in the inner membrane of the chloroplast. It converts the chlorophyll a
degradation product pheophorbide a to red chlorophyll catabolite (RCC) which is also
photodynamic in nature. The RCCR, ie., red chlorophyll catabolite reductase,
generate primary fluorescent chlorophyll catabolite (pFCC) that is not photodynamic
in nature. During stress conditions, extensive degradation of Chl a occurs that
converts it to pheophorbide a that has to be immediately degraded to non-

photodynamic compounds to prevent the generation of singlet oxygen.

In the present study, it is demonstrated that the genetic manipulation of the
chlorophyll catabolic enzyme had no effect on the phenotype of the plants in control
conditions. In high light stress conditions, the pao mutant had maximal damage to the
photosynthetic apparatus, i.e., severe impairment of PSII and photosynthetic electron
transport. The over-expression of PAO alone that converted pheophorbide a to RCC
had reduced production of singlet oxygen and caused less damage to the
photosynthetic apparatus. Better protection from photo-oxidative stress was obtained
when both the enzymes involved in chlorophyll catabolism, i.e., pao and RCCR were
overexpressed together. Exposure of these double over expressers to high light for 16
h caused marginal impairment of on the quantum yield and electron transport rates.
This was effectively due to reduced accumulation of photodynamic chlorophyll
catabolic products in the double overexpressors. On the contrary, pao mutant
exhibited prominent photobleaching of leaves after high light stress. Further
investigations suggested that pao mutant accumulated higher level of singlet oxygen
than any other plant type. The excess singlet oxygen is generated due to limited
availability of PAO enzyme, which catalyzes the key step in the chlorophyll
degradation pathway. The opening of the macrocyclic ring by the PAO enzyme
provides a characteristic structural basis for further downstream degradation events.
In the absence of PAO enzyme, the accumulation of photodynamic photosensitizer
induced singlet oxygen formation upon exposure to high light stress. The decrease in
the electron transport rates and quantum yield of PSII correlate that singlet oxygen
produced through the photodynamic intermediate readily attacks the PSIlI machinery
and impair its function. Further analysis of the chlorophyll fast fluorescence
parameters suggested that the accumulation of singlet oxygen in response to high light

majorly target the membrane-bound lipids and proteins. Intensive peroxidation of the
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membrane lipids severely altered the integrity of the membrane and caused cell death
that allowed the inclusion of Evans blue dye in the pao mutant. In this study, we have
observed that overexpression of both PAO and RCCR was necessary to tolerate high
light-induced singlet oxygen stress and thus reduced cell death in the transgenic

plants.

Together from this study, we demonstrate that reduction in the level of
chlorophyll anabolic and catabolic photodynamic intermediates can be achieved by
overexpressing their respective enzymes which enable the plants to tolerate the singlet
oxygen-induced photooxidative stress. Therefore, implementation of this strategy
could be applied to the crop plants to minimize singlet oxygen generation and cell

death to protect photosynthesis and crop productivity.
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WT porC-2

Figure 1. Phenotype of Arabidopsis WT, Protochlorophyllide C oxidoreductase
C overexpressor (PORCx) and known-down mutant of PORC (porC-2) plants.
Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-white-
fluorescent light (100 pmol photons m2 s1) for 5 weeks.



()

I
P N B~ O
1 1 J

o o
o @

o
~

Total Chlmg (g FW)*!

IIl

PORCx porC-2

o

(b)

0.2 1
0.18 4
0.16 1

0.14 4
0.12 4
0.1 1
0.08 1
0.06 o
0.04 1
0.02 1
0

PORCXx porC-2

Carotenoidsmg (g FW)*

Figure 2. Pigment content of Arabidopsis WT, PORCx and porC-2 mutant
plants. Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-
white-fluorescent light (100 pmol photons m2 s1) for three weeks and their (a)
Chlorophyll and (b) Carotenoids contents were measured. Each data point is an
average of six replicates. The error bar represent standard error (+SE). Asterisk
indicate significant difference determined by t test (*P<0.05).
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Figure 3. Chlorophyll a fluorescence yield of WT, PORCx and porC-2
plants. Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-
white-fluorescent light (100 pmol photons m-2 s1) for 5 weeks. Plants were dark-
adapted for 20 min. The chlorophyll a fluorescence parameters (a) Minimum
fluorescence (Fo) (b) Maximum fluorescence (Fm) were calculated using Dual-
PAM 100 fluorometer (Walz, Germany). Each data point is the average of six
replicates and error bar represents +SE.
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Figure 4. Chlorophyll a fluorescence parameters of WT, PORCx and porC-2
plants. Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-
white-fluorescent light (100 umol photons m2 s1) for 5 weeks. Plants were dark-
adapted for 20 min. The chlorophyll a fluorescence parameters (a) the ratio of
variable fluorescence to maximum fluorescence (Fv/Fm), and (b) the ratio of
variable to minimum chlorophyll fluorescence (Fv/Fo) were measured using Dual-
PAM 100 fluorometer (Walz, Germany). Each data point is the average of six
replicates and error bar represents +SE.
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Figure 5. Quantum yield of PSII (¢ PSII) and Electron transport rate
(ETR) in WT, PORCx and porC-2 mutant plants. Plants were grown at
21°C under 10h L and 14h D photoperiod in cool-white-fluorescent light
(100 pmol photons m2 s1) for 5 weeks. Plants were dark-adapted for 20 min.
The chlorophyll a fluorescence parameters (a) Quantum yield of PSII (¢
PSII), and (b) PSII-dependent electron transport rates were determined by
using Dual PAM 100 fluorometer as in materials and methods. Each data
point is the average of six replicates and error bar represents +£SE. Asterisk
indicate significant difference determined by t test (*P<0.05).
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Figure 6. Analysis of (a) Non-photochemical quenching (NPQ), and (b)
Quantum yield of non-regulated heat dissipation Y(NO) in WT, PORCx
and its mutant (porC-2). Plants were grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent light (100 pmol photons m2 s1) for 5
weeks. Plants were dark-adapted for 20 min. Chlorophyll a fluorescence
parameters were determined by using Dual PAM 100 fluorometer. Each data
point is the average of six replicates and error bar represents +£SE. Asterisk
indicate significant difference determined by t test (*P<0.05).
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Figure 7. Analysis of (a) coefficient of photochemical quenching ‘puddle
model’ (gP) and, (b) coefficient of photochemical quenching ‘lake model’
(gL) of chlorophyll a fluorescence in WT, PORCx and its mutant (porC-2).
Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-white-
fluorescent light (100 pmol photons m2 s1) for 5 weeks. Chlorophyll a
fluorescence parameters were determined by using Dual PAM 100 fluorometer .
Each data point is the average of six replicates and error bar represents +SE.
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Figure 8. Measurement of (a) photosynthetic carbon dioxide assimilation
(An), and (b) Stomatal conductance (g;) in WT, PORCx and its mutant
(porC-2). Plants were grown at 21°C under 10h L and 14h D photoperiod in
cool-white-fluorescent light (100 pumol photons m? s1) for 5 weeks. Before
measurements, leaves were pre-illuminated at 400 umol photons m2 s for 20
min. The photosynthesis and stomatal conductance were monitored in the same
light intensity and 400 pumol (mol)?! of CO, at the leaf temperature of 25°C
using LICOR (6400) Infrared gas analyzer. Each data point is the average of six
replicates and error bar represents +SE. Asterisk indicate significant difference
determined by t test (*P<0.05)
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Figure 9. Measurement of (a) Transpiration rate, and (b) Water use
efficiency (WUE) in WT, PORCx and its mutant (porC-2). Plants were
grown at 21°C under 10h L and 14h D photoperiod in cool-white-fluorescent
light (100 pmol photons m2 s1) for 5 weeks. Other experimental details are as
in figure-8. Each measurement is the average of six replicates and error bar
represents +SE. Asterisk indicate significant difference determined by t test
(*P<0.05)
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Figure 10. Measurement of antioxidative enzyme activities (a)
Catalase and (b) Ascorbate Peroxidase activity in WT, PORCx and
its mutant (porC-2). Plants were grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent light (100 umol photons m2 s1)
for 5 weeks. Their antioxidant enzyme activities were measured as
described in materials and methods. Asterisk indicate significant
difference determined by t test (*P<0.05)
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Figure 11. Morphological changes in WT, PORCx and its mutant
(porC-2) in response to ALA treatment. Plants were grown at 21°C
under 10h L and 14h D photoperiod in cool-white-fluorescent light (100
umol photons m2 s1). Three-week old plants were sprayed with distilled
water or 1 mM ALA and incubated for 12 h to accumulate the photo-
sensitizer protochlorophyllide. Pictures were captured after 1 h and 2 h of
low light exposure (75 umol photons m2 s'1). Red arrow indicate wilted
leaves.
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Figure 12. Exogenous application of ALA induces photooxidative damage to
plants. Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-
white-fluorescent  light (100 pmol photons m2 s1). Three-week-old
Arabidopsis thaliana plants were sprayed with water or 1ImM ALA, dark
incubated for 12 h and exposed to light (75 umol photons m? s?) for 1-2 h. The
false color images of Fv/Fm of control and ALA-treated-light-exposed plants
captured by Imaging-PAM. The colored scale bar shows the Fv/Fm increasing
in value from left (green) to right (blue).
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Figure 13. Overexpression of PORC protect plants from 5-
Aminolevulinic acid (ALA) induced oxidative stress. Three-week-old
WT, PORC overexpressor and its knock-down mutant (porC-2) plants were
sprayed with ImM ALA or distilled water and kept in the dark for 12 h to
accumulate photosensitizer Pchlide. Chlorophyll a fluorescence images at
time t (Ft) were analysed by using Imaging-PAM (Walz, Germany) after 1 h
and 2 h of light (75 pmol photons m-2s1) exposure. The color code beneath
the image depict values from O to 1.
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Figure 14. Overaccumulation of Pchlide induces singlet oxygen production
in low light. Three-week-old Arabidopsis thaliana plants were sprayed with
water or ImM ALA and incubated in dark for 12 h (a) Analysis of singlet oxygen
level in leaves by SOSG staining after 1-2 h of light (75 pmol photons m2s?)
exposure, (b) Quantification of relative SOSG fluorescence intensity. Asterisks
indicate significant differences determined by Student’s t test compared with
ALA-treated WT (*P<0.05, **P<0.01).
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Figure 15. Pchlide derived singlet oxygen decreased chlorophyll a fluorescence
parameters. To understand the effect of accumulated singlet oxygen due to ALA treatment
on the photosynthetic parameters, the chlorophyll a fluorescence were measured in ALA or
distilled water treated and dark incubated (12 h) WT, PORCx and porC-2 mutant plants after
1h or 2h light (75 pumol photons m2 s) exposure. (@) The ratio of variable to maximum
fluorescence (Fv/Fm), and (b) the ratio of variable to minimum fluorescence (Fv/Fo). Each
data point is the average of 5 replicates and error bars represent £SE. Asterisks indicate
significant differences determined by t test (*P<0.05).
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Figure 16. Impact of exogenous application of ALA to the quantum yield and
electron transport rates (measured in 530 pmol photons m2st) of WT, PORCx
and porC-2 mutant. Pulse amplitude modulated chlorophyll a fluorescence
parameters were analyzed from ALA or distilled water treated samples. (a)
Quantum vyield of photosystem 11 (b) Electron transport rate of photosystem Il was
calculated using Imaging Win Software. Each data point is the average of 5
replicates and error bars represent +SE. Asterisks indicate significant differences
determined by t test (*P<0.05, **P<0.01).
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Figure 17. Activation of heat dissipation machinery in PORCx in response to

ALA-induced oxidative stress.

Pulse amplitude modulated Chlorophyll a

fluorescence parameters in ALA or distilled water treated samples were determined
by Imaging PAM. (a) Non photochemical quenching (NPQ) (b) Quantum vyield of

non-regulated energy dissipation in PSII (YNO). Each data point is the average of 5
replicates and error bars represent +SE. Asterisks indicate significant differences

determined by t test (*P<0.05).
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Figure 18. Cell death in photooxidative stress. Three-week-old WT, PORCx
and porC-2 plants were sprayed with distilled water or 1 mM ALA and incubated
overnight to accumulate the photo-sensitizer protochlorophyllide. Pictures were
captured after 1 hand 2 h of low light exposure (75 pmol photons m2 s1). After
image capture, plants were stained with Evans blue dye to detect cell death in the
affected leaves.
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Figure 19. Morphological changes in WT, PORCx and porC-2
mutant plants before and after high light treatment (800 pmol
photons m2s?) for 16 h. Plants were grown at 21°C under 10h L and
14h D photoperiod in cool-white-fluorescent light (100 umol photons
m2 s1) for 5 weeks. Well hydrated plants were kept under high light
(800 pmol photons m2 s1) for 16 h in the plant growth chamber
maintained at 21°C. Minimum 6 plants from each type was used in the
study. Red arrows indicate photo-bleached leaves due to high light
stress.
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Figure 20. Monitoring of singlet oxygen level in WT, PORCx and
porC-2 plants by Singlet oxygen sensor green (SOSG). Three-week-
old plants were kept under growth light (100 umol photons m?2s?) or
high light (800 pumol photons m2s1) for 2 h. SOSG stained leaves
were observed under 1.5X magnification using different fluorescent
channels.
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Figure 21. Estimation SOSG fluorescence emanating from light
treated leaves. The captured images were analyzed using ImageJ
software. Each data point is the average of six replicates and error bar
represents £SE. Asterisk indicate significant difference determined by
ttest (*P<0.05)
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Figure 22. High-light-induced damage to the photosynthetic apparatus.
(@) Quantum yield of PSII (b) PSllI-dependent electron transport rate
(ETR) of WT, PORCx and its mutant (porC-2) plants. Well hydrated
plants were kept under high light (800 pmol photons m2 s) for 16 h in the
plant growth chamber maintained at 21°C. Chl a fluorescence parameters
were determined by using Dual PAM 100 fluorometer (Walz, Germany) as
in materials and methods. Each data point is the average of six replicates
and error bar represents +SE. Asterisk indicate significant difference
determined by t test (*P<0.05)
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Figure 23. Impact of high light on energy dissipation in WT,
PORCx and porC-2 plants. (a) Non-photochemical quenching
(NPQ) and (b) quantum yield of light regulated energy dissipation
of PSII Y(NPQ). Well hydrated plants grown in 100 pmol photons
m2 s were exposed to high light (800 pmol photons m? s?) for 16 h
in the plant growth chamber maintained at 21°C. Chl a fluorescence
parameters were determined by using Dual PAM 100 fluorometer
(Walz, Germany) as in materials and methods. Each data point is the
average of six replicates and error bar represents +SE. Asterisk
indicate significant difference determined by t test (*P<0.05)
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Figure 24. Analysis of chlorophyll a fluorescence induction curve in
WT, PORCx and its mutant (porC-2) plants. Well hydrated plants
grown in 100 pmol photons m2 s were exposed to high light (800 pumol
photons m2 s-1) for 16 h in the plant growth chamber maintained at 21°C.
Control plants were kept under growth light. After light treatment, plants
were dark adapted for 20 min. Chlorophyll a fluorescence transient were
determined by using photosynthetic efficiency analyzer, Handy- PEA
fluorometer. Data was normalized at Fo where F denotes fluorescence at
time t (Ft).
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Figure 25. Analysis of chlorophyll a fluorescence induction curve
double normalized at O and P level. Well hydrated plants grown in 100
umol photons m2 s’ were exposed to high light (800 pmol photons m2 s
1) for 16 h in the plant growth chamber maintained at 21°C. Control
plants were kept under growth light(100 pmol photons m2 s-1). After light
treatment, plants were dark adapted for 20 min. Chlorophyll a
fluorescence transient were determined by using photosynthetic
efficiency analyzer, Handy- PEA fluorometer. Chlorophyll fluorescence
transient were plotted against logarithmic time scale.
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Figure 26. | to P rise transient normalized at both at | and P, deduced
from the OJIP curves of figure-23. Variable fluorescence transients
from the | to the P double normalized between | (F)) and P (Fp) phases.
Measurement was performed by photosynthetic efficiency analyzer,
Handy- PEA.
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Figure 27. 1 to P rise normalized at | deduced from the analysis of
chlorophyll a fluorescence transient. Variable fluorescence transients
from the I to the P single normalized at | phase (30ms). Measurement was
performed by photosynthetic efficiency analyzer, Handy- PEA
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Figure 28. Chlorophyll a fluorescence yield measurements in plants exposed
to high light. The WT, PORCx and porC-2 plants were exposed to the growth
light (100 umol photons m2 s1) or high light (800 pumol photons m? s) for 16 h
in the plant growth chamber maintained at 21°C. (a) Dark fluorescence yield (Fo)
(b) Maximum fluorescence yield (Fm) were measured from Handy-PEA in dark-
adapted (20 min) plants. The data points are average of 30 replicates and error bars
represent +SE. Asterisk indicate significant difference determined by t test
(*P<0.05)
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Figure 29. Chlorophyll a fluorescence parameter in WT, PORCx and porC-2
mutant. Plants were kept in growth light (100 pumol photons m2 s'1) and high
light (800 umol photons m2 s1) for 16 h in the plant growth chamber maintained
at 21°C. (a) Ratio of variable to maximum fluorescence (Fv/Fm), (b) Ratio of
variable to minimum fluorescence (Fv/Fo) were measured from photosynthetic
efficiency analyzer Handy-PEA. The data points are average of 30 replicates and
error bars represent +SE. Asterisk indicate significant difference determined by t

test (*P<0.05)
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Figure. 30 Radar plot depicting parameters derived from OJIP transient curve.
After analysis of OJIP curve, different parameters were interpreted from Biolyzer
software. WT control was taken as reference.
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Figure 31. MDA assay to detect lipid peroxidation in WT, PORCx and porC-2
plants. The WT, PORCx and porC-2 plants were exposed to high light (800 pmol
photons m2 s1) for 16 h in the plant growth chamber maintained at 21°C. The
MDA (Thiobarbituric acid reactive substance-TBARS) content was measured from
the leaves as in materials and methods. Each data point is an average of six
replicates. The error bar represent standard error (+SE). Asterisk indicate significant
difference determined by t test (*P<0.05)



Figure 32. Detection of high-light-induced cell death by Evans blue
staining. Three-week-old arabidopsis plants kept under high light (800 pmol
photons m2 s1) in the plant growth chamber maintained at 21°C. After high
light treatment, plants were stained with Evan’s blue dye to monitor cell death.
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Figure 33. Measurement of singlet oxygen production in high light in WT,
PORCx and porC-2 plants. Arabidopsis protoplasts were isolated after exposing
WT, PORCx and porC-2 plants to16 h high light (800 umol photons m?s)in a
plant growth chamber maintained at 21°C. To the isolated protoplasts, SOSG dye
was added to detect singlet oxygen. (b) Analysis of SOSG fluorescence by ImageJ
software.
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Figure. 34 Identification of DNA nick in the protoplasts isolated from WT, PORCXx
and porC-2 plants under singlet oxygen (*O,) generating condition. Arabidopsis
protoplasts were isolated after exposing WT, PORCx and porC-2 plants to16 h high light
(800 umol photons m2s?) in a plant growth chamber maintained at 21°C. The harvested
protoplasts were labeled according to the manufactures protocol for TUNEL assay. Yellow

arrows indicate localization of nucleus.
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Figure 35. Phenotype of WT, AtPaO/RCCR Double overexpressor (D26),
AtPaO overexpressor (PS51) and pao mutant. Plants were grown at 21°C
under 10h L and 14h D photoperiod in cool-white-fluorescent light (100
umol photons m2s1),
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Figure 36. Pigment content in WT, AtPaO/AtRCCR Double
overexpressor (D26), AtPaO overexpressor (PS51) and its mutant pao.
Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-white-
fluorescent light (100 pumol photons m= st).(a) Total Chl, and their (b)
Carotenoid content were measured as in materials and methods. Each data
point is an average of six replicates. The error bar represents standard error
(£SE).
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Figure 37. Analysis of PSII quantum vyield in dark-adapted control plants.
WT, D26, PS51 and pao mutant plants were grown at 21°C under 10h L and
14h D photoperiod in cool-white-fluorescent light (100 pmol photons m2 s1),
Chlorophyll fluorescence parameters were determined by Imaging PAM

fluorometer. False color images of Fv/Fm in non-stressed plants. The color
code beneath the image depict values from 0 to 1
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Figure 38. Chlorophyll a fluorescence yield in WT and AtPaO/RCCR Double
(D26) and AtPaO single (PS51) transgenic and its mutant pao plants under
control conditions. Plants were grown at 21°C under 10h L and 14h D photoperiod in
cool-white-fluorescent  light (100 pmol photons m2 s?1). The chlorophyll a
fluorescence parameters (a) Minimum fluorescence (Fo) and (b) Maximum
fluorescence (Fm) were calculated from Dual-PAM 100 fluorometer (Walz,
Germany). Each data point is the average of six replicates and error bar represents
+SE.
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Figure 39. Chlorophyll a fluorescence parameters of WT, D26, PS51 and pao
mutant plants. Plants were grown at 21°C under 10h L and 14h D photoperiod in
cool-white-fluorescent  light (100 pmol photons m2 s1). The chlorophyll a
fluorescence parameters (a) Maximal PS 11 quantum yield (b) Variable to minimum
chlorophyll fluorescence (Fv/Fo) were calculated from Dual-PAM 100 fluorometer
(Walz, Germany). Each data point is the average of six replicates and error bar
represents +SE.
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Figure 40. Quantum yield of PSII (¢ PSII) and PSll-dependent electron
transport rate (ETR) in WT, D26, PS51 and pao mutants. Plants were
grown at 21°C under 10h L and 14h D photoperiod in cool-white-fluorescent
light (100 pmol photons m2 s1). The chlorophyll a fluorescence parameters
(@) Quantum yield of PSII (¢ PSII), and (b) Calculated lectron transport rate
of PSII were determined by using Dual PAM 100 fluorometer. Each data
point is the average of six replicates and error bar represents +=SE. Asterisk

indicate significant difference determined by t test (*P<0.05)
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Figure 42. Analysis of (a) Non photochemical quenching, and (b)
quantum vyield of non-regulated energy dissipation Y(NO) in
Arabidopsis WT D26, PS51 and its mutant pao. Plants were grown at 21°C
under 10h L and 14h D photoperiod in cool-white-fluorescent light (100
umol photons m2 s1). Parameters were measured by using Dual PAM 100
fluorometer. Each data point is the average of six replicates and error bar
represents +SE.
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Figure 43. Coefficient of photochemical quenching (qL) in WT, D26,PS51
and pao mutant plants. Plants were grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent  light (100 pmol photons m2 s1).
Parameters were measured by using Dual PAM 100 fluorometer Each data point
Is the average of six replicates and error bar represents +SE. Asterisk indicate
significant difference determined by t test (*P<0.05)
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Figure 44. Measurement of (a) Catalase and (b)Ascorbate
Peroxidase rate in WT D26, PS51 and its mutant pao. Plants were
grown at 21°C under 10h L and 14h D photoperiod in cool-white-
fluorescent  light (100 pmol photons m2 s1) for 5 weeks. Their
antioxidative enzyme activities were measured as described in
materials and methods. Asterisk indicate significant difference
determined by t test (*P<0.05)
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Figure 45. Morphological changes in WT, D26, PS51 and pao mutant
plants after exposing them to high light intensity (800 pmol photons
m-2s71) . Plants were grown at 21°C under 10h L and 14h D photoperiod
in cool-white-fluorescent light (100 pmol photons m= s1) for 5 weeks.
Well hydrated plants were exposed to either 100 umol photons m=2 st
(control) or high light (800 pumol photons m2 s1) for 16 h in the plant
growth chamber maintained at 21°C. Minimum 6 plants from each type
was used in the study. Red arrows indicate photo-bleached leaves due to
high light stress.
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Figure 46. Monitoring of singlet oxygen level in D26, PS51 and pao
mutant plants by Singlet oxygen sensor green (SOSG). Three-week-old
arabidopsis plants were kept under growth light (100 umol photons m-2s1)
or high light (100 umol photons m2s1) for 2 h in the plant growth chamber
maintained at 21°C. Singlet oxygen was detected by staining the detached
leaves with SOSG dye. SOSG stained leaves were observed under 1.5X
magnification using different fluorescent channels.
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Figure 47. Estimation SOSG fluorescence emanating from light treated
leaves. The captured images were analyzed using ImageJ software. Each
data point is the average of six replicates and error bar represents +SE.
Asterisk indicate significant difference determined by t test (*P<0.05)
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Figure 48. Quantum yield of PSII (¢ PSII) and Electron transport rate (ETR) in
in WT, D26, PS51 and pao mutant . Plants were grown at 21°C under 10h L and 14h
D photoperiod in cool-white-fluorescent light (100 umol photons m=2 s1) for 5 weeks.
Well hydrated plants were kept under high light (800 pumol photons m-2 s1) for 16 h in
the plant growth chamber maintained at 21°C. The chlorophyll a fluorescence
parameters (a) Quantum Yield Of Psll (¢ PSII), and (b) Electron transport rate of PSII
were determined by using Dual PAM 100 fluorometer. Each data point is the average
of six replicates and error bar represents +£SE. Asterisk indicate significant difference
determined by t test (*P<0.05)
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Figure 49. Analysis of (a) Non photochemical quenching and (b)
Quantum vyield of non-regulated energy dissipation Y(NO) in WT, D26,
PS51 and its mutant pao. Plants were grown at 21°C under 10h L and 14h D
photoperiod in cool-white-fluorescent light (100 pumol photons m2 s1) for 5
weeks. Well hydrated plants were kept under high light (800 umol photons mr
2 s1) for 16 h in the plant growth chamber maintained at 21°C. The
chlorophyll a fluorescence parameters were determined by using Dual PAM
100 fluorometer Each data point is the average of six replicates and error bar
represents =SE. Asterisk indicate significant difference determined by t test
(*P<0.05)



© Wt Control D26 Control A PS51 Control O Pao Control

+ Wt 16 hr HL D26 16hr HL 4 PS5116hrHL ®Paol6hrHL
7 -

F/Fo

0.01 0.1 1 10 100 1000
Timein ms

Figure 49. Analysis of chlorophyll a fluorescence induction curve WT, D26,
PS51 and pao mutant plants. Well hydrated plants were kept under high light
(800 pumol photons m2 s1) for 16 h in the plant growth chamber maintained at
21°C. Control plants were kept under growth light (100 pmol photons m2 s1).
After light treatment, plants were incubated in dark for 20 min.. Data was
normalized at Fo where F denotes fluorescence at time t (Ft). Measurement was
performed by photosynthetic efficiency analyzer, Handy- PEA.
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Figure 50. Analysis of chlorophyll a fluorescence induction curve double
normalized at O and P level. Well hydrated WT, D26, PS51 and pao mutant
plants were kept under high light (800 pumol photons m2 s1) for 16 h in the
plant growth chamber maintained at 21°C and later incubated in dark for 20
min after completion of HL stress. Control plants were kept under normal light
(100 pmol photons m2 s1). Measurement was performed by photosynthetic
efficiency analyzer, Handy- PEA. Chlorophyll fluorescent transient were
plotted against logarithmic time scale.
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Figure 51. 1 to P rise transient normalized at both at | and P, deduced
from the OJIP curves of figure-49. Variable fluorescence transients
from the | to the P double normalized between | (F) and P (Fp) phases.
Measurement was performed by photosynthetic efficiency analyzer,
Handy- PEA.
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Figure 52. | to P rise normalized at | deduced from the analysis of
chlorophyll a fluorescence transient. Variable fluorescence transients
from the I to the P single normalized at | phase (30ms). Measurement was
performed by photosynthetic efficiency analyzer, Handy- PEA
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Figure 53. Chlorophyll a fluorescence yield in WT, D26, PS51 and pao
mutant. Plants were kept in growth light (100 pmol photons m2 s1) or high light
(800 umol photons m2 s'1 for 16 hours in the plant growth chamber maintained at
21°C. (a) Dark fluorescence yield (Fo) (b) Maximum fluorescence yield (Fm)
were measured from Handy-PEA. The data points are average of 15 replicates and
error bars represent £SE. Asterisk indicate significant difference determined by t
test (*P<0.05)
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Figure 54. Chlorophyll a fluorescence parameters of WT, D26, PS51
and pao mutant. Plants were kept in controlled (100 pmol photons m-2 s1)
and high light (800 pumol photons m2 st for 16 hours in the plant growth
chamber maintained at 21°C. (a) Ratio of variable to maximum
fluorescence (Fv/Fm). (b) Ratio of variable to initial fluorescence were
measure from photosynthetic efficiency analyzer. The data points are
average of 15 replicates and error bars represent +SE. Asterisk indicate
significant difference determined by t test (*P<0.05)
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Figure 55. Radar plot depicting parameters derived from OJIP transient curve.
After analysis of OJIP curve, different parameters were interpreted from Biolyzer
software. WT Control was taken as reference.
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Figure 56. MDA assay to detect lipid peroxidation in WT, D26, PS51 and pao
mutant. Plants were grown at 21°C under 10h L and 14h D photoperiod in cool-white-
fluorescent light (100 pmol photons m= s1) for 5 weeks. Well hydrated plants were
kept under high light (800 pumol photons m2 s1) for 16 h in the plant growth chamber
maintained at 21°C. The MDA (Thiobarbituric acid reactive substance-TBARS)
content was measured from the leaves as in materials and methods. Each data point is
an average of six replicates. The error bar represent standard error (+SE). Asterisk
indicate significant difference determined by t test (*P<0.05)
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Figure 57. Detection of singlet oxygen induced cell death by Evans blue
staining. 3 weeks old WT, D26, PS51 and pao plants kept under high light (800
umol photons m2 s1) in the plant growth chamber maintained at 21°C. After
high light treatment, plants were stained with Evan’s blue dye to monitor cell
death.



