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Chapter 1

INTRODUCTION AND REVIEW OF LITERATURE

Photorespiration

Photorespiration was discovered in the 1960s (Ogren, 1984).
Photorespiration was earlier considered a wasteful and inefficient process. But,
currently photorespiration is recognized as an essential component of carbon
metabolism and provide tolerance towards abiotic stress in plant cells (Eisenhut et
al., 2019; Shi and Bloom, 2021). The core photorespiratory pathways in plant cells
involve enzymatic reactions that convert 2-phosphoglycolate to 3-
phosphoglycerate (3-PGA) and located over different compartments: chloroplast,
peroxisome, mitochondria and cytoplasm (Timm and Hagemann, 2020; Shi and

Bloom, 2021; Fu and Walker, 2022).

When RuBP fixes CO», it produces 2 molecules of 3-PGA, while
photorespiration starts when RuBP fixes O: inspite of CO2, produce one 3PGA and
one 2PG molecule. 2PG inhibits photosynthetic carbon fixation and should be
rapidly degraded through photorespiratory metabolism. In chloroplast, 2PG is
generated by RuBP. Phosphoglycolate phosphatase (PGLP) convert 2PG into
glycolate. Glycolate enters the peroxisome from the chloroplast. Glycolate oxidase
(GO) uses O and converts glycolate into glyoxylate, that gives rise to H.O2, which
is scavenged by catalase, liberating H.O and O>. In the peroxisome, glycolate is
converted to glycine using glutamate: glyoxylate aminotransferase (GGAT).
Glycine entered mitochondria, and got converted in to serine, ammonia, and CO:
by glycine decarboxylase. In the peroxisome, serine: glyoxylate aminotransferase

1



Chapter 1 INTRODUCTION AND REVIEW....

(SGAT) converts the serine, which is generated in the mitochondria, into
hydroxypyruvate. Hydroxypyruvate reductase (HPR), reduces hydroxypyruvate to
glycerate. Glycerate was phosphorylated by glycerate-3-kinase (GK) to generate
3PGA, that regenerated ribulose 1,5-bisphosphatase (Hagemann and Bauwe,

2016; Timm and Hagemann, 2020; Eisenhut et al., 2019).

Significance of photorespiration under stress condition

Photorespiration plays a central role in supporting photosynthetic CO2
fixation and proposed to play a critical part against various stress situations as
drought, high light or supraoptimal temperature (Wingler et al., 2000; Voss et al.,
2013; Saji et al., 2017). Photorespiration acts as an efficient energy sink by
regenerating ADP, NADP and other reducing equivalents (Voss et al., 2013; Sunil
et al., 2019). Therefore, strong photorespiratory flux could aid in preventing
chloroplastidal electron transport chain from over-reduction and finally

photoinhibition of the (Kozaki and Takeba, 1996; Huang et al., 2019).

Photorespiration acts as an excellent sink for the consumption of
ATP/NADPH. As a result, photorespiration aided in reducing the levels of ROS and
offers defence against oxidative damage brought on by various forms of abiotic
stress (Sunil et al., 2013). Photorespiratory processes can directly dissipate
reducing equivalents and energy, or they can do so indirectly by using an alternate
oxidase (Voss et al., 2013). Active photorespiration helped to sustain
photosynthesis and plant growth and also increase tolerance to abiotic conditions
like drought or high light (Cui et al., 2016; Timm et al., 2019). Expression of
photorespiratory genes was altered by prolonged stress. It is therefore not

2



Chapter 1 INTRODUCTION AND REVIEW....

surprising that photorespiratory mutants were more vulnerable to stressful

situations (Hodges et al., 2016).

Under high light, photorespiration was enhanced in Chlorella sorokiniana
and in Nicotiana tobaccum (Xie et al., 2016; Huang et al., 2019). In Pisum sativum,
HL elevated photorespiratory enzyme activity (Bapatla et al., 2021). Under
fluctuating light in tomato, HL-plants showed higher photorespiration which
enhanced the PSI electron sink downstream (Shi et al., 2022). Enhanced CO»
decreases the photorespiration in Coffea arabica (Marcal et al., 2021) while In
Arabidopsis thaliana, low CO, boosted photorespiration (Eisenhut et al., 2017).
High PGLP and GOX activities greatly increased Arabidopsis and rice's ability to

withstand abiotic challenges (Cui et al., 2016; Timm et al., 2019).

Reactive Oxygen Species (ROS)

The levels of not only reactive oxygen species (ROS) but also reactive
nitrogen species (RNS) increases whenever plants are exposed to biotic and
abiotic stresses. These two substances, ROS and RNS, have an impact on
fundamental metabolic processes like photosynthesis, respiration, and even
resulted in cell death (Mittler, 2017; Gong et al., 2020; Kaya et al., 2020; Sychta et

al., 2021).

ROS regarded as harmful byproducts of aerobic metabolism that cannot
be avoided and are involved in plant cell signalling (Apel and Hirt, 2004). The
levels of ROS need to beat optimal levels. Antioxidants and antioxidant enzymes
(APX, CAT and SOD) was considered as ROS scavengers (Lee et al., 2007). The

antioxidant compounds include ascorbate (ASC), glutathione (GSH), and
3



Chapter 1 INTRODUCTION AND REVIEW....

tocopherols (Szarka et al., 2012).

Bioenergetic electron transport system in mitochondria and chloroplasts
generate ROS. Peroxisomes also form another major site besides the plasma
membrane. ROS include form such as singlet oxygen (*O2), superoxide (O2),
hydrogen peroxide (H202) and hydroxyl radicals (OH") (Mansoor et al., 2022).

When chlorophyll is excited by light to reach triplet state to Oz in the
antenna system, singlet oxygen is generated. Singlet oxygen can damage PSI
and PSII, proteins, pigments, nucleic acids, etc. The half-life of singlet oxygen is
about 3 ps.

Generation of H202 in normal metabolism includes photorespiration in
peroxisomes, mitochondrial electron transport, and mehler reactions in
chloroplasts. Abiotic and biotic stress increase the H>O2 generation via these
routes or through plasma membrane-localized NADPH oxidase and peroxisomal
glycolate oxidase. Lower concentration of H20, acts as a signal for
photosynthesis and photorespiration. H.O> can traverse membranes and, as a
result, have oxidative effects far from the site of its formation since it has a longer
half-life than superoxide (Neill et al., 2002; Noctor et al., 2002; Sharma et al.,
2012; Sehar et al., 2021; Anjum et al., 2022).

Superoxide radical production also occurs during the electron transport
chain in thylakoids as well as mitochondria. It is typically converted into other ROS
types like singlet oxygen, H20>, superoxide, etc. Hydroxyl radical is another of the
ROS family members that are extremely reactive and harmful. It is produced as

a result of an H20, and O reaction that iron (Fe?*, Fe3*) catalyses at neutral pH.
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It can damage protein and also lead to the destruction of the membrane. This
radical cannot be salvaged by an enzymatic system. The overproduction of
hydroxyl radicals results in cellular death (Pinto et al., 2003).

Antioxidant defense machinery

Antioxidant defence machinery, which aids in reducing stress-related
damage, was a ROS defence component. Enzymatic and non-enzymatic parts
make up the antioxidant machinery.

Non-enzymatic components

Non-enzymatic components included ascorbate, glutathione, proline,
tocopherol, carotenoids, and flavonoids. These antioxidants are generally
enhanced under diverse abiotic stresses. One of the necessary substrates to
scavenge H>O: is ascorbate. Ascorbate acts as a cofactor and is responsible for
the formation of tocopherol. Ascorbate helps plants cope better with abiotic
challenges by improving their water status, nutritional status, antioxidant capacity,
and overall photosynthetic efficiency (Hasanuzzaman et al., 2019).

Glutathione was considered a strong non-enzymatic antioxidant. It was
found in vacuoles, mitochondria, ER, and nuclei. It acts as a raw material for
various peroxidases and also plays a crucial part in ROS scavenging. Under
various abiotic stress conditions, it enhanced the tolerance to plants. Glutathione
peroxidase or glutathione S-transferase uses it as a substrate for the reaction. In
addition to that, under stressful conditions, it also reduced proteins oxidative
denaturation by defending their thiol groups (Cheng et al., 2015; Hasanuzzaman

et al., 2017).
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Proline is recognised as one of the most powerful osmoprotectants and
signaling molecules. Additionally, it makes a considerable contribution to primary
metabolism as a component of proteins and free amino acids (Singh et al., 2015).
Proline is an essential solute of the physiological reactions of plant species to
various stresses and gets accumulated without damaging cellular structures.
Proline is also being investigated for its abilities as a powerful antioxidant defence
molecule, protein stabiliser, metal chelator, ROS scavenger etc (Dar et al., 2016;
Adejumo et al., 2021).

The scavenging of ROS and lipid radicals is carried out by the lipophilic
antioxidants known as tocopherols. Photosynthetic organisms only produce
tocopherols found in green tissues of plants. Lipids and other chloroplast
membrane structures, such as the PSII, can be protected by tocopherols (Kamal-
Eldin, 1996; Hollander-Czytko et al., 2005; Das and Roychoudhury, 2014).
Carotenoids are mostly found in photosynthetic as well as non-photosynthetic
tissues and are lipid soluble. An increased concentration of this aids in developing
resistance to various abiotic stressors. Carotenoids in chloroplasts function
mainly as photosynthetic pigments and photoprotectors (Nisar et al., 2015; Sun
et al., 2018).

Flavonoids provide blue, red, and purple pigmentation in seeds, flowers,
leaves, and fruits. Additionally, flavonoids are essential for neutralising ROS and
defending plants from diverse abiotic stresses (Winkel-Shirley, 2002; Fini et al.,

2011; Petrussa et al., 2013)


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/photosynthetic-pigment

Chapter 1 INTRODUCTION AND REVIEW....

Antioxidant enzyme components

A member of the metalloenzymes family found in all aerobic organisms,
superoxide dismutase (SOD) is a powerful antioxidant. SOD dismutates Oz" into
H202 and O.. Three SOD isoforms are known: Mn-SOD, Cu/Zn-SOD, and Fe-
SOD, localized in different compartments of the plant cell (Mittler, 2002; Pilon et
al., 2011).

Ascorbate peroxidase (APX) scavenges H>O2 to H>O and DHA via
ascorbate-glutathione (ASC-GSH). The five isoforms of APX are located in
different organelles, i.e., mitochondrial, peroxisomal, cytosolic, and chloroplastid
(stromal and thylakoidal). APX was more effective at scavenging H2O: in stressful
situations than CAT because it has a stronger affinity for H-O. (Sharma and
Dubey, 2004)

Glutathione reductase, an oxidoreductase flavoprotein, convert GSSG to
GSH. To regenerate ascorbic acid (AsA) from MDHA and DHA, reduced
glutathione (GSH) is depleted and is subsequently changed into its oxidised form
(GSSG). ASC-GSH cycle enzyme GR catalyses the production of a disulfide
bond, which keeps the cellular ratio of GSH/GSSG high. Smaller amounts are
also found in the cytosol and mitochondria, although the majority of it is present
in chloroplasts (Szarka et al., 2012).

Guaiacol peroxidase (GPX) eliminated extra H>O> both under stress and
during regular metabolism. As electron donors, GPX favoured aromatic
substances like pyrogallol and guaiacol. GPX was regarded as a crucial enzyme

for the elimination of H20> due to its presence in both intracellularly (cytosol and
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vacuole) and extracellularly (in the cell wall) (Asada, 1999).

Dehydroascorbate reductase uses reduced glutathione to convert
dehydroascorbate (DHA) into ascorbic acid (AsA). DHAR is widely distributed in
the roots, seeds, green and etiolated shoots of plants (Chen and Gallie, 2006;
Eltayeb et al., 2007).

Monodehydroascorbate reductase regenerate ascorbic acid (AsA) from
the reduction of monodehydroascorbate (MDHA), using NADPH as a reductant.
MDHAR is crucial for a plant’s ability to respond to oxidative stress due to its
ability to keep the intracellular ascorbate redox state primarily in the reduced state
(Mittler, 2002; Yeh et al., 2019).

Reactive nitrogen species: Focus on nitric oxide (NO)

In plants, nitric oxide (NO) is a typical signaling molecule. The protonation
of nitrogen-containing compounds, which results in the creation of reactive
chemical species or free radicals, occurs in the reactive species, or RNS. S-
nitrosothiols (SNOs), S-nitroglutathione (GSNO), and peroxynitrite (ONOOQO) are
additional radicals (Del Rio et al., 2006; Zhou et al., 2022). NO is a multifaceted
free radical found in plants that can modulate various physiological processes
(Verma et al., 2020). There are contrasting claims that NO can be harmful or
beneficial for plant cells against stress (Arasimowicz and Floryszak-Wieczorek,
2007; Sami et al., 2018; Bhardwaj et al., 2021; Wani et al., 2021).

In biological tissues, NO has a half-life of less than 6 seconds. Due to its
short half-life, NO displays its extremely reactive character, reacting both directly

and indirectly with DNA, lipids, and proteins as reactive nitrogen species and
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other radicals (Wink and Mitchell, 1998; Thomas et al., 2001). The enzymes found
in many subcellular compartments can undergo post-translational modifications
(PTMs) through the use of NO and associated compounds like peroxynitrite and
GSNO.
Crosstalk between NO and ROS

Under abiotic or biotic stress conditions, ROS and NO interaction decides a
cell's fate (Rodriguez-Serrano et al., 2009). When NO reacts with superoxide, a
powerful and harmful oxidant, peroxynitrite, is formed (Verma et al., 2020). ROS
and NO are considered essential components for PCD in plants (Janicka et al.,
2022). Previous reports showed that in maize, H>0O> was implicated in NO-
mediated PCD (Kong et al., 2013). Another study found that in soybean cells, cell
death was caused by an imbalance between ROS (H202 and superoxide) and NO

(Delldonne et al., 2001).

Post-translational modifications: Another possibility of meeting the

challenges of stress

Besides the help from antioxidants and antioxidant enzymes, plant cells use
PTM’s of important enzymes as another approach. These modifications such as
S-nitrosation, tyrosine nitration, phosphorylation, methylation, and glycosylation
(Dai Vu et al.,, 2018; Arefian et al., 2021; Wang et al., 2021; Gough and
Sadanandom, 2021). Peroxynitrite, GSNO, and other similar compounds that are
members of the RNS family can mediate post-translational changes (PTMs). S-
nitrosation and tyrosine nitration was the most frequent PTMs that can modify the

functionality of target proteins (Gupta et al., 2020; Corpas et al., 2021). Some
9
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proteins in plants undergo S-nitrosation or tyrosine nitration, such as catalase,
glycolate oxidate, hydroxypyruvate reductase, malate dehydrogenase etc (Ortega-

Galisteo et al., 2012; Corpas et al., 2019).
S-nitrosation and tyrosine nitration

S-nitrosation, or S-nitrosylation, is a covalent process in which thiol groups
are oxidised by one electron. S-nitrosation involves binding the NO group to
cysteine residues (Ortego-Galisteo et al., 2012; Begara-Morales et al., 2018).
When Arabidopsis cells were exposed to GSNO, S-nitrosation of 63 and 46

candidates were found (Lindermayr et al., 2005; Fares et al., 2011).

A NO-based post-translational modification is tyrosine nitration (PTM),
which can be considered as a marker of nitrosative stress (Corpas et al., 2007;
Bartesaghi and Radhi, 2018; Arasimowicz-Jelonek and Floryszak-Wieczorek,
2019). There are two mechanisms involved in tyrosine nitration: first, peroxynitrite
is formed when superoxide and NO react (O2). The second method makes use of
*NO_, which is produced when hemoperoxidase and hydrogen peroxide (H203)

react with NO2 (Alvarez and Radi, 2003; Ferrer-Sueta et al., 2018).
Key enzyme components of photorespiratory metabolism

Photorespiratory metabolism enzymes are found in different subcellular
organelles, such as phosphoglycolate phosphatase (PGLP) and glycerate kinase,
located in chloroplast, while glycolate oxidase (GO), catalase (CAT), and
hydroxypyruvate reductase (HPR) located in peroxisomes were studied. Here, we
have discussed these enzymes in brief.

10
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Phosphoglycolate phosphatase (PGLP) was detected and purified from
higher plants (Baldy et al., 1989; Richardson and Tolbert, 1961; Belanger and
Ogren, 1987). PGLP converts 2-PG to form glycolate, which produces the final
product of 3-PGA via the photorespiratory pathway and reenters the Calvin cycle

(Liu et al., 2022)

Glycolate oxidase (GOX) was detected to be localized in leaf peroxisomes
(Tolbert et al., 1968). Glycolate is converted to glyoxylate and H>O2in peroxisomes
by GOX, which uses oxygen as a substrate to complete the reaction. GOX1 and
GOX2 isoforms of glycolate oxidase are mostly involved in photorespiratory
metabolism, while GOX3 performs L-Lactate metabolism in roots (Esser etal.,

2014; Dellero et al., 2016; Engquvist et al., 2015).

Catalase (CAT) converted H20; into H.O and O (Mhamdi et al., 2012;
Halliwell and Gutteridge, 2015; Palma et al., 2020). Different isoforms of catalase
include CAT1, CAT2, and CAT3. Among these isoforms, leaves contain CAT2, and
CAT3 was in vascular tissues but not found in leaves (Frugoli et al., 1996; Mhamdi

et al., 2010).

The existence of hydroxypyruvate reductase (HPR) was initially reported by
Stafford et al. (1954), and the location in the peroxisome was identified by Tolbert
et al. (1970). The conversion of hydroxypyruvate to glycerate was catalyzed by
Hydroxypyruvate reductase. There are other isoforms of HPR located in other
organelles, like HPR2 in the cytoplasm and HPR3, whose location was unknown

(Timm et al., 2008, 2011; Wang et al., 2022).

11



Chapter 1 INTRODUCTION AND REVIEW....

Glycerate kinase (GLYK) was first done from the leaves of spinach
(Kleczkowski et al., 1985; Chaguturu, 1985) and later from the pea as well as rye
(Schmitt and Edwards, 1983). GLYK is an essential enzyme for photosynthetic
carbon assimilation in plants. GLYK is classified into three phylogenetically
separate groups. Class Il GKs was believed to generate glycerate 2-phosphate,
but class | GKs and class Il GK (GLYK) could make glycerate 3-phosphate

(Bartsch et al., 2008).

Role of primary metabolites during oxidative stress

Plants accumulate ROS when they are subjected to numerous abiotic
stressors, which affects their metabolism because they are sessile. ROS are
essential signalling molecules that plants need to function and develop at the
cellular level. Excessive ROS production causes oxidative stress, which harms
cells and triggers programmed metabolic processes that cause cell death (Mittler
et al., 2017; Waszczak et al., 2018). Plants detoxify ROS by highly developed
metabolic systems to deal with oxidative stress. Plants contain scavenging
systems that prevent ROS accumulation and synthesize necessary metabolites in
the presence of excessive ROS production. Compatible solutes and antioxidants
are known as anti-stress compounds. Some metabolic responses are common to
stresses, while certain responses could be specific to a few stress (Apel and Hirt,

2004; Lehmann et al., 2009; Noctor et al., 2015).

Sugars and its Derivatives

Sugars like glucose, sucrose, fructose, and raffinose generally increase on

exposure to stress. Raffinose protects plant cells from oxidative damage and acts
12



Chapter 1 INTRODUCTION AND REVIEW....

as an osmoprotectant (Nishizawa et al., 2008). Sucrose is a main transported
sugar in plants. Exposure to H202, there was a rapid buildup of sucrose and
fructose and a subsequent rise in glucose levels in Arabidopsis (Morelli et al.,

2003; Van den Ende et al., 2009; Chen and Hoehenwarter, 2015).

TCA cycle metabolites

As substrates for numerous biosynthetic pathways, tricarboxylic acid cycle
intermediates (TCA cycle) exhibit a highly dynamic nature in their levels, which
reflects the processes of metabolite production and consumption. Although it has
been demonstrated that the levels of TCA cycle metabolites are increased when
respiration is stimulated and that plant cells under oxidative stress experience the
typical drop in the TCA cycle metabolites pool (Dastogeer et al., 2017; Obata et
al., 2011; Dumont and Rivoal, 2019; Ishikawa et al., 2010). Modulation of TCA
cycle enzyme activity played a substantial role in the metabolic profile modification
under these circumstances. Among the TCA cycle enzymes, aconitase, 2-
oxoglutarate-dehydrogenase, and pyruvate-dehydrogenase was only a few

inhibited by oxidative stress.
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Figure 1.1 Integrated photorespiration carbon-nitrogen cycle scheme. The black
arrow denotes the movement of metabolites away from the chloroplast, and the
blue arrow denotes the flow toward it. We have studied the highlighted enzymes

of photorespiratory metabolism located in subcellular compartments (Modified

from Mishra, 2014).

14



Chapter 1 INTRODUCTION AND REVIEW....

Table 1. The table represents the enzymes that are involved in dark mitochondrial
respiration, Calvin-Benson cycle or photorespiration, which are located in the

different subcellular compartment, their principles, and standard references used

for estimation.

Compartment Enzyme Principle Reference
Chloroplast Phosphoglycolate Release of inorganic  Somerville and
phosphatase phosphate via Ogren, 1979
formation of
phosphomolybdenum
blue

Glycerate Kinasse Formation of 3-PGA Kleczkowski
and ADP by coupling  and Randall,
via pyruvate kinase 1985
and lactate
dehydrogenase
Fructose 1,6- Fructose 1,6- Lee and Hahn,
bisposphatase bisphosphate is 2003
hydrolyzed and
dephosphorylated to
produce fructose-6-
phosphate and
inorganic phosphate.

Peroxisome Glycolate oxidase Formation of Yamaguchi and
glyoxylate from Nishimura,
glycolate 2000
Catalase Decomposition of Patterson et
H202 to H20 and O2 al., 1984
Hydroxypyruvate NADH utilization to Timm et al.,
reductase convert 2008
hydroxypyruvate to
glycerate
Mitochondria Aconitase Isomerization of Lehmann et al.,
citrate to isocitrate 2009

via cis-aconitase
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Amino acids

Secondary metabolites synthesis uses amino acids served as substrates. It
was revealed that oxidative stress significantly affected the amino acid profile in
plants (Chen and Hoehenwarter, 2015; Lehmann et al., 2009; Lehmann et al.,
2012). Wide range of amino acids, including glutamine, proline, gamma-
aminobutyric acid (GABA), etc. produced due to stress and can be used as
appropriate osmolytes or as precursors for secondary metabolites. In contrast to
that, low-abundance amino acids are not produced, but instead can build up as a
result of accelerated protein breakdown. (Ishikawa et al., 2010; Lehmann et al.,
2009; Hildebrandt, 2018). A reduction in glycine and a rise in PGA and HPR after
MD treatment suggest that the photorespiratory pathway has been activated

(Baxter et al., 2007).

Approaches to induce oxidative and nitrosative stress

ROS and NO are generally elevated under stress conditions. At low
guantities, ROS and NO served as helpful signaling molecules, but at higher
concentrations, they harmed cellular components or even killed cells (Mandal
et al., 2022; Zhou et al., 2022). Menadione (MD), a strong oxidant, and two NO
donors, S-nitrosoglutathione (GSNO) and sodium nitroprusside (SNP) were used
in the current investigation to mimic the effects of stress. MD generates ROS by
competing with ubiquinone and generating superoxide at cytochrome c¢, while the

exact location of NO generation is not clear.

MD is used as an oxidant to generate ROS, particularly in mitochondria.

To examine oxidative stress in plants, researchers used MD, a redox-active
16
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vitamin K3 molecule (Sun et al., 1999). They may act as electrophiles or oxidants
that draw in electrons, and they may also act as nucleophiles or reducers in this
scenario by donating electrons. The concentration and circumstances of chemical
and cellular exposure had a significant impact on the extent to which these
features contribute to total toxicity (Castro et al., 2007). In addition, MD acts as a
strong priming agent to increase resistance to salt and freezing stress (Borges et
al., 2014). Before soaking, menadione was administered to Arabidopsis seeds to

minimise salt stress deleterious effects (Jiménez-Arias et al., 2015).

The most popular NO donor was shown to be sodium nitroprusside (SNP)
due to its comparatively inexpensive cost, well-documented use, and continuous,
prolonged NO generation when compared to other NO donors (Ederli et al., 2009;
Zandonadi et al., 2010). SNP emitted both NO and CN- ion, especially when
exposed to light. The amount of CN" released from SNP is fortunately far less
than the amount of NO released into the medium (Arnold et al., 1984; Leavesly
et al., 2008).

Due to its reputation as a more physiological NO donor, GSNO may be used
(Corpas et al.,, 2013b). GSNO serves as a NO storage and vehicle of NO
throughout the cell. NO is produced by the interaction of nitrous acid with GSH
(Broniowska et al., 2013; Corpas et al., 2013b). Earlier it was shown in pea leaves
that the subcellular localization of GSNO by immunogold particles and electron
microscopy immuno- cytochemistry in mitochondria, chloroplasts, and

peroxisomes (Barroso et al., 2013).
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Approaches to restrict photorespiration

We have used aminooxyacetate and low oxygen to restrict photorespiration.
Aminooxyacetate is known to block the glycine degradation to serine or ammonia
and inhibit the photorespiratory pathway, decreasing photosynthetic efficiency
(Kleczowski et al., 1987; Gonzalez-Moro et al., 1993; Han et al., 2018). Nitrogen
gas was used to purge the incubation medium, lowering the O> concentration
(Riazunnisa et al., 2006). The oxygen concentration in the incubation media was
around 230 nmol mlt (21%), but after purging with N2, it was reduced to 75 nmol
milt (7%).

Use of Arabidopsis mutants with the disrupted redox state

A little flowering plant called Arabidopsis thaliana is related to numerous
agricultural plants, including broccoli, cauliflower, and cabbage. The genome of
Arabidopsis is small and well-characterized. Arabidopsis was chosen due to its
short life cycle, simplicity of genetic modification, and the decoding of its full
genome (Meinke et al., 1998; Garcia-Hernandez et al., 2002). Numerous mutants,
transgenics, and established methods are readily available, providing enormous
potential for physiological and biochemical research (Hayashi and Nishimura,
2006).

We used mutants that lack redox-balancing enzymes in our research.
Mutants such as nadp-mdh, aoxla, and vtc lack the necessary redox-balancing
enzymes. Arabidopsis Biological Resource Center (ABRC) was used to obtain the
mutants. The nadp-mdh mutants are deficient in NADP-dependent malate

dehydrogenase (Hebbelmann et al., 2012). Chloroplastic NADP-MDH, an enzyme
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with redox regulation, is active in light and inactive in darkness. Oxaloacetate is
converted to malate by NADP-MDH (Scheibe, 2004; Beeler et al., 2014). Mutant
aoxla lacks mitochondrial alternate oxidase and directly connects the ubiquinol
oxidation with the reduction of Oz to H20. (Strodtkotter et al., 2009; Vanlerberghe,
2013). A GDP-mannose pyrophosphorylase (GMPase) gene mutation causes vtc
to lack ascorbate. The ascorbate biosynthetic route includes the enzyme GMPase.
The growth of the vic mutant is slow and has a stunted appearance. The sensitivity
of vtc mutant was more in HL or in salinity due to only 30 % of ascorbate of the WT
(Conklin et al., 1999; Pastori et al., 2003; Gao and Zhang, 2008).

Doubts or gaps in our knowledge

Despite the considerable progress in our knowledge of photorespiration, several
aspects need further attention:

1. It is well established that the modulation of metabolic pathways under
stress conditions is due to the dynamic changes in the levels of ROS and
NO. It is not clear if ROS or NO has an equal role or if one of them
dominates the other.

2. Changes in ROS or NO can occur in different compartments of the plant
cell. Since both are mobile, ROS can be expected to travel across the cell
and regulate the events in compartments other than the site of production.
However, there is no evidence so far for such effect.

3. The specific effects of oxidative or nitrosative stress on the components of
the photorespiratory enzymes are less well understood.

4. Once the photorespiratory flux has been better characterized, it will be
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easier to ascertain how altered photorespiration impacts secondary plant-
functional pathways and other portions of the central carbon metabolism.
Metabolite analysis is one of the approaches. It is necessary to examine
the metabolite patterns when the photorespiratory pathway is modulated,
particularly under biotic or abiotic stress responses.

5. Itis possible to restrict photorespiration by elevating CO> or decreasing O>
or using suitable inhibitors. It is unclear how the overall photorespiratory
enzyme components are modulated under restricted photorespiration. It
would be interesting to know the consequences on ROS levels too, under
restricted photorespiratory conditions.

6. Despite the fact that several research teams employ mutants deficient in
redox balancing elements, the majority of them observed the response to
high light or drought stress. In this context, it would be quite interesting to
study mutants that are compromised in redox-balancing components.

7. PTMs mediated by ROS and RNS affect the proteins, resulting in inhibition
or activation or no change of proteins, which shows the ambiguous nature
at varying stress conditions. Studying the comparative effects of PTMs
triggered by ROS or RNS on the photorespiratory and nitrogen
metabolism-related proteins would be interesting.

8. Recent initiatives to improve photorespiration or utilize photorespiratory
shunts yielded encouraging outcomes. Eventually, these ideas will have to
be used to apply to target crops from model organisms and tested in a

range of applicable agricultural scenarios, along with potentially superior
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alternatives that may be made possible by synthetic biology.
Some of the above points mentioned above were chosen for further studies, as

indicated in the next chapter (Objectives and Approach).

*hkkkhkkkk
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OBJECTIVES AND APPROACH

Whenever the plants are subjected to abiotic stress like salinity,
drought, or high light, the levels of ROS and RNS (mainly NO) increase,
affecting the physiological processes. One of the consequences of oxidative
stress is the upregulation of photorespiration as an attempt to minimize ROS
levels. The driving signal for modulating photorespiration under abiotic stress
can be ROS or NO, or both. The impact of elevated ROS on photorespiratory
metabolism is well known, but the studies of elevated NO on photorespiratory

metabolism are quite limited.

Existing gaps/unanswered questions

Despite the considerable progress in our knowledge of
photorespiration, several aspects need further attention:

Several stresses frequently cause a rise in ROS and RNS
(particularly, NO). The effects of photo-oxidative stress on the
photorespiratory enzyme components, when a particular compartment
(mitochondria) is selectively targeted to raise the levels of ROS, have not
been adequately investigated. Similarly, the impact of NO on the
photorespiratory enzyme components is not well studied. So, it would be
interesting to check the effects of different NO donors (SNP and GSNO) on
the photorespiratory enzyme components, photosynthetic performance, or
PTMs, particularly under HL.

Many reports show the modulation of photorespiration under salinity,
drought, etc., but modulation under restricted photorespiration would be

interesting to know the consequences on ROS levels and photorespiratory
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enzyme components. Though different research groups used mutants
majorly looked at overall response to high light/drought stress. Many
research groups well study the effect of oxidant/drought on the metabolites.
But it would be interesting to study the impact of photo-oxidative stress on
the metabolites, which is not well studied.

PTMs mediated by ROS and RNS affect the proteins, resulting in
inhibition or activation or no change of proteins, which shows the
ambiguous nature at varying stress conditions. Studying the comparative
effects of PTMs triggered by ROS and RNS on the photorespiratory and
nitrogen metabolism-related enzymes or proteins would also be interesting.
Studies on the response of photorespiratory metabolite flux to changing
environmental conditions and the possible role of metabolites would help us
to understand compartmentation transporters.

Overall Objectives:

1. Examine the changes in photorespiratory metabolism in pea leaf discs
under oxidative and photo-oxidative stress induced by menadione
and/or high light, an oxidant targeting mitochondria.

2. Study the changes caused by NO donors on photorespiratory
metabolism and photosynthetic characteristics in leaf discs of a pea.

3. Examine the changes in the photorespiratory metabolism in
Arabidopsis thaliana after the suppression of photorespiration by either
low O2 (~7 %) or aminooxyacetic acid (AOA).

4. Investigate the status of photorespiratory metabolism in Arabidopsis

mutants lacking genes involved in antioxidant defense systems.
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5. Determine the levels of primary metabolites in Arabidopsis thaliana

after exposure to menadione-induced oxidative stress.
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Figure 2.1. A simplified photorespiratory scheme highlighting the enzymes
studied and modulators attempted in this work. Some of the cofactors of
enzyme reactions are not shown for the sake of simplicity (Modified from
Mishra, 2014).

We have used two plants, i.e., Pisum sativum (pea) and Arabidopsis
thaliana, for our studies. We have checked the effect of oxidant (MD) on the
photorespiratory enzyme components in pea. After that, we shifted our
experiments to Arabidopsis wild type and their mutants (nadp-mdh, aoxla,
and vtc) lacking key redox components to confirm the effect of MD on
photorespiratory enzyme components that were already done in pea.
Arabidopsis was used as a model plant because of the availability of a large

number of mutants. The specific experimental approaches are as follows:
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Plant material

Pea (Pisum sativum) and Arabidopsis thaliana. Both have their own
advantages and limitations.
Pea (Pisum sativum)

Pea is a C3 winter-season crop belonging to the Fabaceae family. It is
easy to grow pea plants and has a short life cycle. Due to the thin and delicate
leaves, it will be simple to treat with chemicals. The plants were grown in a
greenhouse at a natural 12 h light/dark and temperature of 23+2°C. We will be
used leaf discs in most of our experiments, but leaves will be used in a few

studies.

Arabidopsis thaliana

We will use Arabidopsis thaliana, a model C3 plant that belongs to the
Brassicaceae family. Arabidopsis leaves are also thin and tender and can be
easily treated with test compounds. The plants will be raised in controlled
growth rooms, with 8/16 h light/dark and an average temperature of 21°C.
Arabidopsis is an excellent source of mutants with desired deficiencies. We
will be chosen following mutants for our studies: (i) aoxla, lacking
mitochondrial AOX, (ii) nadp-mdh, without chloroplastic NADP-MDH, (ii) vtc,

reduced ascorbate content.

Treatments, oxidants, NO donors, and photorespiratory inhibitors

Leaf discs from pea leaves are chosen to resemble in vivo conditions.
Leaf discs will be prepared using a paper punch by submerging the leaf in
water to minimize mechanical stress. For pea, leaf discs will be used, and

leaves for Arabidopsis. The discs/leaves will be exposed to test compounds
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(oxidants, NO donors, and photorespiratory inhibitors). In the case of pea, all
the experimental treatments would be 3 h in dark, moderate (300 uE m? s1),
or high light (1200 uE m? s1). In the case of Arabidopsis, the leaves would be
kept for 3 h. The ML and HL are 150 and 600. External agents that increase
ROS (namely MD) or NO (SNP and GSNO) would be used. Photorespiration
would be restricted by either lowering O2 or the addition of AOA, an inhibitor of
glycine/serine formation. Menadione interferes with oxidative electron
transport, triggering ROS production primarily in mitochondria. The
mechanism of MD action is indicated in Figure 2.2, while the exact location of
NO production is still unclear. We have described the results and discussion

as five chapters, which are related to the five objectives specified earlier.

An oxidant (menadione) can be used to initiate oxidative stress in
different organelles. For e.g., MD is a redox-active quinone that produces
superoxide radicals due to the inhibition of mitochondrial electron transport at
the ubiquinone site (Figure 2.2). Subsequent effects on key photorespiratory
enzymes located in chloroplasts or peroxisomes would be examined. The
specific role of superoxide and H>O, would be assessed by employing the
scavengers of superoxide and H202. Two NO-donors (SNP and GSNO) would
be used to check their effects on photorespiratory metabolism. Both SNP and
GSNO elevated the NO production in plant cells. GSNO would be considered
specific to NO, while the SNP could release both the NO and cyanide. SNP
should therefore be used with caution. To validate the elevated NO, examine
the role of NO by using cPTIO would be employed as the NO scavenger and

to ensure NO-specific effects on photosynthesis and photorespiration.
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Figure 2.2. In mitochondria, MD competes with the ubiquinone pool for

electrons and elevates ROS (particularly superoxide). Superoxide gets
converted into hydrogen peroxide (H202) and oxygen by superoxide
dismutase (Modified from Castro et al., 2008).

Photorespiration will be restricted by using low Oz or AOA, a
photorespiratory inhibitor. The concentration of O, will be reduced in the
incubation medium by purging it with N2 gas. AOA inhibits the conversion of
glyoxylate to glycine, resulting in the overflow of glyoxylate and the
inhibition of photorespiration. Mutants of Arabidopsis will be a good model
to validate the role of a particular gene or system. Thus, Arabidopsis
mutants deficient in antioxidants or related systems will be checked.
Changes in metabolites indicate the extent of oxidative stress under given
conditions. The metabolites analysis will be done by using LC-MS/MS under

oxidative stress created by MD in leaves of Arabidopsis thaliana. An overall
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view of photorespiratory metabolism and the targeted enzymes in the
present study is shown in Figure 2.1. Further, the attempts to modulate
photorespiration by low O> or interfering with electron transport, specifically

in mitochondria, are also shown.
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28



Chapter 3

Materials and Methods



Chapter 3

MATERIALS AND METHODS
Plant Material

Pea seeds Pisum sativum L., cv. Arkel (Durga seeds, Chandigarh,
India) were sterilized with 4% sodium hypochlorite and soaked overnight in
water. The seeds were then washed and germinated in a tray. The seedlings
were moved to trays that contained soil and manure in a ratio of 3:1. The
plants were kept in a greenhouse where the average day/night temperatures

were 30 °C and 20 °C.

The Ohio State University's Arabidopsis Biological Resource Center
(ABRC, Columbus, Ohio; website: https://www.arabidopsis.org) provided the
seeds of Arabidopsis [(Col-0, Columbia wild type) and mutants]. Seeds were
sown on a soilrite-mix in disposable plastic cups and kept in the dark for 48
hours at 4°C to break seed dormancy. Disposable cups were then moved to a
growth room to allow for germination. The plants were raised in an
airconditioned room with 21°C and 8/16 h of light/darkness. Once a week, a
nutrient medium (Table 3.1) was provided to the Arabidopsis plants. We
conducted our experiments using leaves from plants that were 7 to 8 weeks
old.

Leaf discs preparation and treatment

About 0.25 cm? of leaf discs were made with a paper puncher while
submerged in water. The leaf discs (28 equivalent to 100 mg) were incubated
in a medium (1 mM CaCl,, 1 mM KCI and 2 mM potassium phosphate buffer
pH 6.5), with or without NO donor compounds, SNP (2.5 mM) or GSNO (1

mM), with or without menadione (10 uM), with or without PR inhibitors (1 mM

29



Chapter 3 MATERIALS AND METHODS

Table 3.1 The composition of nutrient medium used for Arabidopsis (Adapted

from Somerville, 1982).

Macronutrients Volume/L
Micronutrient mix 1mi
Fe- EDTA 2.5 ml
1 M Ca (NOs3) 2 2.0 ml
1 M MgSOa4 2.0 ml
1 M KH2PO4 (pH 5.6) 2.5 ml
1 M KNOs 5.0 ml

Pisum sativum (Arkel variety)

QO’.
c

:
‘ %

10-12 day-old plants Leaf discs

Figure 3.1. Plants of pea (Pisum sativum, variety Arkel) (A) in a
greenhouse. Leaf discs, ca. 0.25 cm? (B) prepared with a sharp paper

punch.

Wild type nadp-mdh aox1a

s

Figure 3.2. Wild type (Col-0) and mutants (nadp-mdh, aox la, and vtc) of

Arabidopsis thaliana were grown under controlled environments with 8
h (120 uE m2 s) and 16 h light/dark. The plants above are 7-8 weeks old.
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AOA and 7% Oy). In the case of pea, the leaves were kept for 3 h in darkness
or light: moderate (ML, 300 pE m? s1) or high (HL, 1200 pE m? s!). For
Arabidopsis, the ML and HL were 150 and 600. When required, the oxidant,
menadione (MD), or NO-donors (SNP or GSNO) were present in the
incubation medium. Similarly, scavengers of ROS (catalase and tiron) and NO
(cPTIO) were also present.
Accumulation of ROS: Hydrogen peroxide (H20,) and superoxide (Oy)

ROS accumulation was monitored by using either 3,3-
diaminobenzidine (DAB) or nitroblue tetrazolium chloride (NBT), which stains
H>O> and superoxide, respectively. The method used by Kwon et al. (2013)
and Bapatla et al. (2021) was modified for this process. NBT and DAB (1
mg/ml each) were infiltrated into pea leaf discs for 5 minutes, followed by 3
minutes of the test compound using a vacuum pump, while in Arabidopsis
leaves, it was 3 minutes for DAB or NBT filtration and 2 minutes for test
compound, respectively. The leaf discs/leaves were then incubated under the
required conditions. Following each treatment, leaf discs were left in a 3:1:1
(v/iviv) mix of ethanol, lactic acid, and glycerol. Methanol was used to remove
the pigments from leaves, and the cleaned leaf discs were then
photographed. H>O. was visualized with brown color, while superoxide
appeared as blue (formazan).

The leaves stained with NBT and DAB was crushed in liquid N2 and
then extracted in a solution of 2 M KOH - DMSO (1/1.6) or 0.2 M HCIO4 and
(v/v). The homogenate was centrifuged at 10,000 rpm for 10 minutes at 4 °C.

The absorbance of the supernatant was determined at 630 nm and 450 nm,
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for superoxide and H2O,, respectively. Standard curves prepared with NBT (in
KOH-DMSO) or H202 (in 0.2 M HCIO4-DAB) were used for calculations.
NO content

The levels of NO in leaf discs were determined by Griess reagent
(Zhou et al., 2005). After the required experiment, 400 mg of leaf discs were
ground in 3 ml of chilled 50 mM acetic acid (pH 3.6). The homogenate was
cleared by centrifugation at 10,000 g for 15 min at 4°C. The supernatant was
set aside. The pellet was centrifuged as before after being rinsed twice with 1
ml of extraction buffer. The supernatants were combined, and 100 mg of
charcoal was added. The filtrate was cleared again by passing through a
syringe filter. One ml of Griess reagent was added to 1 ml of cleared extract,
and the absorbance was determined at 540 nm, after 30 min at room

temperature (Zhou et al., 2005).

Antioxidants: Ascorbate (AsA) and Glutathione (GSH)

Leaf discs (approximately 100 mg) ground in liquid N2 after respective
treatments. The total ascorbate content was estimated as per the method of
Gillespie and Ainsworth (2007). Homogenization of tissue was done by adding
2 mL of 6% TCA. Centrifuged the extract at 13,000 g at 4°C for 5 min.
Throughout the assay and preparation, all solutions, including extracts and
reagents, were kept on ice.

From each sample (or standards or blanks) 100 pL of 50 mM
phosphate buffer was added to duplicate aliquots (each 200 pL) of the
supernatant. To reduce ASA, 100 uL of 10 mM DTT was added to the above
aliquots and left for 10 min at room temperature. Then, 0.5% N-

ethylmaleimide (NEM) of 100 ul was added to remove the excess DTT. To the
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other aliquot of a sample, 200 puL of water and 100 ul of NEM were
added. To both aliquots, the following mixture was added: 10% TCA (500 ul),
4% a-a-bipyridyl (400 pl), 43% H3PO4 (400 pl), and 3% FeCls (200 pl). The
contents were vortexed and incubated for 1 hour at 37 °C, and the
absorbance was measured at 525 nm. The regression between the ASA
standards and respective blanks were used to determine reduced and total
ASA. The difference between the total pool and the oxidized AsA was used
for calculating oxidised ASA.

After the appropriate treatments, leaf discs (approximately 100 mg)
frozen in liquid N2 were pulverised in 1 ml of 0.2 N HCIl. The extract was
centrifuged at 14,000 rpm and 4°C for 10 minutes, and the supernatant was
neutralised using 0.2 N NaOH. The total, oxidised, and reduced GSH were
determined as per Griffith (1980). 2 ml of assay mixture contained the
neutralised extract (100 pl), 1 unit of GR, 6.3 mM DTNB, 2 mM EDTA, 5 mM
NADPH, and 100 mM phosphate buffer (pH 7.5). The absorbance at As12 was
determined. Results were computed GSH equivalents with the aid of using a
standard curve made from reduced glutathione (GSH). In order to estimate
GSSG (oxidised), 10 pl of 2-vinyl pyridine (2 VP) was added to 0.5 ml of
neutralised extract, and the absorbance was measured at 412 nm. The
extraction medium was neutralised and used as a blank. A GSH standard
curve was used to calculate total GSH.

Photorespiratory enzymes

After treatment, the leaf discs (approximately 100 mg) were left in liquid

N2. When ready, the frozen material was homogenised in 100 mM HEPES-

KOH (pH 7.2), 10 mM 2-mercaptoethanol, and 1 mM EDTA. After centrifuging
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the extracts, the supernatant was utilised for the GO and HPR assays at
10,000 g for 10 min. Chlorophyll was determined before centrifugation (Arnon,
1949).

Yamaguchi and Nishimura's (2000) method, with minor adjustments,
was used to determine glycolate oxidase (GO) activity spectrophotometrically.
The reaction mixture (1 ml) contained the following ingredients: 100 mM
triethanolamine, pH-7.8), 3 mM EDTA, 0.75 mM oxidised GSSH, 4 mM phenyl
hydrazine, 2.3 mM sodium glycolate, and the leaf extract equivalent to 12.5 ug
chlorophyll. After adding sodium glycolate, the reaction's medium absorbance
at 324 nm was followed for five minutes. The extinction coefficient of phenyl
hydrazine was used to calculate the activity (16.8 mM* cm™).

The method described by Yamaguchi and Nishimura (2000) was used
to measure hydroxypyruvate reductase (HPR). One ml of medium contained
50 mM phosphate buffer (pH-7.5), 5 mM lithium hydroxypyruvate, 85 uM
NADH, and the extract equivalent to 12.5 ug of chlorophyll. The reaction was
measured by the following absorbance at 340 nm for 5 minutes. The enzyme
activity was calculated based on NADH extinction coefficient (6.2 mM* cm™?).

PGLP activity was assessed in accordance with Somerville and Ogren
(1979). One ml of reaction mixture contained 40 mM sodium cacodylate, 5
mM citrate, 5 mM ZnS0O4, and 0.5 mM EDTA, 5 mM HEPES (pH 6.3), and the
chlorophyll equivalent to 12.5 pug. 2 mM 2PG was used to start the reaction at
25°C and incubated for 5 minutes. To stop enzymatic activity, 1 mL aliquots
were combined with 700 pL of the acid molybdate reagent (1:6 mixture of 10%

(w/v) ascorbate and 0.42% (w/v) ammonium molybdenum in 1 N sulfuric
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acid). After 45°C for 20 minutes, the phosphate released was measured at
820 nm.

Glycerate kinase (GK) was determined according to Kleczkowski and
Randall (1985). The extraction medium contained 40 mM tricine (pH 7.8), 2
mM MgCl;, 1 mM EDTA, and 100 mM 2-mercaptoethanol. One ml of assay
mixture contained 0.1 M Tricine (pH 7.8), 0.2 mM NADH, 5 mM ATP, 5 mM
glycerate, 10 mM MgCI2, 5 units of PGA-PK and GAP-DH, and the extract
equivalent to 12.5 pg of chlorophyll. Glycerate was used to initiate the
reaction, and after 5 minutes, the absorbance at 340 nm was recorded. The
NADH extinction coefficient (6.2 mM?* cm™?) was used to determine the
enzyme activity
Other enzymes

100 mg of leaves were extracted the aconitase activity. The extraction
buffer contained 0.1% ascorbate, 0.05% b-mercaptoethanol, 50 mM
potassium phosphate (pH 7.8), and 10 mM EDTA. The mixture was
centrifuged at 14,000 g and 4°C for 10 min. The assay combination included
2.5 mM NADP, 5 mM MnCl2, 8 mM cis-aconitate, two units of isocitrate
dehydrogenase, 50 mM HEPES buffer (pH 7.5), and the enzyme extract
equivalent to 12.5 pg of chlorophyll. A spike in absorbance at 340 nm, a sign
of NADPH generation, was utilised to measure aconitase activity. (Lehmann
et al., 2009)

Fructose 1,6 bisphosphatase in 100 mg of leaves were determined by
Lee and Hahn (2003). 100 mg of pea leaf discs were mixed with homogenized
in a medium (100 mM sodium phosphate, pH 7.5, 2 mM EDTA), and

centrifuged at 3,000 g for 20 minutes. The reaction mixture (1 ml) contained:
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0.5 mM EDTA, 10 mM MgCl;, 0.3 mM NADP*, 1.2 U phosphoglucose
iIsomerase, 0.6 U glucose-6-phosphate dehydrogenase, 100 mM Tris-HCI (pH
8.7), and extract corresponding to 12.5 pg of chlorophyll. After using fructose
1,6 bisphosphatase to initiate the reaction, an increase in absorbance at 340
nm was noticed. The NADP+ extinction coefficient was used to determine the
enzyme activity.
Antioxidative enzymes

Leaf discs (approximately 100 mg) were collected after the appropriate
treatment and crushed into a powder under liquid N2. The homogenised
samples were mixed with a 50 mM phosphate buffer (pH 7.0). The
homogenate was centrifuged for 10 min at 10,000 g. The CAT, APX, and GR
were assayed using the supernatant. The Bradford method was used to
determine the protein concentration using bovine serum albumin (BSA) as a

reference.

The method of Patterson et al. (1984) was modified to measure
catalase (CAT) activity. The oxidation of H.O> was monitored at 240 nm. In a
final volume of 1 ml, the reaction mixture contained 25 pg of chlorophyll, 20
mM H202, and 50 mM phosphate buffer (pH 7.0). H2O2 extinction value at 240

nm, used to estimate enzyme activity, was 43.6 mM* cm.

The activity of ascorbate peroxidase (APX) activity was determined by
a slight modification of Nakano and Asada's (1981). The reaction mixture
included 50 mM sodium phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5 mM
AsA, 20 mM H202, and the enzyme extract equivalent to 25 pg of chlorophyll.

The activity was monitored as a 3- min drop in absorbance. Using extinction
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coefficient of 2.8 mM?1 cm?, the amount of AsA that was oxidised was

determined.

The method of Jiang and Zhang (2001) was used to determine the
glutathione reductase activity. The reaction mixture, which had a total volume
of 1 ml, having 10 mM oxidised glutathione (GSSG), 3 mM MgCl;, 1 mM
NADPH, and 25 mM sodium phosphate buffer (pH 7.5). 100 ug of protein
extract was added to initiate the reaction. The oxidation of NADPH, as shown
by a decrease in A340 nm and was used to monitor GR activity using the

extinction coefficient of NADPH (6.2 mM1cm?).

For superoxide dismutase (SOD), samples were collected, ground in
liquid N2, and then homogenised in a 50 mM phosphate buffer at pH 7.8.
Then, centrifuged at 12,000 g for 10 minutes, and supernatant was utilized for
SOD. Using Beyer and Fridovich's (1987), SOD activity was determined. The
reaction mixture consisted of 27 ml of sodium phosphate buffer (pH 7.8), 1.5
ml of methionine (30 mg mi't), 1 ml of NBT (1.44 mg ml), 0.75 ml of Triton X-
100, and 1.5 ml of 2 mM EDTA. In 1 ml of this reaction mixture, an enzyme
extract containing 50 ug of chlorophyll and 10 pl of riboflavin (4.4 mg per 100
ml) was added. The reaction mixture was then exposed to light using
comptalaux bulbs for 7 minutes at 25 °C using a water bath. As a blank, a
tube containing enzyme extract is kept in the dark; as a control, a tube having
no enzyme extract is kept in the light. The activity of SOD was determined by
the difference between NBT reduction measured at 560 nm under light with or
without enzyme extract. One unit of activity is the amount of protein required

to stop a 50% decline in NBT when exposed to light.

37



Chapter 3 MATERIALS AND METHODS

Chlorophyll and Protein estimation

For chlorophyll estimation, 12.5 pul of leaf extract was added to 5 ml of
80% (v/v) acetone and mixed well with a cyclo-mixer. Chlorophyll was

calculated in leaf extract using the following formula, based on Arnon (1949).

Chl (mg/ml of leaf extract) = (A652 — A710) x 11.11

For protein estimation, 10 pl supernatant was incubated with 1.2 ml of
Bradford reagent and kept in the dark for 15 minutes. The absorbance was
taken at 595 nm. The protein concentration was determined based on a

standard curve made with a known concentration of BSA (Bradford, 1976).

Western blotting

Following the appropriate treatment, 100 mg of leaf discs were ground
to a powder in liquid N2, using the extraction medium 5% (w/v) sodium
dodecyl sulphate (SDS), 1 mM PMSF and 125 mM Tris-HCI (pH 6.8). The
extract was centrifuged at 1,000 g for 1 minute, and the supernatant was
collected. The Bradford et al. (1976) method was used to estimate protein.

SDS-PAGE was carried out using small gels of 7.2 x 8.6 cm of
dimensions (Laemmli, 1970). Following the SDS-PAGE, the proteins were
electrophoretically transferred from the gel onto PVDF membranes. A power
source of 30 V was used at 4°C for 4 hours (Towbin et al., 1979). Skim milk
(5%) diluted in 1X TBST was used to block the PVDF membrane, and a
primary antibody treatment of 3 hours was then applied. The PVDF
membrane washed 3 times for 5 min each with 1X TBST and antibodies
(Agrisera AB, Sweden) for CAT and GO (1: 1,000), HPR (1:10,000), and

MnSOD (1:2,000). Next, alkaline phosphatase-conjugated secondary
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antibodies at a 1: 2,000 dilution were added. The PVDF membrane was
washed three times for five minutes, then one ml of substrate (BCIP/NBT)
was used to produce the blot.

Transcripts

Extraction of RNA

SpectrumTM Plant Total RNA Kits (Sigma-Aldrich, USA), were used for
RNA extraction. The procedure to extract RNA was from the manufacturer’s
instruction. Leaf sample of 100 mg were ground in liquid N2 to a fine powder.
Lysis solution (1000 ul/100 mg and BME 10ul/ml) was added, homogenized
and incubated for 5 minutes at 56°C in a dry bath. The samples were
centrifuged for 5 minutes at 14,000 rpm at room temperature. Supernatant
was transferred into the filteration column (blue column) and placed in a new
tube. The eluate was collected by centrifugation. 750 ul of binding buffer was
added to the supernatant and mixed well.

Next, the solution was transferred into the binding column (red column)
in a fresh tube and centrifuged for 1 min at 14,000 rpm. The supernatant was
discarded. The red column was kept in a fresh tube and washed first with 500
ul of wash solution 1, and then with wash solution 2, centrifuged for 1 min,
and this step was repeated again. After that, 30 pl of elution buffer was added
to the column, which was kept in a new tube, and let it sit for 2-3 minutes
while keeping it on ice. The tube containing the red column was centrifuged
for 1.5 min at 14,000 rpm. The column was discarded, and the tube was
placed on ice. The RNA concentration and quality (260/280) was measured

using nanodrop.
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cDNA synthesis

The cDNA synthesis protocol followed the manufacturer's
recommendations (RevertAid cDNA synthesis kit, Fermentas). 5 ug of total
RNA was mixed with oligo(dT) primer (1 ul), cocktail (8 ul): 5X reaction buffer
(4 pl), RiboLock (1 pl) RNase inhibitor (1 pl), 10 mM dNTP (2 pl) and Reverse
Transcriptase (1 pl). The final volume was made up to 20 pl with RNase-free
water. The sample was thoroughly mixed, heated to 65 °C for 5 minutes in a
thermal cycler, then frozen for 2 minutes in ice before a quick spin. The
synthesized cDNA was used as the RT-PCR analysis template.
RT-PCR

Semi-quantitative reverse transcriptase-PCR (RT-PCR) was used to
examine the gene expression patterns. Pisum sativum does not yet have a full
genome (Kulaeva et al.,, 2017). The cool-season food legume database's
ESTs were used to design the primers
(https://www.coolseasonfoodlegume.org). In the case of pea, the primer
sequences displayed 75% sequence identity with the enzymes in Arabidopsis
when they were tested through BLAST (Aswani et al., 2019). For Arabidopsis,
primers were designed based on known sequences
(http://mwww.ncbi.nim.nih.gov) (Rozen and Skaletsky, 2000; Bapatla et al.,
2021). For Arabidopsis thaliana, Actin 8 was employed as an internal
(constitutive) control, and Actin 2 for pea. Image J software was used to
measure band intensities following electrophoresis and standardize them to
band intensities of Actin 2 and Actin 8. The primer sequences of pea and

Arabidopsis were shown in Table 3.2 and 3.3, respectively.
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Nitrosothiols estimation

Saville-Griess test was used to determine the amount of S-
nitrosothiols (SNO) with some modifications (Puyaubert et al., 2014). Leaf
discs were powdered in liquid N> and homogenized in 600 pl of
homogenization buffer (50 mM Tris-HCL, pH 8.0, and 150 mM NacCl) along
with 1 mM PMSF. The extract was incubated for 20 minutes on ice and
centrifuged (10,000 g, 15 min, 4°C). The supernatant (300 pl) was mixed with
1% sulfanilamide (300 ul) with or without the addition of 0.2% (w/v) HgCl>
and incubated in the dark for 20 min. Then 0.02% NED (600 pl) was mixed
and incubated for 5 min. The levels of SNO were measured photometrically
at 540 nm. A GSNO standard curve was utilised to determine the SNO
concentration
Tyrosine nitration

The frozen leaf sample was ground in an extraction solution containing
5 mM Tris-HCL (pH 6.8), 1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 10
mM DTT, 1% Protease inhibitor, 150 mM NaCl, 1 x potassium phosphate
buffer pH 7.5 and 1 mM PMSF at 4°C. The extract was centrifuged at 14,0009
for 15 min, and the supernatant was subjected to further analysis. Protein in

the supernatant was determined using Bradford’s method

Proteins were separated by SDS-PAGE using 15 % gels. The proteins
were moved over to PVDF membranes. The membrane was blocked for one
hour at 25 °C with 5% skim milk before being rinsed 3 times with TBST
(0.1% Tween 20 in 1X TBS). After being incubated with the primary antibody,
anti-tyronitrosine antibody (1:2000 dilution, Molecular Probes) was applied

for 3 h at 4 °C. Following three TBST washes (10 minutes each), Goat anti-
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rabbit IgG coupled with horseradish peroxidase (1:10,000 dilution, Bangalore
GeNeiTM) was used as the secondary antibody for two hours. TBST was
then used to rinse the membrane three times for a total of ten minutes each.
Thermo Scientific's SuperSignal® West Pico chemiluminescent substrate
was used to produce the blot, which was then examined with ChemiDoc
(Bio-Rad). Image J software was used to measure the band intensity and
normalized it to Rubisco's levels (Vishwakarma et al., 2018).

Chlorophyll and carotenoid estimation

Chlorophyll and carotenoid pigments were extracted into 80% (v/v)
acetone. The leaf extracts were cleared by centrifugation, and their
absorbance was measured at 645 nm, 663 nm, 480 nm, and 510 nm. The
levels of chlorophyll and carotenoids were calculated as per Arnon (1949).
The formula below was used to compute the amount of chlorophyll and

carotenoid present in the samples.
Chlorophyll a = (12.7 x Ass3) — (2.6 X Asas) x ml acetone mg* leaf

Chlorophyll b = (22.9 x Aeas) — (4.68 X Ase3) x ml acetone mg™ leaf
Carotenoids = (7.6 X Asgo) — (1.49 X As10)

Monitoring photosynthesis and respiration

Photosynthesis and respiration rates were measured with a leaf disc electrode
system (LD-2, Hansatech Instruments, UK) at a temperature of 25 °C. The
light was provided by light-emitting diodes. 1 M bicarbonate buffer (pH 9.0,
200 pl) were used to moisten the uppermost capillary matting, creating a
gaseous environment in the chamber of 5% (v/v) CO2. On this matting, three

rings of one, six, and twelve-leaf discs were symmetrically arranged. The
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oxygen level in the chamber for each sample was calibrated in line with the

directions from the manufacturer (Talla et al., 2011).

Determination of PSIl and PSI efficiency

A Dual-PAM 100 was used to assess the efficiency and components of
PSII and PSI (Walz, Germany). Before measurement, leaves were exposed to
the respective treatment in the dark for 30 minutes (Schreiber, 2004; Kramer
etal., 2004; Schreiber and Klughammer, 2008). The software in the
equipment determined the following parameters of PSIl: (Demmig-Adams,
1990; Kramer et al., 2004). Maximum quantum yield: Fv/Fm = (Fm - Fo)/Fm;
Quantum yield of photochemical energy conversion: Y(II) = (Fm-Ft)/Fm’,
Quantum yield of non-regulated energy dissipation: Y(NO) = Ft/FM; Quantum
yield of photo-protective energy dissipation: Y(NPQ) = (Fm'- Ft/Fm)/Ft; Non-

photochemical quenching: NPQ, gP, and gL (Schreiber, 2004).

The parameters related to PSI were determined. Quantum vyield of
photochemical energy conversion: Y(I) = (Pm' - P)/Pm; Acceptor side
limitation: Y(NA) = Pm - Pm’)/Pm; and donor side limitation: Y(ND) = P/Pm
(Klughammer and Schreiber, 1994). The manufacturer's manual has

additional information.

Analysis of metabolites

Leaf discs were treated with MD in dark and light for 3 hours in order to
analyse metabolites. After the treatment, the samples (100 mg) were frozen in
liquid nitrogen. The powdered samples were mixed with 500 pl of LC-MS
buffer (150 pl chloroform, 350 pl methanol, 1 ul MES (IT= internal standard),

and 1 pul carnitine (IT)). Sample was extracted using a ball mill (Retsch-mill,

43



Chapter 3 MATERIALS AND METHODS

30 sec at max intensity) or ground with a white stick. The samples were
stored on ice until all have been proceeded. 400 pl of ice-cold water (LC-MS
grade) was added to the samples. Vortexed and kept on ice. The samples
were Incubated for 2 h at -20°C and vortexed again. For 10 minutes, the
samples were centrifuged at their highest speed, and the aqueous phase

(upper, around 900 pl) was collected in a fresh eppendorf tube.

The sample was once more diluted with 400 pl of ice-cold water,
vortexed, then centrifuged for 5 min at maximum speed. Agueous phase
(upper) was collected and pooled it the previous sample (~1300 to 1400 pl in
total). After that, the supernatant was kept in a speedvac concentrator to
completely dry the sample. Dried samples were gathered and kept in a
desiccator at -20°C. We ensured that samples were not thawed throughout
the extraction process. The samples were sent to Dr. Stefan Timm's lab at the

University of Rostock in Rostock, Germany, for LC-MS/MS analysis.

The soluble primary metabolites were extracted, and samples were
evaluated in accordance with those described by Arrivault et al. (2009, 2015),
Reinholdt et al. (2019). The signals of the internal standard [(morpholino)-
ethanesulfonic acid (MES), 1 mg/ml] were used to normalize the peak regions

of all the metabolites for relative measurement (Timm et al., 2019).

Replications and significance

Data represented were averages (x SE) from at least three

experiments done on different days.
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Table 3.2 The nucleotide sequence of gene specific primers of pea used for

RT-PCR.
Pea (Pisum Sativum)
Gene Primer sequence (5-3)
APX F: GGATCCTATGGGAAAATCATACCCAACTG
R: CTCGAGTCTTAGGCTTCAGCAAATCCAAG
Cu/Zn SOD F: GAACAATGGTGAAGGCTGTG
R: GTGACCACCTTTCCCAAGAT
Mn SOD F: GGAGCAAGTTTGGTTCCATT
R: AAGGTTATTCGGCCAGATTG
CAT F: CGAGGTATGACCAGGTTCGT
R: AGGGCATCAATCCATCTCTG
GO F: GCTTCCCTGCGTCCGAGTCTT
R: GTGAGCAAGATCGACATG
HPR F: CAGGTCCTC TAC TGC AGT
R: TTG GTG TTATCG GTG CTGG
GK F: ATCCCTATCTTCTGCTCC
R: GAC ATACACCGATIT TCC
PGLP F: GGCGGGGATGGT ATACTGGA
R: TTGATCCACACATGCCGC
Actin 2 F: AATGGTGAAGGCTGGATTTG
R: AGCAAGATCCAAACGAAGGA
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Table 3.3 The nucleotide sequence of gene specific primers Arabidopsis

thaliana used for RT-PCR.

Arabidopsis thaliana

Gene Primer sequence (5-3)
CAT1 F: AATCGACAACAGTGCAGACACAC
R: GACCTCGAGTTCCGACAGTCA
CAT2 F: TGCTGGAAACTACCCTGAATGG
R: TCAACACCATACGTCCAACAGG
GOX1 F: TCTCATTGGCAGCTGAAGGA
R: GAGTGTCCCATTCGGTGGTA
GOX2 F: TTTGCACTAGCTGCTGAAGGA
R: ATAACCTGGGCAAATGGCGT
PGLP F: GGATCCCAATGGCGCCTCAGCTTCTCTC
R: GGATCCCTAGGGGGACTCCATCAGTTTTATG
Actin 8 F: GGAGCAAGTTTGGTTCCATT
R: AAGGTTATTCGGCCAGATTG

*hkkkhkhkkk
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Chapter 4

MODULATION OF PHOTORESPIRATORY ENZYMES COMPONENTS BY
OXIDATIVE AND PHOTO-OXIDATIVE STRESS INDUCED BY MENADIONE IN

LEAVES OF PEA (PISUM SATIVUM)

Introduction

Photosynthesis is markedly modulated by biotic or abiotic stress
factors, including high light (HL) or drought/chilling. Plants use a variety of
strategies to protect and sustain photosynthesis against these stresses
(Raghavendra and Padmasree, 2003). To optimize photosynthesis,
interactions between mitochondria and chloroplasts via peroxisomes and
cytosol are crucial (Gardestrom et al., 2002; Padmasree et al., 2002;
Raghavendra and Padmasree, 2003; Sunil et al., 2019). Photorespiration is a
prime example of how various cellular organelles are compartmentalized
(Bauwe et al., 2010; Timm and Bauwe, 2013). Striking coordination between
mitochondrial and peroxisomal photorespiratory metabolism  was
demonstrated even in vitro reconstructed system (Raghavendra et al., 1998).
Photorespiration is now established as a crucial defence against
photoinhibition in addition to dark mitochondrial respiration (Kozaki and
Takeba, 1996; Wingler et al., 2000; Voss et al., 2013). Readers with interest
in photorespiratory metabolism might consult comprehensive reviews that are
available (Foyer et al., 2009; Bauwe et al., 2010; Hodges et al., 2016; Shi and
Bloom, 2021).

On exposure to stress, the levels of ROS and even NO go up in plant
cells. Under such oxidative stress, photorespiration can lower ROS levels

(Raghavendra and Padmasree, 2003; Voss et al., 2013; Sunil et al., 2019).
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When CO: is limiting, under HL, photorespiration was an effective sink for
reductants and recycling ATP/ADP and NADP (Ilgamberdiev et al., 2001;
Martins et al., 2014). Increased photorespiration in tobacco plants exposed to
HL helped energy balancing and facilitated the water-water cycle (Huang et
al., 2016). Additionally, the recycling of ammonia produced by mitochondria
during photorespiration (Bauwe et al., 2010; Hodges et al., 2016). The
adequate photorespiratory flow was necessary for nitrate uptake
(Rachmilevich et al., 2004; Foyer et al., 2009; Bloom, 2015).

The present chapter describes the effect of an oxidant, MD, which
primarily targets mitochondria in pea leaf discs in dark, moderate, or high light
(HL). Under oxidative and photo-oxidative stress, the patterns of ROS
generation, changes in photorespiratory enzymes/proteins/their transcripts,
and changes in antioxidants and antioxidant enzymes were all investigated.
Significant increases in ROS levels (superoxide and H20), antioxidants and
thier enzymes demonstrated stress induction by MD. As a result, the
photorespiratory enzyme components in peroxisomes and chloroplasts were
modulated. These findings indicated that oxidative stress created in
mitochondria by MD effectively communicated to other cellular compartments
in pea leaves.

Results

Pea leaf discs accumulated superoxide and H>O2 with increasing MD

concentrations (Fig. 4.1) and with time (Fig. 4.2). For the subsequent studies,

we used 10 uM MD and 3 h of exposure duration.
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Changes in levels of ROS

The accumulation of superoxide and H20:2 in pea leaf discs was monitored by
NBT and DAB staining, respectively. The presence of blue and brown color
represented the superoxide and H202. The amount of ROS in the leaf discs
was quantified and represented graphically. When exposed to MD, there was
a noticeable elevation in the ROS (both superoxide and H20,). The ROS
levels increased in ML and further increased in HL conditions. H20: level rose
by up to 40% after exposure to MD, although superoxide content rose by up
to 60% above control (Fig. 4.3).

Photorespiratory enzymes: Activities, protein levels, and their
transcripts

The activity of GO and CAT (peroxisomal enzymes), was higher when
treated with MD and light (Fig. 4.4A and B). Activities of two chloroplastic GK
and PGLP, were higher by 30% in HL (Fig. 4.4C and D). To complement
these increases, the protein levels of these enzymes were checked by
western blotting under a given stress. The protein levels of GO, CAT, and
HPR rose when exposed to MD. Those of GK and PGLP was not measured
due to the unavailability of proteins. The protein levels of GO and CAT
increased in dark, ML and HL treated with MD, while the protein levels of HPR
increased only marginally (Fig. 4.5).

Enzyme transcripts of GO, CAT, HPR, GK, and PGLP increased under
dark, ML, and HL conditions after MD treatment. The maximum increase in
the transcripts of these enzymes were noticed particularly under HL treated
MD condition (Fig. 4.6). The transcripts of HPR were only marginally

increased (Fig. 4.7A). The activity of aconitase which is located in
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mitochondria, was reduced in samples exposed to MD compared to untreated
samples (Fig. 4.7B)
Changes in the levels of antioxidants

In the dark, there was not much of a buildup of ascorbate and
glutathione in pea leaf discs. Under ML and HL in presence of MD, there was
a considerable rise in ascorbate and glutathione levels (Fig. 4.8A and C). In
the case of dark, the ratio of reduced to total ascorbate or glutathione did not
alter substantially, but in the case of ML and HL treated samples, the ratio
decreased markedly (Fig. 4.8B and D).
Changes in the activities and transcripts of antioxidant enzymes

Among the antioxidant enzymes, GR and SOD significantly increased
in the presence of MD under both ML and HL, while the APX activity
increased with MD under HL. The activity of SOD was slightly higher even in
the dark, but there was little impact on APX or GR (Fig. 4.9). Similarly, there
was no significant change in transcripts of APX, GR, and SOD when kept in
the dark. When treated with MD under HL, transcripts of glutathione reductase
(GR), Cu/zZnSOD, and FeSOD increased. The levels of APX or MNnSOD only
slightly changed (Fig. 4.10).
Reversal of MD-effects by superoxide or H,O, scavengers

Attempts were made to identify the exact species of ROS involved in
the modulation by MD using CAT and tiron as H20O, and superoxide
scavengers, respectively (Willekens et al., 1997; Kwon et al., 2013). CAT was
quite effective in scavenging H>O> than superoxide. In contrast, the reduction

in superoxide and H>O» by tiron was similar (Fig. 4.11). When CAT and tiron
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both were present, the extent to MD-induced changes in photorespiratory
enzymes (GO, and GK) were subdued (Fig. 4.12).

Discussion starts on page no. 64.
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Figure 4.1. Patterns of ROS accumulation in pea leaf discs treated with MD

(0 to 50 pM) in dark, ML (300 pHE m? s?), and HL, (1200 UE m?2 s?). The

superoxide levels were quantified as formazan formed after incubation with

NBT (A), while the levels of H20> were measured with DAB (B). Data

represent averages (+ SE) from three experiments done on different days.
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Figure 4.2. ROS levels on exposure to MD for varying periods in pea leaf

discs. The treatments and averages were all as in Fig. 4.1.
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Figure 4.3. Superoxide and H2O- levels, visualized by DAB and NBT staining

in leaves of Pisum sativum upon treatment with MD. Blue color represented

the superoxide upon treatment (A), while the brown color showed up the

patterns of H>O. (B). Superoxide and H>O. were quantified from NBT and

DAB-stained leaves (C and D). The treatments and averages were all as in

Fig. 4.1.
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computed (Bottom panel, A to C). The treatments and averages were all as in

Fig. 4.1.
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Figure 4.6. The transcripts of selected photorespiratory metabolism by semi-
guantitative RT-PCR in Pisum sativum in leaf discs on exposure to MD. The
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values were given in Bottom panel (A to E); GO (A), CAT (B), HPR (C), GLYK

(D), and PGLP (D). The treatments and averages were all as in Fig. 4.1.
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4.7. Photorespiratory enzyme activities, HPR (A), and Aconitase (B),

were measured. The treatments and averages were all as in Fig. 4.1.
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Figure 4.8. Ascorbate (A), glutathione (C), and their redox ratios (B and D)
were assessed as non-enzymatic antioxidants. The treatments and averages

were all as in Fig. 4.1.
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Figure 4.10. The transcripts of selected antioxidant enzymes by semi-
guantitative RT-PCR in leaf discs of Pisum sativum on exposure to MD. The
scans are shown in Top panel. Actin 2 was the internal control. The quantified
values were given in Bottom panel (A to E); APX (A), GR (B), Cu/ZnSOD (C),

FeSOD (D), MnSOD (E). The treatments and averages were all as in Fig. 4.1.
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Figure 4.11. After being treated with or without MD, tiron (2.5 mM) or catalase
(200 U) scavenged superoxide or H20: in pea leaf discs. The treatments and

averages were all as in Fig. 4.1.
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Discussion

Plants must adapt to varying light intensity and meet at the same time
the challenges of biotic and abiotic stresses (Barczak-Brzyzek et al., 2017).
High ROS concentrations triggered under stress, can harm seriously plant
metabolism (Szymanska et al., 2017). Photo-oxidative stress was more
harmful than oxidative stress i.e., in darkness (Aswani et al., 2019). Our
findings confirmed that oxidative stress caused by MD was considerable and
rather strong under HL. To minimize the stress effects, we employed a
significantly lower dose (10 pM). The marked photorespiratory enzyme
modulation by HL was amplified further by MD treatment, is therefore not

surprising.

Treatment with MD caused marked changes in ROS

Abiotic stress responses include the process of photorespiration, which
can aid in adaptation to a variety of environmental factors (Voss et al., 2013;
Timm et al., 2019; Leverne et al., 2021). Additionally, it was suggested that
mitochondrial alternative oxidase and chloroplastic cyclic electron transport
would complement the advantages of photorespiration (Sunil et al., 2019).
Our findings highlight the signaling function of ROS in coordinating
mitochondrial, chloroplastic, and peroxisomal responses. Under such a
confluence of stimuli, plant adaptation is based on modulating ROS
(Chaudhary et al., 2017; Cerny et al., 2018).

The levels of superoxide and H2O: significantly increased upon MD
treatment (Fig. 4.3), like previous reports (Obata et al., 2011; Lehmann et al.,
2012; Aswani et al., 2019). ROS are crucial cues that help plants adapt to

various stresses. When chlorophyll molecules are too excited and the
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equilibrium between PSI and PSII reaction centres disrupted, a significant
amount of superoxide was produced (Mignolet-Spruyt et al., 2016). MD is an
active quinone that generates ROS by inducing oxidative stress, primarily in
mitochondria (Schwarzlander et al., 2009). MD caused ROS generation in the
mitochondria, which then diffuse to other compartments, according to
experiments using redox-sensitive GFP (m-roGFP2) (Lehmann et al., 2009).
The small but significant rise in ROS levels, even in darkness, suggested that
MD can produce ROS even when plants are not illuminated. This is not
unexpected, as Mor et al. (2014) found increased in ROS levels even in
darkness in fluorescent (flu)-like mutants of Arabidopsis thaliana on treatment
with Rose bengal.
Exposure to MD, a mitochondrial oxidant, altered photorespiratory
enzymes in peroxisomes and chloroplasts

Under abiotic stress conditions, photorespiration was a crucial
protective mechanism that shielded photosynthesis (Sunil et al., 2019). Under
osmotic or HL stress, it was previously shown that photorespiratory enzymes
like GO or CAT activity increased (Voss et al., 2013). Observations
demonstrating the combined actions of enzymes spread across many
subcellular compartments are, however, rare. Despite the predominant
disruption in the mitochondria, MD treatments had an impact on
photorespiratory enzymes in the peroxisomes and chloroplasts. For instance,
MD-treated leaf samples from HL showed increased levels of the peroxisomal
(GO/CAT) and chloroplastic enzymes (GK/PGLP) (Fig. 4.4). The activities of
GO and CAT were quite higher in HL or drought conditions in several plants

(Silva et al., 2015; Yuan et al., 2016; Neto et al., 2017) Similarly, after
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exposure to paraquat or heavy metals, chloroplastic GK and PGLP activities
were increased (Ananieva et al., 2002; Hristova and Popova, 2002;
D’Alessandro et al., 2013).

The metabolism of short-term ambient CO. adaptation was examined
using mutant Arabidopsis plants. The increase of photorespiration in our
studies was evident in both the transcriptional and translational levels as well
as the enzyme activity (Figs. 4.4 to 4.6). Aconitase activity decreased when
treated with MD in light (Fig. 4.7B), similar to previous reports in Arabidopsis
(Lehmann et al., 2009; Baxter et al., 2007). Pretreatment with MD resulted in
oxidative stress that degraded mitochondrial proteins inhibited the metabolism
of TCA cycle enzymes, and altered the NADPH pools (Obata et al., 2011;
Sweetlove et al., 2002). As per our observations, the use of MD might be an
interesting and effective tool to modify the cellular redox and photorespiratory
components.

Thus, the photorespiratory components in peroxisomes and
chloroplasts responded to the redox disturbance in mitochondria with MD.
These disturbances could be traced to changes in ROS levels. When
scavengers were in the incubation media, the increase in superoxide (tiron) or
H20: (catalase) and the modulation of photorespiratory enzymes by MD were
reduced (Figs. 4.11 and 4.12). The increase of both superoxide and H20: in
leaves overall was clearly the cause of the photorespiratory modulations.
Increase in non-enzymatic and enzymatic antioxidants
Antioxidants were always modulated under stress conditions. In our studies
also, ascorbate and glutathione content increased particularly in light and

treated with MD (Fig. 4.8). ASC content was upto 3-fold under salinity stress
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in Nitraria tangutorum (Gao et al., 2022). The increase in the ascorbate and
glutathione content on exposure to MD was around 1.2-fold, particularly under
HL. Under MV exposure, ascorbate and glutathione content was increased in
potato plants (Hemavathi et al., 2011). Both ascorbate and glutathione
content increased in pea leaf discs upon MD treatment (Aswani et al., 2019).
The ratio of reduced to total ASC or GSH was reduced, particularly under HL
treated with MD, which shows that accumulation of ROS induced oxidative
stress lead to oxidative damage and that the reduced environment was
changing to an oxidized state. Previous reports also showed a reduction in
the ratio of reduced to total ASC or GSH in pea leaf discs (Aswani et al.,
2019).

Under oxidative and photo-oxidative stress, antioxidant enzymes and
transcripts (APX, GR, and SOD) were enhanced (Figs. 4.9 and 4.10). The
maximum increase in SOD activity could be to provide a first line of defense
against different forms of ROS within the plant cell. Isoforms of SOD's were
found in different compartments, such as MnSOD in mitochondria, FeSOD in
chloroplasts, and Cu/ZnSOD in cytosol, peroxisomes, and plastids
(Huseynova et al.,, 2014). In the case of Chlamydomonas reinhartii, the
increase in antioxidant enzyme activities (SOD, CAT, and APX) were noticed
upon MD treatment (Sirisha et al., 2014). Similarly, the increase in the
antioxidant enzyme activities were observed in Phanerochaete chrysosporium
on treatment with MD (Tongul and Tarhan, 2014). These results were
expected, as the increase in the enzymatic and non-enzymatic antioxidants

shielded the plant from damage caused by ROS.
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Conclusions from this chapter

1. Oxidative stress by MD triggered the accumulation of H>O> and superoxide
in leaf discs. Maximum increase in ROS (H2O2 and superoxide) levels
were in HL treated with MD samples.

2. A noticeable increase in photorespiratory metabolism (activity, gene
expression, and enzyme protein content) suggested that MD-mediated
mitochondrial ROS generation can activate photorespiratory components
in other subcellular compartments, namely peroxisomes and mitochondria.

3. Ascorbate and glutathione contents rose while the redox ratio dropped,
showing that MD induced oxidative stress and creation an oxidising
environment after treatment. Activity and expression of antioxidant
enzymes increased as a part of the plant antioxidant defense system.

4. Suppression of ROS and photorespiratory enzymes by scavengers of
specific ROS confirmed the role of both H>O, and superoxide in the

upregulation of photorespiration.

*hkkkhkhkhkk
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Chapter 5

MODULATION OF PHOTORESPIRATORY ENZYMES AND PHOTOSYNTHETIC
CHARACTERISTICS BY NITRIC OXIDE IN LEAVES OF PEA

(PIsuMm SATIVUM)

Introduction

Prolonged stress, such as high light or drought, harmed the
photosynthetic system, particularly PSII, leading to photoinhibition (Wada et
al., 2019; Roeber et al., 2021; Shi et al., 2022). Photosynthesis was protected
from photoinhibition by several components of plant metabolism, including
photorespiration and mitochondrial respiration (Talla et al., 2011; Sunil et al.,
2019; Lima-Melo et al., 2019). Photorespiration optimizes photosynthesis and
protects against photoinhibition, by keeping ROS levels low and promoting
PSI activity (Wada et al., 2018). The crucial nature of photorespiration as a
protective mechanism was emphasized by photorespiratory mutants (Wingler

et al., 2000; Voss et al., 2013; Saji et al., 2017; Timm, 2020).

Along with ROS, abiotic and biotic stress also induce the production of
reactive nitrogen species (RNS), mainly nitric oxide (NO) These species are
produced in all the cellular compartments. However, their production is
amplified when plants encounter different abiotic stresses. These ROS
and RNS function as signaling molecules, when present in low
concentrations, but when present in excessive concentrations, they harm
cellular components (Mandal et al., 2022; Zhou et al., 2022). The free
radical NO can affect a variety of physiological processes in plants (Verma et

al., 2020; Lopes-Oliveira et al., 2021). There are conflicting statements on
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whether NO can protect plant cells from stress or harm them (Sami et al.,

2018; Bhardwaj et al., 2021; Wani et al., 2021).

It is known that ROS has the capacity to act as a mobile signal and
modulate subcellular compartments (Mignolet-Spruyt et al., 2016; Cerny et al.,
2018), but the of role of NO, is not clear. Under varied stress situations, the
fate of plant cells is determined by crosstalk between ROS and NO
(Rodriguez-Serrano et al., 2009). The reports on the modulation by NO of
photosynthesis, particularly PSI or PSII, are unclear. Studies using chlorophyll
(Chl) fluorescence demonstrated that exposure to NO resulted in either an
increase or decrease in PSll-related responses (Wodala et al., 2010; Wodala
and Horvath, 2008). Few reports suggested protection due to the NO of PSII
components under abiotic stress, such as drought or salinity (Sahay et al.,
2020; Hajihashemi et al., 2021). This discrepancy in the studies might be
brought on by the use of several NO-donors (Wodala et al., 2008; Ordég et

al., 2013) or various monitoring tools for Chl fluorescence characteristics.

The effects of S-nitrosoglutathione (GSNO) and sodium nitroprusside
(SNP), are presented and discussed in this chapter. On exposure to two NO-
donors, a significant rise in NO and ROS levels (superoxide and H20,) was
seen. The presence of oxidative/nitrosative stress was confirmed by the rise
in antioxidant enzymes, nitosothiols, tyrosine nitrated proteins, and
suppression of aconitase. There was modulation in the activities, protein, and
transcripts levels of typical photorespiratory enzymes. Further, the
photosynthesis and the pigments were decreased. Similarly, PSIl and PSI

were affected by NO-donors.
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Results

Increase in NO content on exposure to NO-donors

With rising SNP and GSNO concentrations, NO accumulated in pea leaf
discs. We selected 2.5 mM SNP, 1 mM GSNO, and a 3 h exposure duration
for a subsequent experiment based on the kinetics of NO production in the
dark, ML, and HL (Fig. 5.1). The highest release of NO occurred, with 2.5 mM
SNP and 1 mM GSNO. There was not much increase in NO content on
exposure to SNP in darkness. On treatment with GSNO, a 7~fold increase in
NO content was noticed even in dark conditions. The increase in NO content
by SNP in ML and HL ranged from 1.5 to 13-fold over control (without NO-
donor). Similarly, the extent of increase in NO by GSNO ranged from 7 to 11-
fold in dark, MI, and HL conditions. The NO-contents were markedly
dampened in the presence of cPTIO, indicating that most of the detected NO

was true (Fig. 5.2).

Changes in levels of ROS

When exposed to SNP and GSNO under ML and HL conditions, there
was a noticeable rise in the ROS (both superoxide and H20O2) content.
Superoxide concentration was elevated, especially under HL, by up to 3.3-fold
by SNP and 2.3-fold by GSNO (Fig. 5.3). The H2O2 content in leaf discs of
pea was monitored by DAB staining, which led to the precipitation of brown
color in the leaf discs. When quantified, H-O> levels increased up to 2.3-fold
by SNP and 1.6-fold by GSNO over control (Fig. 5.3). cPTIO alone marginally
increases the ROS but, when used in combination with SNP and GSNO,

decreases the ROS content (both superoxide and H203) (Fig. 5.4).
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Modulation of photorespiratory enzyme components

Two peroxisomal enzymes, GO and HPR, showed enhanced activity
when subjected to SNP and HL. A significant increase in GO while a marginal
increase in HPR was noticed with SNP, particularly under HL. There were not
much changes were observed in GO, CAT, HPR and PGLP on exposure to
SNP and GSNO in the dark. Exposure to GSNO decreased the GO and HPR
activity in ML and HL conditions. The two chloroplastic enzymes, GK and
PGLP, on the other hand, increased in response to exposure to SNP and
GSNO, especially under HL conditions, while being unaffected by ML (Fig.

5.5).

In view of the significant alteration of photorespiratory enzymes, we
checked the protein levels and transcripts of corresponding genes. SNP
treatment of pea leaf discs resulted in increased amounts of GO, CAT, and
HPR proteins and transcripts, especially under high light, while GSNO
decreased GO, CAT, and HPR proteins and transcripts. The transcript levels
of PGLP and GK increased on exposure to SNP and GSNO, while the protein
levels of these enzymes were not measured due to the unavailability of

antibodies (Figs. 5.6 t0 5.9).

Aconitase was reduced by SNP in ML and HL conditions while not
affected in the dark whereas it was decreased in dark, ML, and HL GSNO-
treated samples compared to the control (Fig. 5.10A). The FBPase activity
remained unaffected on exposure to NO-donors in dark, ML, and HL (Fig.

5.10B).
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Changes in antioxidant enzyme components

The activities of CAT, APX, and SOD were all elevated in samples that
had been exposed to SNP. The catalase activity increased only in HL-treated
with SNP, while in dark and ML, it remained unaffected. The APX and SOD
activities increased in ML and HL treated with SNP, while not much changes
were observed in the dark. The catalase activity on exposure to GSNO
decreased in ML and HL while remain unaffected in the dark. Similarly, APX
and SOD activities were enhanced in dark, ML, and HL on exposure to GSNO

(Fig. 5.11).

We then checked the protein levels and gene transcripts of
corresponding genes under nitrosative stress conditions. The gel pictures
demonstrate the protein and transcript levels after treatment with NO-donors.
The protein levels of CAT and SOD increased while the transcripts levels of
CAT, APX, and SOD, patrticularly CuZn SOD, were upregulated under SNP-
treated HL. The protein levels of CAT decreased while SOD, particularly
MnSOD, increased on exposure to GSNO. Similarly, the transcripts levels of
CAT were downregulated while that of APX and SOD (particularly, MNnSOD)

upregulated marginally under GSNO (Figs. 5.12 to 5.14).
Increase in nitrosothiols and tyrosine nitrated proteins

Nitrosothiols content was estimated using the Saville-Griess assay.
Nitrosothiol (SNO) contents increased in ML and HL on exposure to SNP,
while not much changes were noticed in the dark. The SNO content was

increased 2 to 5-fold when treated with SNP under ML and HL. Similarly, the
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extent of increase in SNO by GSNO in dark, ML and HL ranged from 2 to 6-

fold (Fig. 5.15).

The Coomassie blue stained protein pattern and the corresponding
tyrosine nitration proteins were examined using an antibody against
nitrotyrosine on exposure to NO-donors (SNP and GSNO). Tyrosine nitrated
proteins intensity increased most dramatically in the case of GSNO in the
dark, ML, and HL ranged from 1.5 to 2.6-fold. The increase in the tyrosine
nitrated proteins in ML and HL was almost 1.2-fold in ML and HL SNP-treated
samples as compared to the control. In control dark and SNP-treated dark, the

expression of tyrosine nitrated proteins was less (Fig. 5.16).
NO inhibited both photosynthesis and respiration

Photosynthesis and respiration were severely inhibited in ML and HL
conditions on exposure to SNP, while the inhibition of photosynthesis and
respiration was moderate in ML and HL on treatment with GSNO (Fig. 5.17).
There was not much change was noticed in the dark on treatment with SNP or
GSNO. Further, the inhibitory effect of SNP on photosynthesis or respiration

was stronger than that by GSNO.
Decrease in chloroplast pigments

The levels of total chlorophylls and carotenoids decreased significantly
after preincubation with SNP or GSNO (Fig. 5.18). The decrease of total
chlorophyll and carotenoids was more pronounced with SNP under ML and
HL conditions while on treatment with GSNO, these decreased only under HL
treatment and were not much affected in dark and ML. The decrease in total

chlorophyll with SNP or GSNO treatment was up to 19 % over control (no
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SNP or GSNO). Similarly total carotenoids decreased up to 26 % under HL

compared to their respective control.

Effect of NO on photochemical components, as indicated by Chl

fluorescence parameters

Chl fluorescence monitored at 800, and 1000 pE m™2 s™* were used for
studying PSII and PSI components, respectively. Most of the PS-II related
parameters, namely: the maximal PSIlI quantum yield (Fv/Fm), the total
electron transport rate [ETR(I)], yield of photosystem II [Y(Il)], Non-
photochemical quenching (NPQ), quantum vyield of regulated energy
dissipation [Y(NPQ)], and the quantum yield of NPQ-regulated energy
dissipation [YNPQ)], were all decreased in dark, ML and HL compared to their
respective control on treatment with SNP and GSNO. In contrast, the
guantum yield of non-regulated energy dissipation Y(NO) increased. The SNP
or GSNO-induced decrease in PSII related activities was maximum under HL-
treatment. The decrease in SNP treated samples under HL was up to 85 %,
and with GSNO up to 33 %. Similarly, the Y(NO) values increased by 114 or

156 % with SNP or GSNO, again under HL (Fig. 5.19).

Among the PSl-related parameters that were monitored, the decrease
in Pm (=75 %) was maximum with SNP treatment in HL. The ETR()
decreased by 26 % and 11 % with SNP and GSNO, respectively, under HL
(Fig. 4b), while Y(ND) value decreased by 77 % with SNP. However, the
Y(NA) values increased with SNP by almost 5-fold. The trend in the pattern of
Y(NA) was opposite to that of Y(ND) with respect to SNP or GSNO in dark,

ML, and HL conditions (Fig. 5.20).
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Discussion starts on page no. 97.
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Figure 5.1. Accumulation of NO in leaf discs of pea with varying
concentrations of SNP (0 to 2.5 mM), and GSNO (0 to 1 mM) in the dark, ML
(300 UE m? sY) and HL, (1200 uE m2 st). Data represent averages (+ SE)

from three experiments done on different days.
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Fig. 5.2. Levels of NO in leaves of pea exposed to two NO-donors-SNP (2.5
mM) or GSNO (1 mM). The leaves were exposed to 3 h. The levels were

checked in the absence or presence of cPTIO (1 mM), a scavenger of NO.

The treatments and averages were all as in Fig. 5.1.
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Figure 5.3. Superoxide and H2O- levels, visualized by DAB and NBT staining
in leaves of Pisum sativum upon treatment with SNP and GSNO. Blue color
represented the superoxide upon treatment (A), while the brown color showed
the pattern of H.O. accumulated (B). Superoxide and H>O. quantified from
NBT and DAB-stained leaves (C and D). The treatments and averages were

all asin Fig. 5.1.
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Figure 5.4. Superoxide and H2O: quantified from NBT and DAB-stained
leaves in leaf discs treated with GSNO (1 mM) and cPTIO (1 mM)

respectively. The treatments and averages were all as in Fig. 5.1.
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and GLYK (D) were measured. The treatments and averages were all as in

Fig. 5.1.
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Figure 5.8. The transcripts of selected photorespiratory metabolism by semi-
guantitative RT-PCR in Pisum sativum in leaf discs on exposure to SNP. The
scans are shown in Top panel. Actin 2 was the internal control. The quantified
values were given in Bottom panel (A to D); GO (A), HPR (B), GLYK (C), and

PGLP (D). The treatments and averages were all as in Fig. 5.1.
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Figure 5.9. The transcripts of selected photorespiratory metabolism by semi-
guantitative RT-PCR in leaf discs of Pisum sativum on exposure to GSNO.
The scans are shown in Top panel. Actin 2 was the internal control. The
guantified values were given in Bottom panel (A to D); GO (A), HPR (B),
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and averages were all as in Fig. 5.1.
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Figure 5.12. The protein levels of SOD (Cu/ZnSOD and MnSOD) were
measured in leaf discs of Pisum sativum upon exposure to SNP and GSNO
(Top panel). Based on image J, the ratios of Cu/ZnSOD and MnSOD protein
to Rubisco large subunit were computed (Bottom panel, A to D). The

treatments and averages were all as in Fig. 5.1.
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Figure 5.13. The transcripts of selected antioxidant enzymes by semi-
guantitative RT-PCR in leaf discs of Pisum sativum on exposure to SNP. The
scans are shown in Top panel. Actin 2 was the internal control. The quantified
values were given Bottom panel (A to D); CAT (A), MnSOD (B), Cu/ZnSOD

(C), and APX (D). The treatments and averages were all as in Fig. 5.1.
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Figure 5.14. The transcripts of selected antioxidant enzymes by semi-
guantitative RT-PCR in leaf discs of Pisum sativum on exposure to GSNO.
The scans are shown in Top panel. Actin 2 was the internal control. The
guantified values were given in Bottom panel (A to D); CAT (A), MnSOD (B),
Cu/ZnSOD (C), and APX (D). The treatments and averages were all as in Fig.

5.1.
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Figure 5.15. The levels of nitrosothiol on treatment with SNP and GSNO. The

treatments and averages were all as in Fig. 5.1.
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image J, the ratios of tyrosine nitrated protein to Rubisco large subunit were

computed (C). The treatments and averages were all as in Fig. 5.1.

92



Chapter 5 MODULATION OF PHOTORESPIRATORY.....

16 1.6
mmm Control A . Control B
S 14 {==snp 1.4 { &= SNP
£ = GSNO 2 = GSNO
5 12 ] 1.2 4
s o 2
s @10 4 ~ ® 1.0 4
(] NE oo
£ 3 ° g Eos
= g o
£ EL 6 s 50'6
g~ g =
S 4 g 0.4
-g 4
o 21 0.2
0 0.0
Dark ML HL Dark ML HL

Figure 5.17. Photosynthetic Oz evolution (A) and respiratory O. uptake (B)
after exposure to SNP (2.5 mM) or GSNO. The treatments and averages were

all asin Fig. 5.1.
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Figure 5.18. Chlorophyll (A) and carotenoid (B) contents of leaf discs in

Pisum sativum on exposure to SNP or GSNO. The treatments and averages

were all as in Fig. 5.1.
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Figure 5.19. Chl fluorescence based PSIlI parameters in leaves of Pisum

sativum after exposure to SNP or GSNO. These were measured at 800 PAR

(LE m2 s). The treatments and averages were all as in Fig. 5.1.

95



Chapter 5 MODULATION OF PHOTORESPIRATORY.....

Pm ETR()
140 140
. Dark A BN Dark B

=M |=am |

5120 | o WL = HL 120 g

=l

100 100 £

S _ - g

£ 80 | 80 o

g g

% 60 - 1 160 a

2 8

w40 140 =

° B

< 20 I 120 &

0 0

Y()) Y(ND)

140 140
= Dark C = Dark D
120 /=ML | =M

= HL = HL

1120 =

160

40

120

(% of respective control)
L) B (=2 =] ;
o (=] [=] o o (=]
!
1
1
1
1
1
1
1
| |
1
1
1
N
1
1
1
1
1
1
1
1
1
i
1
1
1
1
i
1
1
1
1
1
1
1
1
1
o [-~] =l
(=] (=]
o

(% of respective contro

Y(NA)

. Dark E
—eop | =ML
Z 600 | o N 600
=
c
[=]
Q
2 400 - 400
k7]
@
o
8
..;: 200 200
= i ___________ - —

0 0

SNP GSNO NaNO2

Figure 5.20. Chl fluorescence based PSIlI parameters in leaves of Pisum
sativum after exposure to SNP or GSNO. These were measured at 1000 PAR

(LE m2 s). The treatments and averages were all as in Fig. 5.1.
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Discussion

Photo-oxidative stress caused more damage to pea leaves than
oxidative stress (Aswani et al., 2019). One of the reports showed that NO
induced oxidative/nitrosative stress (Lushchak and Lushchak, 2008).
However, there were no previous attempts to study the modulation by SNP
and GSNO of photorespiratory enzyme components. The present chapter
demonstrated that SNP and GSNO modulated the photorespiratory enzyme
components in cellular compartments, namely peroxisomes and chloroplasts

and also the photosynthetic characteristics.
ROS and NO accumulation under nitrosative stress

We found an increase in NO and ROS when pea leaf discs were
treated with SNP and GSNO (Figs. 5.2 and 5.3). Earlier workers reported that
NO content enhanced on exposure to SNP and GSNO in tobacco and rice
(Ederli et al., 2009; Antoniou et al., 2013; Esmail et al., 2018). Similarly,
enhanced ROS (H202 and superoxide) was noticed on exposure to SNP and
GSNO in tobacco, sunflower seedlings, and Chlamydomonas reinhardtii
(Ederli et al., 2009; Singh and Bhatia, 2017; Kuo et al., 2020). NO, and ROS
at low concentration act as signalling molecule, while at high concentration
could be toxic (Mandal et al., 2022; Zhou et al., 2022). The combined
presence of ROS and NO caused oxidative and nitrosative damage in plants

(Corpas et al., 2013a; Mangal et al., 2022; Mansoor et al., 2022).

We made an effort to identify the connection between the rise in NO
and ROS and the changes in photorespiratory enzymes caused by SNP and

GSNO. When the NO scavenger (cPTIO) was included in the incubation
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medium, the rise in NO and ROS was attenuated (Figs. 5.2 and 5.4). Thus,
the changes in metabolism were assured to be due to the accumulation of NO

and ROS (superoxide or H20y).

Modulation of photorespiratory enzymes by SNP and GSNO in

peroxisomes, chloroplasts particularly under high light

Photorespiration might shield photosynthesis from oxidative damage
(Sunil et al., 2019). Key photorespiratory enzymes like GO, CAT, or HPR
showed increased activity, protein levels, and transcript levels in drought, high
temperatures, or photo-oxidative stress (Yuan et al., 2016; Cui et al., 2016;
Bapatla et al., 2021). There were not many reports that showed how NO
modulates the photorespiratory enzyme components. This work, however, is
the first to demonstrate the responses of photorespiratory enzyme

components located in peroxisomes and chloroplasts.

Peroxisome and chloroplast-based photorespiratory enzymes also
reacted to SNP more strongly than GSNO. For e.g., SNP upregulated the key
enzymes, proteins, and transcript levels of GO, CAT, and HPR. However, the
modulation by NO-donors was not as pronounced as in the case of MD
(Chapter 4). Particularly, GSNO treatment even downregulated these key
enzymes, particularly under HL (Figs. 5.5 to 5.9). In comparison to GSNO,
HL-mediated oxidative stress was relatively severe in modifying
photorespiratory metabolism. The decrease in GO, CAT, and MDH activities
by GSNO could be due to the S-nitrosylation of these proteins under

physiological conditions (Ortega-Galisteo et al., 2012).
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Aconitase, an enzyme located in mitochondria, responds to both
oxidative as well as nitrosative stress (Lehmann et al., 2009; Gupta et al.,
2012). Our results showed that both SNP and GSNO suppressed the
aconitase (Fig. 5.10A). In an earlier study, exposure to NO inhibited the
aconitase activity in Arabidopsis thaliana (Gupta et al., 2012). Similarly, other
reports also showed that NO suppressed the aconitase in tobacco and yeast

(Navarre et al., 2000; Lushchak and Lushchak, 2008).

The modulation of photorespiratory enzyme components by SNP and
GSNO may be due to the differences in their molecular nature. SNP releases
NO and cyanide (CN°), particularly on exposure to light (Leavesley et al.,
2008; Sunil et al., 2020). The use of SNP needs caution. GSNO appeared to
be ideal as it could release NO. The other reason may be due to the post-
translational modifications (S-nitrosylation or tyrosine nitration) mediated by
NO, which results in the activation or inhibition or no change of the enzymes

(Tanou et al., 2009; Ortega-Galisteo et al., 2012; Corpas et al., 2019).

Enhanced antioxidant enzymes, nitrosothiols, and tyrosine nitrated

proteins showed induction of oxidative/nitrosative stress

The activities, protein levels, and transcripts of APX and SOD were
increased on exposure to SNP and GSNO (Figs. 5.11 to 5.14). The increase
in the antioxidant components denoted that the plants experience a mild
oxidative/nitrosative stress on exposure to NO that may be due to elevated
ROS and NO or may be due to ROS and NO interaction. GSNO enhanced the
SOD and CAT activities in yeast (Lushchak and Lushchak, 2008). Another
report showed that SNP increased the SOD, APX, glutathione reductase

(GR), and peroxidase (POD) activity in tomato (Manai et al., 2014). Similarly,
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SNP and GSNO increased the APX, SOD, CAT, POD, and GR in wheat

seedlings (Karpets et al., 2015; Khan et al., 2017; Silveira et al., 2017).

Nitrosothiol contents increased in ML and HL on exposure to SNP and
GSNO (Fig. 5.15). SNP and GSNO increased the nitrosothiol content in
tomato and Glycine max (Jedelska et al., 2019; Imran et al., 2021). The
maximum increase in the intensity of nitrated protein was noticed in the case
of GSNO, followed by SNP-treated ML and HL samples as compared to the
control (Fig. 5.16). Protein nitration was demonstrated to be triggered by RNS, with
peroxynitrite being one of the most reactive (Del Rio, 2015; Begara-Morales et al.,
2016). Further, it is also possible to identify the nitrated proteins through
MALDI-TOF, but due to the unavailability of the instrument, we could not

extend the further experiment related to that.

Stresses like high light, high temperature, low temperature, and salinity
or biotic increased the extent of protein nitration (Corpas et al., 2008). NO
enhanced the tyrosine nitrated proteins in pepper (Chaki et al., 2015), and
sunflower seedlings (Singh and Bhatia, 2017). One indicator of nitrosative
stress in plants would be an increase in nitrosothiols and tyrosine protein
nitration. These can be regarded as a connecting link between stress
conditions and the metabolism of ROS and RNS. Therefore, the generation of
NO can be considered a feedback mechanism of protection and regulation

(Corpas et al., 2007, 2021).

Both Photosynthesis and respiration were sensitive to NO

The suppression of photosynthesis and respiration was severe on

exposure to SNP, but was moderate in the presence of GSNO (Fig. 5.17).
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The sensitivity of photosynthesis to NO is not surprising and expected
(Batasheva et al. 2010; Sunil et al., 2020a, b). However, the effect of NO on
respiration was ambiguous. We emphasize that SNP or GSNO affected both
photosynthesis and respiration. The interference of PSIl components by NO,
followed by PSI, could be the reason for photosynthesis sensitivity. Since NO
and its byproducts caused cytochrome c oxidase to irreversibly inhibit, the
sensitivity of respiration to NO may be due to the inhibition of the cytochrome

pathway (Poderoso et al., 2019; Yamasaki et al., 2001).

NO affects even the photosynthetic pigments

Carotenoids try to protect chlorophyll pigments when photosynthetic
electron transport is affected, for e.g., under HL (Young, 1991; Maoka, 2020).
In our study, too, NO-donors decreased the levels of both chlorophylls and
carotenoids (Fig. 5.18). The loss of chloroplast pigments could be due to the
enhanced NPQ. Our observations endorse the earlier reports that exogenous
NO reduced the chlorophyll and carotenoid contents in soybean and tomato
(Jasid et al., 2009; Hayat et al., 2010). The carotenoid contents in
Chlamydomonas reinhardtii, by inhibiting the de novo carotenoid synthesis
pathway was further reduced under HL (Chang et al., 2013). We believe that
the interference by NO of PSII/PSI components leads to the loss of
chlorophyll and carotenoid pigments. The minimal loss of chlorophylls and
carotenoid pigments on exposure to GSNO reaffirms that GSNO be preferred

as NO-donor
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PSIl and PSI components were both NO-sensitive

Both PSIlI and PSI photosystems were targets of NO. Damage to
PSII/PSI from SNP or GSNO under normal light or HL was more severe than
when kept in complete darkness (Figs. 5.19 and 5.20). To ensure NO-
mediated damage to PSIl in V. faba, light was necessary (Ordog et al., 2013).
The damage to PSII depended on the intensity of light and the rate of
recovery was influenced by the chloroplast's energetic state (Allakhverdiev
and Murata, 2004; Murata et al., 2012; Tikkanen et al., 2014). However, Chl
fluorescence characteristics demonstrated that PSIl was more susceptible to
NO than PSI. Several authors observed the significant sensitivity of PSII
components to NO (Ordog et al., 2013; Misra et al., 2014; Sunil et al., 2020b).
In the presence of NO, either PSll-related parameters were downregulated
(Wodala et al., 2005, 2008; Chang et al., 2013) or PSl-related reactions were
upregulated (Wodala and Horvath 2008). In our studies, SNP inhibited PSII
components more effectively than GSNO. Exogenous NO at high
concentrations greatly hindered the transfer of PSII electrons between Qa and
Qs (Diner and Petrouleas, 1990; Wodala et al., 2008, 2010; Vladkova et al.,

2011).

Fv/Fm status of Chl a fluorescence can be used as a stress marker in
leaves. SNP decreased the Fv/Fm in potato leaves, but it had no effect on the
NPQ (Yang et al., 2004). On the other hand, another NO donor (GSNO)
downregulated both Fv/Fm and NPQ in pea leaves (Wodala et al., 2008). All
of the measured PSIl parameters showed that, following treatment with NO,
the majority of reaction centres switched from photochemistry to heat

dissipation, possibly as a result of a structural reorganisation in PSIl and its
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antenna complexes (Finazzi et al., 2004; Wodala et al., 2008; Orddg et al.,

2013).

Wodala and Horvath (2008) also noted that GSNO-induced NO had
higher PSI quantum efficiency in pea leaves. In our investigations, the
considerable shift in PSI photochemistry was reflected in the marked change
in PSI components with NO. In contrast to Y(ND) in the presence of SNP
under HL, the levels of Y(NA) were substantially greater, causing a buildup of
electrons on the PSI donor side. In order to disperse the electrons and
prevent an excessive reduction of PSI P700, excess Y(NA) may stimulate
cyclic electron transport (Takagi et al., 2016). We suggest that inhibition of
PSII components, restriction of the donor side of PSI Y(ND), and stimulation
on the acceptor side Y(NA) constitute a measurement of PSI-based cyclic
electron transport. As a result, the drastic reduction of PSII and PSI by SNP
appears to be somewhat offset by the increase of cyclic electron transport. On
the other hand, GSNO only slightly restricted PSIl and PSI. Our findings
support the notion that PSI is more robust than PSII and that PSIl has
suffered serious damage at HL (Sonoike, 2011; Tikkanen et al., 2014;

Gururani et al., 2015).

Conclusions from this chapter

1. Exposure to NO-donors elevated the levels of NO and ROS,
particularly under high light. The decrease in NO and ROS by NO
scavenger confirmed accumulation of NO.

2. Modulation of photorespiratory enzymatic contents was monitored by

activity, protein content, and transcripts on exposure to NO-donors.
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SNP upregulated the photorespiratory enzyme components, while
GSNO was not as powerful as HL in upregulating photorespiration.

3. NO-donors enhanced the levels of nitrosothiols and tyrosine nitrated
proteins, while the decrease in aconitase confirming the nitro-oxidative
stress occurred in the presence of SNP and GSNO.

4. NO-donors decreased the photosynthesis that may be due to the
interference by NO to PSII. They decreased respiration, possibly due to
the inhibition of the cytochrome pathway.

5. NO reduced the total chlorophyll and carotenoid contents which might
be due to the interference by NO of PSII/PSI.

6. Chlorophyll fluorescence patterns revealed the marked sensitivity of
PSIl, followed by PSI to NO. The damage to PSIl and PSI were

aggravated by NO in presence of HL.

*hkkkhkhkkk
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Chapter 6

RSEPONSES OF PHOTORESPIRATORY ENZYMES COMPONENTS IN
LEAVES OF ARABIDOPSIS THALIANA BY Low O2 AND

AMINOOXYACETIC AcID (AOA)

Introduction

Modulating photorespiration affected the redox status and metabolic
components of leaves. There were many approaches through which restricted
photorespiration. These include high CO», low O, photorespiratory inhibitors,
and photorespiratory mutants. There are advantages as well as limitations to
each approach. High CO.-mediated restriction of photorespiration needs a
specially built sealed growth chamber where CO: levels of 3000 pL/L or more
were required (Queval et al., 2007). Low O2 was one of the simple and easy
approaches to restrict photorespiration. Numerous techniques, such as
nitrogen purging, boiling at low pressure, or sonicating at low pressure, were
used to minimize the amount of oxygen in the solution. The quick and
effective way to minimize O2 concentration in the solution was purging with N2

gas for 20 to 30 minutes (Butler et al., 1994; Riazunnisa et al., 2006).

Photorespiratory inhibitors affected the enzymes or transporters
located in specific organelles, thus restricting photorespiration. Compounds
such as aminoacetonitrile (AAN), aminooxyacetic acid (AOA), glycine
hydroxamate (GHA), phosphinothricin, a-hydroxy-2-pyridinemethansulfonic
acid (HPMS), and isonicotinyl hydrazide (INH) and sodium fluoride (NaF), etc.
were used to restrict the photorespiration. AAN, GHA, and AOA inhibited the

glycine decarboxylase, blocking glycine decarboxylation to serine or
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ammonia, inhibiting the photorespiratory pathway, and decreased the
photosynthetic efficiency (Riazunnisa et al., 2006; Kleczkowski et al., 1987;
Han et al., 2018). Phosphinothricin irreversibly inhibited the glutamine
synthetase (GS), preventing ammonium reassimilation and, thus, restricting
the photorespiratory cycle (Wendler et al., 1990; Takano and Dayan, 2020).
HPMS blocked the glycolate to glyoxylate conversion, and INH blocked the
glycine to serine or ammonia conversion, while sodium fluoride inhibited
phosphoglycolate  phosphatase  (PGLP) activity, thus restricting

photorespiration (Martin et al., 1983; Hewitt et al., 1990; Kang et al., 2018).

The other approach to study photorespiration was to use
photorespiratory mutants deficient in key genes such as pglpl
(phosphoglycolate phosphatase), goxl/gox2 (glycolate oxidase), cat2
(catalase), hprl/hpr2 (hydroxypyruvatre reductase), glyk (glycerate kinase),
etc. Most of these photorespiratory mutants did not grow in normal air, but
hprl could survive (active photorespiration). The photorespiratory mutants
were grown in high CO2-enriched air (suppressed photorespiration). For that,
we need a plant growth chamber which was having COz-enriched system.
These plants, when transferred from high CO2to normal air, showed chlorotic
and bleaching leaves like symptoms (Somerville, 2001; Timm et al., 2012,
2013; Eisenhut et al., 2019; Wang et al., 2022).

In this chapter, we attempted to study the effects of low O, and AOA on
the redox status and photorespiratory enzyme components in leaves. We
have used AOA and low O to restrict photorespiratory metabolism. We

observed that restricting photorespiration elevated the ROS levels and
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downregulated the photorespiratory enzyme components, showing the

importance of photorespiration under abiotic stress conditions.
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Figure 6.1. Integrated photorespiratory carbon nitrogen
cycle scheme. Photorespiratory metabolism was restricted
by either low oxygen (O2) or AOA in this study (modified
from Mishra, 2014).
Results

Accumulation of ROS (H,0, and superoxide)

The pattern of ROS accumulation on exposure to low Oz and AOA
under dark, ML, and HL was monitored by NBT or DAB staining. The ROS
levels (both superoxide and H20>) increased in ML and further increased
under HL. When NBT was present, blue color formazan appeared (Fig. 6.2A).
Superoxide content increased on exposure to low O, and AOA over
respective control. When stained leaves were used to quantify the superoxide
levels, it increased in a range up to 2 to 3-fold by AOA and by low Oz in the
dark or ML or HL (Fig. 6.3A). Similarly, the H>O2 content in Arabidopsis leaves
was monitored by DAB staining, as shown by the precipitation of brown color
in the leaves (Fig. 6.2B). When stained leaves were used to quantify the H>O>
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levels, the H20> content too increased by up to 2 to 3-fold under low O or in

the presence of AOA (Fig. 6.3B).

Changes in the photorespiratory enzymes: Activities and protein levels

We checked the consequences of restricted photorespiratory
metabolism on some of the enzymes by low O> or AOA. Among the three
enzymes studied, GO and CAT is in peroxisomes, while PGLP is a
chloroplastic one. The activity of CAT and PGLP decreased with low O or
AOA treatment compared to that of the control. The activity of GO too
increased on exposure to low O, while on exposure to AOA, the activity of
GO increased in the dark but decreased particularly under ML and HL
conditions (Fig. 6.4).

Subsequently, we checked the protein levels of these two enzymes by
western blotting using specific antibodies. Ponceau staining was done to
ensure equal loading of Rubisco. In the case of light treated with
photorespiratory inhibitors, the protein levels of GO and CAT decreased in ML
and HL (Figs. 6.5 and 6.6). However, AOA appeared more effective in
decreasing protein levels. Due to the lack of an antibody, the protein levels of
PGLP could not be determined.

Transcripts of photorespiratory enzymes

When photorespiration was restricted, the activities and the protein
levels of GO, CAT, and PGLP were all modulated. We attempted to use semi-
guantitative RT-PCR to examine the transcripts of genes related to
photorespiratory metabolism. Transcripts of the following enzymes were
looked at: different isoforms of catalase (CAT1 and CAT?2), glycolate oxidase

(GOX1 and GOX2), and PGLP1. Actin 8 was used as an internal control.
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There was not much change in the transcripts of CAT1 in the dark, while it
decreased in ML and HL-treated conditions. The transcripts of CAT2 were
reduced when the leaves were treated with AOA. Similarly, the transcripts of
GOX1 and GOX2 were also decreased in the presence of AOA. The
transcripts of PGLP1 were not much affected in the dark or ML but decreased
on exposure to HL in the presence of AOA (Fig. 6.7). The transcripts of CAT1
and CAT2 were slightly decreased in dark or ML when leaves were under low
O2. But the transcripts of GOX1 and GOX2 were higher in low Oz The
transcripts levels of PGLP1 were also not much changed in dark conditions,

while downregulated in ML and HL treated with low O, (Fig. 6.8).

Discussion starts on page no. 117.
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A: NBT B: DAB

Dark ML HL Dark ML HL

Control

AOA

Figure 6.2. Superoxide and H2O- levels, visualized by DAB and NBT staining
in leaves of Arabidopsis thaliana upon treatment with photorespiratory
inhibitors. The blue color represented the superoxide levels (A), while the
brown color showed up the accumulation of H.O, (B). The leaves were
exposed to inhibitors for 3 h and left in darkness or moderate (ML, 150 uE m
s1), or high light (HL, 600 HE m? s1). The brown and blue coloration leaves

were used for quantification (see Fig. 6.3).
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Figure 6.3. Superoxide and H20. quantified from NBT and DAB-stained
leaves of Arabidopsis thaliana. The treatments and averages were all as in

Fig. 6.2.
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Figure 6.4. Photorespiratory enzyme activities, CAT (A), GO (B), and PGLP
(C), were measured in leaves of Arabidopsis thaliana. The treatments and

averages were all as in Fig. 6.2.
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Figure 6.5. The protein levels of GO and CAT were measured in leaves of
Arabidopsis thaliana upon exposure to AOA, a photorespiratory inhibitor (Top
panel). Based on image J, the ratios of GO and CAT protein to Rubisco large
subunit were computed (Bottom panel, A and B). The treatments and

averages were all as in Fig. 6.2.
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Figure 6.6. The protein levels of GO and CAT were measured in leaves of
Arabidopsis thaliana upon exposure to low Oz (Top panel). Based on image J,
the ratios of GO and CAT protein to Rubisco large subunit were computed

(Bottom panel, A and B). The treatments and averages were all as in Fig. 6.2.
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Figure 6.7. The transcripts of selected photorespiratory metabolism by semi-
guantitative RT-PCR in Arabidopsis thaliana leaves after AOA treatment. The
scans are shown in Top panel. Actin 8 was the internal control. The quantified
values were given in Bottom panel (A to E); CAT1 (A), CAT2 (B), GOX1 (C),
GOX2 (D), and PGLP (E). The treatments and averages were all as in Fig.

6.2.
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Figure 6.8. The transcripts of selected photorespiratory metabolism by semi-
guantitative RT-PCR in Arabidopsis thaliana leaves after low O; treatment.
The scans are shown in Top panel. Actin 8 was the internal control. The
guantified values were given in Bottom panel (A to E); CAT1 (A), CAT2 (B),
GOX1 (C), GOX2 (D), and PGLP (E). The treatments and averages were all

as in Fig. 6.2.
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Discussion

We tried to assess the consequences of low O, and treatment with
AOA (an inhibitor of glycine formation) on photorespiratory metabolism in
Arabidopsis. When photorespiration was restricted by either low Oz or AOA,
there was a marked elevation in ROS levels (both H>O> and superoxide) and

downregulation of photorespiratory enzyme components.

High accumulation of ROS

The ROS levels (both H>O. and superoxide) were elevated under
restricted photorespiratory conditions irrespective of dark or light incubation
(Figs. 6.2 and 6.3). Such increases in the H202 and superoxide content were
observed in rice under O.-deficient conditions (Yamaguchi et al., 2017). An
increase in H2O> and superoxide levels were also observed in tobacco on
exposure to hypoxia (Jayawardhane et al., 2020), while H>O- levels increased
in Arabidopsis thaliana under low oxygen treatment (Liu et al., 2017). In
another study, exposure to AOA increased the ROS in Dunaliella tertiolecta
(Kamalanathan et al., 2022). In hprl mutants, ROS and harmful metabolic
intermediates accumulated under high light intensity, resulting in growth

retardation and damage to PSIl (Wang et al., 2022).

From our results, we emphasize that ROS production gets enhanced
under restricted photorespiratory conditions. Low concentrations of ROS
function as a signaling molecule, but at high concentrations behaves as a
toxic molecule. The elevated ROS can be harmful to physiological processes

such as photosynthesis, respiration, and could even lead to cell death in
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plants (Mittler et al., 2002, 2017). For e.g., a high concentration of AOA could

induced cell death in Arabidopsis (Errakhi et al., 2008).

Downregulation of selected photorespiratory enzyme components

Our results revealed that restricting photorespiration downregulated the
photorespiratory enzyme components located in chloroplast and peroxisome
(Fig. 6.4). Photorespiratory metabolism was extremely sensitive to inhibitors
such as AAN, AOA, or GHA. Among these, AAN and GHA inhibited the
glycine decarboxylase, which blocks the glycine degradation to serine or
ammonia, while AOA inhibited photorespiration by preventing the conversion
of glyoxylate to glycine. As a consequence, photosynthesis was suppressed
(Kleczkowski et al., 1987; Riazunnisa et al., 2006). In our study, we used low
02 and AOA to restrict photorespiration. Purging with N2 gas resulted in low
Oz, slowing down the RuBP oxygenase activity. In contrast to that, AOA

inhibited photorespiration by preventing glyoxylate conversion to glycine.

The effects of low Oz on GO activity under restricted photorespiratory
conditions have been ambiguous. There was a decrease in the CAT, GO, and
PGLP activity in barley plants exposed to low O, (Hodges and Forney, 2000;
Yordanova et al., 2003). On exposure to phosphinothricin, an inhibitor of
photorespiration, GO, and catalase activity decreased in Zea mays
(Gonzalez-Moro et al., 1993). Similarly, AOA inhibited the glycolate
dehydrogenase activity in Euglena gracilis Z (Yokota and Kitaoka, 1987). On
the other hand, the GO activity increased under hypoxia conditions

(Nichugovskaya and Shevchenko, 1990).
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Photorespiratory = metabolites were often modulated when
photorespiration was restricted. The glycine/serine ratio increased in the
presence of GDC inhibitors or a glutamine synthetase deficiency, showing
glycine accumulation (Bauwe and Kolukisaoglu, 2003). Exposure to
phosphinothricin interrupted the photorespiratory cycle, inhibited NHs
accumulation, and resulted in a reduction in amino acids such as glutamine,
glutamate, glycine, serine, aspartate, and alanine (Wendler et al., 1992;
Lebedev et al., 2019). Treatment with phosphinothricin and AOA also caused
an accumulation of glycolate and, to a lesser extent, glyoxylate and

decreased photosynthesis (Gonzalez-Moro et al., 1993, 1997).

Relation between the status of ROS levels in the leaf with photorespiration

The operation of photorespiration appeared to be strongly related to
the redox state of leaves. Several reports showed that the photorespiratory
enzymes were upregulated in plants on exposure to abiotic stress. There was
an increase in the activities, protein, and transcripts levels of key
photorespiratory enzymes such as GO, CAT, or HPR under drought, high
temperature, or photo-oxidative stress was noticed (Yuan et al., 2016; Cui et
al., 2016; Bapatla et al., 2021), Such upregulation of photorespiratory
enzymes demonstrated the importance of photorespiration to cope up with
abiotic stress. Sunil et al. (2019) suggested photorespiration could protect
photosynthesis against oxidative damage under abiotic stress conditions such

as HL and drought.
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In the present work, restriction of photorespiration raised the ROS
levels while downregulating the photorespiratory enzymes. These results

imply that unrestricted photorespiration can help keep the ROS levels low.

Conclusions from this chapter

1. The levels of both superoxide and H20> increased on exposure to low
O2 or the presence of AOA, irrespective of darkness or ML/HL. Thus,
restriction of photorespiration elevated the levels of ROS/oxidative
stress in plant leaves.

2. This observation implies that the normal operation of photorespiration
would be minimizing the ROS levels in leaves.

3. The activities, protein content, and transcripts of photorespiratory
enzymes decreased under restricted photorespiratory conditions. We,
therefore, believe that the downregulation of photorespiratory
metabolism at low O or in the presence of AOA, was the reason for
enhanced oxidative stress in leaves.

4. We propose that photorespiration is essential under normal oxygen
and can keep optimal levels of ROS, and maintain the activities of

photorespiratory enzymes.

*khkhkhkhkik
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Chapter 7

PHOTORESPIRATORY ENZYMES COMPONENTS IN ARABIDOPSIS
MUTANTS LACKING GENES INVOLVED IN REDOX BALANCING

COMPONENTS

Introduction

Photorespiration plays a crucial role in optimizing photosynthetic CO>
fixation and to protect against photoinhibition. Work on photorespiratory
mutants suggested that photorespiration may act as a defense mechanism
against photoinhibition (Wingler et al., 2000; Voss et al., 2013; Saji et al.,
2017). Photorespiratory metabolism is distributed among different
compartments, such as peroxisome, mitochondria, and chloroplast (Bauwe et
al., 2010; Dellero et al., 2016). As a result, it might help maintain the redox
balance among these compartments (Eisenhut et al., 2019). Arabidopsis
thaliana is chosen as a model flowering plant for a variety of reasons,
including its small/well-characterized genome, short life cycle, ease of genetic
manipulation, and the decoding of its entire genome (Meinke et al., 1998;
Garcia-Hernandez et al., 2002). Numerous mutants, transgenics, and
established methods are readily available, providing enormous potential for
physiological and biochemical research using Arabidopsis (Hayashi and

Nishimura, 2006).

In Chapter 4, we showed that photorespiratory enzyme components
were upregulated in leaf discs of pea under photooxidative and oxidative
stress conditions. These conditions were imposed using menadione. It would

be interesting to know photooxidative/oxidative stress induced by MD
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regulated the photorespiratory metabolism in Arabidopsis thaliana mutants
lacking key redox components. We chose three mutants—nadp-mdh, aoxla,
and vtc that were deficient in redox-balancing components to examine the
modulation of photorespiratory metabolism. Among these three, the nadp-
mdh and aoxla mutants lacked the major redox-regulating elements located
in the mitochondria and chloroplasts. Likewise, vic mutant had the least

amount of ascorbate, one of the main antioxidants in plant tissues.

Mutants used:
e nadp-mdh: lacks NADP-dependent malate dehydrogenase
(Hebbelmann et al., 2012).
e aoxla: deficient in mitochondrial alternate oxidase (Strodtkotter et al.,
2009).

e vic: ascorbate-deficient, ca. 30 % of wild-type (Pastori et al., 2003).

We attempted to study photorespiratory metabolism utilizing
Arabidopsis leaves of both WT (Col-0) and mutants. We created ROS in
mitochondria using MD and assessed the effects under dark, ML or HL.
Except for the vtc mutants, which had sluggish growth, all the mutants had
similar phenotype as the WT (Fig. 3.2, in Chapter 3, Materials and Methods).
Results

Changes in levels of ROS

The pattern of ROS accumulation on exposure to MD under dark, ML,
and HL was monitored by NBT or DAB staining in Arabidopsis thaliana WT
and mutants (nadp-mdh, aoxla, and vtc). ROS levels (both superoxide and

H>O,) increased markedly under HL. Superoxide levels increased on
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treatment with MD, particularly under HL, as indicated by NBT-staining (Fig.
7.1). Similar to WT, superoxide accumulated in nadp-mdh and aoxla mutants.
The superoxide levels increased by 4.5 to 5.5-fold in WT and mutants (nadp-
mdh and aoxl1a) plants when exposed to MD in ML or HL. The changes were
marginal in the dark treated with MD. In contrast, to that, the superoxide levels
were increased by 5 to 7.5-fold in vic mutants when treated with MD (Fig.

7.2).

The H20: levels in WT and mutants were monitored by DAB staining,
as shown by the appearance of brown color (Fig. 7.3). The extent of H20>
accumulation in nadp-mdh and aoxla was similar to that of WT. When stained
leaves were used to quantify the H2O> levels, the H20> content too increased
by up to 1.5 to 2.3-fold in ML and HL in WT and mutants (nadp-mdh and
aoxla). Accumulation of H.O> was more in vtc mutant than that of WT, nadp-
mdh, and aoxla, even without MD treatment. H202 content increased in the
vtc mutant up to 1.8 to 3.3-fold when exposed to MD (Fig. 7.4).

Changes in activities of photorespiratory enzymes

We checked the consequences of oxidative/photooxidative stress on
the photorespiratory enzymes by HL and MD. Among the enzymes studied,
GO, CAT, and HPR are peroxisomal, while GK and PGLP are chloroplastic.
The GO activity increased in the WT and mutants, particularly under HL
treated with MD, while not much changes were noticed under dark conditions.
The rise in GO activity was maximal in WT. Surprisingly, the lowest GO
activity was noticed in the vtc mutant (Fig. 7.5). Similarly, the CAT activity was
increased on exposure to MD in HL. The extent of increase was similar in WT

and mutants (nadp-mdh and aoxla), while the maximum increase in CAT
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activity was noticed in vtc mutant (Fig. 7.6). There were not much change in
HPR activity in WT or in mutants when treated with MD (Fig. 7.7). The PGLP
activity was increased in WT and mutants on exposure to MD, particularly

under HL condition (Fig. 7.8).

Aconitase activity, a mitochondrial enzyme considered a marker of
oxidative stress, was decreased in MD-treated samples in WT and in
mutants (nadp-mdh and aoxla). The maximum inhibition of aconitase activity

was noticed in vtc mutant (Fig. 7.9).

Discussion starts on page 134.
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Figure 7.1. Superoxide levels, visualized by NBT staining in Arabidopsis
thaliana wild type (A) and mutants (nadp-mdh, B; aoxla, C; vtc, D) leaves
upon exposure to MD for 3 h in dark, moderate light (ML, 150 HE m? s) and
high light (HL, 600 LE m? s1). The blue color represents the superoxide, and

the NBT-stained leaves were used for quantification (see Fig. 7.2).
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Figure 7.2. Superoxide levels, as indicated by NBT stained leaves of
Arabidopsis thaliana wild type (A) or mutants: nadp-mdh, (B); aoxla, (C); vtc,

(D). Further details of experimental conditions were as in Fig. 7.1.
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Figure 7.3. H20:> levels, visualized by DAB staining in leaves of Arabidopsis
thaliana wild type (A) or mutants: nadp-mdh, (B); aoxla, (C); vtc, (D). The
brown color showed the pattern of H.02. accumulated, and the DAB-stained
leaves were used for quantification (see Fig. 7.4). Further details of

experimental conditions were as in Fig. 7.1.
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Figure 7.4. HO2 levels in leaves of Arabidopsis thaliana, as indicated by
DAB-staining. Wild type (A) or mutants: nadp-mdh, (B); aoxla, (C); vtc, (D).

Further details of experimental conditions were as in Fig. 7.1.
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Figure 7.5. The activity of GO in wild type (A) or the three mutants: nadp-
mdh, (B); aoxla, (C); vtc, (D). of Arabidopsis thaliana, upon exposure to MD.

Further details of experimental conditions were as in Fig. 7.1.
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Figure 7.6. The activity of CAT in wild type (A) or the three mutants: nadp-

mdh, (B); aoxla, (C); vtc, (D). of Arabidopsis thaliana, upon exposure to MD.

Further details of experimental conditions were as in Fig. 7.1.
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Figure 7.7. The activity of HPR in wild type (A) or the three mutants: nadp-

mdh, (B); aoxla, (C); vtc, (D). of Arabidopsis thaliana, upon exposure to MD.

Further details of experimental conditions were as in Fig. 7.1.
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Figure 7.8. The activity of PGLP in wild type (A) or the three mutants: nadp-
mdh, (B); aoxla, (C); vtc, (D). of Arabidopsis thaliana, upon exposure to MD.

Further details of experimental conditions were as in Fig. 7.1.

132



Chapter 7 PHOTORESPIRATORY ENZYMES COMPONENTS....

350

w
o
o

. Control mmmm Control B
300 [ Menadione WT A 300 { == Menadione nadp mdh
>t"-C >1P‘=
£ .= 250 £ = 250 4
zE zE
& § 200 s S 200
@ =
W 0
,E 2150 g £150
-l g o
%} 100 [¥] 100
<E <E
50 50
0 0
Dark ML HL Dark ML HL
350 350
== Control aox1a Cc === Control vic D
300 1 = Menadione 300 [ Menadione
>c >c
2 .S 250 T 2 £ 250
SE o S E
§ 5 200 - 2 5 200
= [T
0o A
& 2150 8 g1s0
| g | -
I oo
o 100 2] 100
<5 < £
50 50
0 0 T T
Dark ML HL Dark ML HL

Figure 7.9. The activity of aconitase in wild type (A) or the three mutants:
nadp-mdh, (B); aoxla, (C); vtc, (D). of Arabidopsis thaliana, upon exposure to

MD. Further details of experimental conditions were as in Fig. 7.1.
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Discussion

Under stressful conditions, elevated ROS levels can have detrimental
impacts on plant metabolism (Szymanska et al., 2017). There are reports
which indicated the importance of photorespiratory metabolism under abiotic
stress. However, there were no reports on the response of photorespiratory
components to oxidative stress by MD in mutants. We tried to assess the
consequences of oxidative stress induced by MD on the ROS and
photorespiratory metabolism in Arabidopsis thaliana WT and in mutants
(nadp-mdh, aoxla, and vtc). Our findings highlighted the fact that MD-
induced oxidative stress was considerable and highly prominent under HL.
The current chapter shows that redox disruptions caused by MD in
mitochondria enhanced ROS, and these effects were pronounced in

ascorbate deficient vtic mutants with compromised redox states.

High accumulation of ROS (superoxide and H,0,) in WT and mutants

Zhang et al. (2010) reported an increase in the ROS levels was noticed
in WT and aoxla mutant of Arabidopsis under HL. Similarly, a marked
increase in H>O2 levels was noticed in nadp-mdh mutant of Arabidopsis
thaliana on exposure to HL (Heyno et al., 2014). In the present work too, the
ROS levels were markedly higher in vtc mutant than that of WT and nadp-
mdh, aoxla (Figs. 7.1 to 7.4). Thus, the oxidative stress was severe in vitc

mutant.

A marked increase in the H.O, was noticed in the vtc mutant of
Arabidopsis on exposure to HL (Heyneke et al., 2013; Yao et al., 2015).
Under oxidative stress, particularly under HL, the levels of superoxide and
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H>O> were raised in pea leaf discs and Arabidopsis thaliana (Baxter et al.,
2007; Obata et al., 2011; Aswani et al., 2019; Bapatla et al., 2021). Similarly,
the levels of ROS were increased in vtc mutant than in Arabidopsis WT when
grown under long-day conditions or infiltrated with a bacterial suspension

(Kotchoni et al., 2009; Mukherjee et al., 2010).

Despite the deficiency, the aoxla and nadp-mdh mutants exhibited
similar increases in superoxide or H2O> levels as in the wild type. On the other
hand, deficiency of ascorbate made vtc mutants raise the superoxide or H20O>
much more than that in the wild type. This point suggests that the
modulation/response of ROS in plants subjected to oxidative/photooxidative
stress creates much stronger stress, if the antioxidant system is weak, as in
vtc plants. On the other hand, the aoxla and nadp-mdh plants are known to
have primed responses (Clifton et al., 2006; Vishwakarma et al., 2015; Kandoi
et al., 2018). We emphasize the significance of ROS in signaling, which helps
to coordinate actions in plant cells. Obviously, under the confluence of

stresses, plant adaptation depends on ROS modulation (Cerny et al., 2018).

Modulation of photorespiratory enzymes by MD in peroxisomes and

chloroplasts, particularly under high light

Our earlier results suggested that photorespiratory enzymes located in
different subcellular organelles of photorespiratory metabolism were
upregulated under photooxidative and oxidative stress induced by HL and MD
(Bapatla et al., 2021). GO, CAT and HPR are located in the peroxisomes,
while the PGLP and GK are the chloroplastic ones. Similarly, the increase in

photorespiratory enzymes (GO, CAT, HPR, or GLYK) was noticed in tomato
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and Jatropa curcas under drought stress (Yuan et al., 2016; Silva et al.,
2015). An increase in GO and CAT activities was observed in Ricinus
communis (Neto et al., 2016). These results suggested that photorespiration

could help in redox adjustment in different compartments of plant cells.

Among the photorespiratory enzymes, the stimulation of GO during
stress was quite subdued in vic mutants. The reason for this needs to be
studied further. It is possible that the lack of ascorbate makes the leaves
unable to respond and adapt to stress. The moderate response of
photorespiratory enzymes in aoxla and nadp-mdh plants could be due to the
robust ability of these mutants to face stress (Scheibe, 2004; Yoshida et al.,
2007; Hebbelmann et al.,, 2012; Vanlerberghe, 2013). An intriguing
comparison was made using the enzyme aconitase, which is found in
mitochondria. When exposed to MD and HL, aconitase activity reduced (Fig.
7.9). Aconitase is known to be vulnerable to oxidative stress (Lehmann et al.,
2009). Exposure to MD reduced the aconitase activity in heterotrophically
grown Arabidopsis (Baxter et al., 2007; Lehmann et al., 2012) and in pea
(Bapatla et al., 2021). Pretreatment with MD led to oxidative stress that
caused mitochondrial proteins to degrade, TCA cycle enzyme metabolism to
be inhibited, and alterations in NADPH pools (Sweetlove et al., 2002).
Conclusions from this chapter
1. Deficiency of ascorbate in vtc mutants lead to much high ROS levels than

that in WT in leaves after treatment with MD in light.
2. Despite the deficiency of chloroplastic or mitochondrial redox balance
components in the mutants, oxidative damage was not pronounced in

nadp-mdh and aoxla mutants.
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3.

In parallel to ROS levels, the photorespiratory enzyme components were
upregulated in the mutants under HL. However, the presence of MD did
not cause much additional effect.

Both WT and mutants decreased aconitase activity, a sign of oxidative
stress. The aconitase activity was mostly affected in the vtc mutant, which

may be due to low ascorbate content than that of WT and other mutants.

*hkkkhkkkk
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Chapter 8

PATTERNS OF PRIMARY METABOLITES UNDER OXIDATIVE AND PHOTO-

OXIDATIVE STRESS IN LEAVES OF ARABIDOPSIS THALIANA

Introduction

Since oxidative stress is an inherent component of abiotic stress
conditions, there is a significant overlap in the molecular and physiological
responses of plants to such challenges (Apel and Hirt, 2004; Obata et al.,
2011). Metabolic alterations often occur in response to different abiotic
stresses, and these metabolite changes can also be regarded as signs of
oxidative stress (Baxter et al., 2007; Obata et al., 2011; Batista-Silva et al.,
2019). Specific alterations in amino acids, carbohydrates, and their
derivatives occur under oxidative stress conditions. Thus, stress-induced
changes in metabolites are dynamic and challenging to understand. It is
essential to identify the distinctive metabolic indicators of oxidative stress in
plants (Obata and Fernie, 2012; Lehmann et al., 2012; Ho et al., 2013; Liu et
al., 2020).

An additional indicator of oxidative stress, besides the ROS levels,
changes in metabolites (Noctor et al., 2015). The metabolite changes can be
measured using the “metabolomics” approach (Fernie et al., 2004; Obata and
Fernie, 2012). One can assess the degree of oxidative stress in plants by
metabolite fingerprints. For instance, exposure to MD increased the levels of
isoleucine and valine in heterotrophic cells (Lehmann et al., 2009). Proline
and GABA levels increased to help sustain redox balance under stress (Liu et
al., 2020). A decrease in the TCA cycle intermediates such as succinate,

fumarate, and malate were observed in Arabidopsis on exposure to MV
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(Sipari et al., 2020). Similarly, sugars such as sucrose, galactose, and
raffinose accumulated under chilling stress to provide additional protection
(Morsy et al., 2007).

One of the typical responses to oxidative stress is the accumulation of
compatible solutes or osmolytes. Compatible solutes produced in larger
guantities helped to sustain cellular metabolism (Hare et al., 1998; Yancey,
2005). Amino acids, raffinose family oligosaccharides (RFOs), soluble
sugars, and polyamines are common osmolytes. These osmolytes stabilized
proteins and enzymes, preserved osmotic balance, and maintained the plant
cell turgor (Jorge et al., 2016).

In this chapter, we attempted to determine the levels of 34 metabolites
in Arabidopsis leaves on exposure to MD. These metabolites belonged to
different groups, such as photorespiratory metabolites, TCA cycle
metabolites, compatible solutes, etc. The scheme showing the central
pathways associated with amino acid biosynthesis and primary metabolism is
represented in Fig. 8.1.

Results
Photorespiratory metabolites

Levels of key photorespiratory metabolites (glycine, hydroxypyruvate,
3-phosphoglycerate, serine, and glycerate) were measured. A decrease in the
glycine levels, along with the accumulation of hydroxypyruvate, 3-PGA, and
serine was observed. The glycerate levels remained unchanged (Fig. 8.2).
Amino acids and osmolytes

Following oxidative treatment, especially in the light, a majority of

amino acids accumulated in Arabidopsis thaliana leaves.
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Figure 8.1. Primary metabolism and the related production of amino acids
are shown schematically. Measured metabolites were shown in blue box,
while those not determined were indicated in grey box (Basic scheme

modified from Lehmann et al., 2009).

The levels of alanine, valine, leucine, and isoleucine were reduced on
exposure to MD, particularly under HL (Fig. 8.3A-D). The hydroxyl group-
containing amino acids such as serine and threonine increased under MD
treatment (Fig. 8.3E and F). There was a decreased accumulation of aromatic
amino acids such as phenylalanine, tryptophan, and tyrosine (Fig. 8.4A-C).
Basic amino acids such as lysine, arginine, and histidine were modulated on
exposure to MD and HL. Arginine increased while lysine and histidine
decreased (Fig. 8.4D-F). Aspartic acid, glutamic acid, and pyruvate
accumulated. Marked accumulation of proline and GABA occurred under

oxidative/photooxidative stress by MD (Fig. 8.5).
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TCA cycle intermediates

Several intermediates of the TCA cycle were measured. Levels of
succinate, malate, and citrate were increased, while levels of fumarate,
isocitrate, and 2-oxoglutarate were decreased on exposure to MD in light as
compared to the respective untreated control (Fig. 8.6).
Other metabolites

The other metabolites, such as glutamine which served as an important
nitrogen source of plant growth and development, were decreased under MD
treated with light. Asparagine and methionine remained unaffected under
photooxidative and oxidative conditions. AMP levels were decreased,
particularly under MD treated with light, which now acts as a signaling
molecule and plays an important role in sensing and responding to abiotic
stresses. The other metabolites, such as cystine and cysteine, were increased
particularly under light treated with oxidant (Fig. 8.7).

Discussion starts on page no. 148.
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Figure 8.2. Photorespiratory metabolite (glycine, hydroxypyruvate, 3-

phosphoglycerate, serine and glycerate) levels in leaves of Arabidopsis

thaliana. The leaves were exposed to MD for 3 h in either darkness, moderate

(ML, 150 pE m s) or high light (HL, 600 uJE m?2 s%). The values represent

averages (x SE) from three experiments done on different days.
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Figure 8.3. The levels of aliphatic amino acids
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thaliana. The treatments and averages were all as in Fig. 8.2.

143



Chapter 8 PATTERNS OF PRIMARY ....
Phenyl alanine Tyrosine Tryptophan
= e = Control
A 3.0 | == Menadione _ c
20 ’
2 8281 2
S1s Sa0 S1s
5 Ersl | 5
Z10 =15 £ 10 .
£ [ I £10] I H £ H .
5 5
= 0.5 1
0 J [] 0.0 ol s [
Dark ML HL Dark ML HL Dark ML HL
Lysine Arginine Histidine
80 10 25
—-— Corllro! D — Cumrn} . —-— Conlmll F
[0 Menadione [0 Menadione 50 Menadione
8 20
2% 2 2
5 T Ss €15
2 40 ey >
S | b
3 3 4 B 1.0 7 .
< < . <
20
0 0 J 0.0 = = =
Dark ML HL Dark ML HL Dark ML HL

Figure 8.4. Levels of aromatic (phenyl alanine, tyrosine and tryptophan) and

basic amino acids (lysine, arginine and histidine) in leaves of Arabidopsis

thaliana. The treatments and averages were all as in Fig. 8.2.
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Figure 8.5. Metabolites levels of acidic amino acid (aspartate and glutamate)
and compatible solutes (pyruvate, proline and GABA) in leaves of Arabidopsis

thaliana. The treatments and averages were all as in Fig. 8.2.
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Figure 8.6. Abundance
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of TCA cycle metabolites (succinate, fumarate,

isocitrate, malate, citrate and 2-oxoglutarate) in leaves of Arabidopsis

thaliana. The treatments and averages were all as in Fig. 8.2.
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Figure 8.7. Levels of aliphatic amino acids (glutamine, asparagine,
methionine, cysteine) and AMP in leaves of Arabidopsis thaliana. The

treatments and averages were all as in Fig. 8.2.
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Discussion

This chapter presented the modulation of 34 primary metabolites, like
aliphatic amino acids, aromatic amino acids, photorespiratory metabolites,
TCA cycle intermediates, and osmolytes (proline and GABA) under
oxidative/photooxidative stress conditions. Oxidative stress was often
assessed and related to metabolite changes in stress responses (Noctor et
al., 2015). Their levels reflected the redox status of the cell, and whether the
plant was under stress or not. A few such metabolites were amino acids,
compatible solutes, TCA cycle intermediates, and photorespiratory
metabolites (Baxter et al., 2007). Modulation of primary metabolic
pathways, which include those of carbon and nitrogen is necessary for plant

survival (Krasensky and Jonak, 2012).

Modulation of photorespiratory metabolites under oxidative and

photooxidative stress

Photorespiration is modulated under a variety of stress conditions. The
upregulation of photorespiratory metabolism in the form of enzyme activities
on exposure to oxidative/photooxidative stress were shown in Chapters 4
and 7. Photorespiration plays an important role in adaptation of plants to
various stresses. Decrease in the glycine levels, whereas accumulation of
hydroxypyruvate, 3-PGA, and serine was noticed on exposure to MD (Fig.
8.2). A decrease in glycine and an increase in PGA and HPR upon MD
treatment reflected the activation of the photorespiratory pathway (Baxter et

al., 2007; Obata and Fernie, 2012).
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Accumulation of photorespiratory metabolites were modulated under
different stress conditions. Serine and glycine are important building blocks for
protein synthesis in mitochondria and perhaps in other regions of the cell.
Photorespiration may provide significant amounts of these amino acids
(Fernie et al., 2013). Increase in serine and glycine was observed in Oryza
sativa suspension cells and heterotrophic Arabidopsis cells (Ishikawa et al.,
2010; Chen and Hoehenwarter, 2015). In contrast to that, glycine levels were
decreased under H>O; treatment in heterotrophic Arabidopsis cells (Chen and
Hoehenwarter, 2015). Numerous primary and secondary metabolic pathways
use photorespiratory metabolites as substrates. Plant survival does not
require high rates of photorespiration. However, the primary molecular and
metabolic responses in plant cells are orchestrated by metabolite and redox
signaling cascades, which are closely related to the photorespiratory
pathways (Foyer et al., 2009).

Modulation of amino acids

In general, there was modulation in all amino acids and osmolytes on
treatment with MD. The activation or deactivation of biosynthetic processes,
as well as enhanced or reduced protein breakdown, may contribute to a rise
or reduction in the levels of amino acids during stress. Proline, GABA,
arginine, and other abundant amino acids are synthesized under varied
abiotic stress circumstances. Some of these amino acids served as
compatible solutes as well as precursors of secondary metabolites. The levels
of GABA and proline, considered compatible solutes, increased under
oxidative stress (Fig. 8.5D and E). Even at very high concentrations, these

solute molecules are non-toxic and protect by redox equilibrium (Obata and
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Fernie, 2012). An increase in proline and GABA was often noticed on
exposure to MD in Arabidopsis thaliana (Lehmann et al., 2009, 2012).
Similarly, an increase in serine and threonine was observed in Arabidopsis
cells under H>O, and MD treatment (Lehmann et al., 2009; Chen and
Hoehenwarter, 2015).

Aspartate and glutamate, which accumulated under
oxidative/photooxidative stress (Fig. 8.5A and B), are the important substrates
for several other amino acids. Even when plants recovered from stress, these
amino acids did not return to their original levels. Aspartate and glutamate
levels increased under oxidative stress of Scrophularia striata in cell cultures
and Arabidopsis thaliana on exposure to MD and oxidative stress raised by
UV-B (Sadeghenezhad et al., 2016; Gao and Zhang, 2008). Aromatic amino
acids like phenylalanine, tyrosine, and tryptophan are also precursors for the
synthesis of several secondary compounds, such as pigments. The decrease
in aromatic amino acids under MD treatment in Arabidopsis suspension
cultures was proposed to cause downregulation of the shikimate pathway

(Baxter et al., 2007).

Modulation of TCA cycle intermediates

Many biosynthetic pathways depend on TCA cycle intermediates as
substrates. Several TCA cycle intermediates were modulated under MD
treatment. Levels of succinate, malate, and citrate were increased, while
levels of fumarate, isocitrate, and 2-oxoglutarate were decreased (Fig. 8.6),
indicating a disturbance in TCA cycle metabolism under oxidative stress. One
of the reasons could be due to the sensitivity to oxidative stress of TCA cycle

enzymes such as aconitase and pyruvate dehydrogenase (Lehmann et al.,
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2009; Sweetlove et al., 2002). The reports on changes in TCA cycle
intermediates are ambiguous. The levels of these TCA cycle intermediates
were found to increase as in Arabidopsis thaliana and Triticum aestivium on
exposure to H20., MV, or chlorinated organophosphate esters (Chen and
Hoehenwarter, 2015; Sipari et al., 2020; Liu et al., 2020). In contrast, a
decrease in fumarate, isocitrate, and 2-oxoglutarate levels were observed in
Arabidopsis thaliana and Oryza sativa suspension cells on exposure to MD
and MV (Ishikawa et al., 2010; Lehmann et al., 2012; Sipari et al., 2020).

| 68 |——{ Ribose sp |—[ Histidine N,
1

‘ FeP | _,-l Serine % Glycine ‘¢
; I

\L } 0-acetylserine |——| Cysteine ‘T

¢ 1 [eea F— oieerate |
M Alanine_|—— Per:vate |T ............... .‘L
\ s |1‘ [ oxaloacetate | 1‘ [ Giutamine | i
- [ \
‘ Methionine }- ----- | Homolserine | T &
T J' Fumarate ’l’l 2 |<—T{ I ; te | [ caBa |T
)Nr./ Tl Proline |-"‘ Argi:nine |T+| Putrescine ‘

““".

Figure 8.8. Changes in abundance of select primary metabolites upon
oxidative/photooxidative stress in leaves of Arabidopsis thaliana. Green
box/upward arrow denotes an increase, while red box/downward arrow
denotes reduction. In contrast to grey ones, which are not analysed,
yellow ones suggest no discernible change. The broken arrows denote
multiple-step conversion, while a solid arrow represents the single step
conversion of the metabolites. The basic scheme was adapted from
Lehmann et al. (2009).
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Conclusions from this chapter

1.

Several metabolites involved in primary metabolism were modulated by
MD, even in darkness, obviously to compensate the redox changes or
oxidative damage.

Metabolite analyses revealed a decrease in glycine and an increase in
hydroxypyruvate and phosphoglycerate, reflecting the activation of the
photorespiratory pathway.

Increase in succinate, malate, and citrate, whereas decrease in
fumarate, isocitrate, and 2-oxoglutarate indicated the disturbance in the
TCA cycle.

The accumulation of compatible solutes in the form of proline and
GABA confirmed the oxidative stress by MD and high light.

The levels of aliphatic and aromatic amino acid contents, particularly

tyrosine and tryptophan, decreased.
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Chapter 9

SUMMARY AND CONCLUSIONS

Under biotic and abiotic stress, the levels of ROS and RNS invariably
increased in plants. These two entities: ROS and RNS, had a strong impact
on fundamental metabolic processes like photosynthesis, respiration, and
even resulted in cell death (Mittler, 2017; Gong et al., 2020; Kaya et al.,
2020; Sychta et al., 2021). ROS are viewed as detrimental byproducts of
aerobic metabolism that cannot be avoided but needed for plant cell
signalling (Apel and Hirt, 2004). The levels of ROS need to beat optimal
levels. Oxidative stress or damage is the result of an imbalance in the
production/scavenging of ROS (Mullineaux and Baker, 2010).
Photorespiration is now considered to be one of the plant adaptations to
oxidative stress.

We examined the influence of an oxidant (MD) and two NO donors
(SNP and GSNO) on the photorespiratory enzyme components in pea.
Studies were extended to photosynthetic characteristics and related pigments.
We also examined the photorespiratory metabolism under restricted
photorespiration in Arabidopsis thaliana. To verify the findings made on pea
under oxidative and photooxidative stress, Arabidopsis mutants lacking redox
components were employed. At the end of the study, we assessed the
response of primary metabolites to oxidative stress, using Arabidopsis
thaliana. The range of experiments were first with pea (Pisum sativum) and
later with Arabidopsis thaliana. The salient points and their significance are

described below.
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Changes in ROS, antioxidant systems, and photorespiratory enzyme

components under oxidative/photooxidative stress

Our observations on the impact of MD (an oxidant) on ROS formation
and changes in antioxidant systems or photorespiratory enzyme components
were presented in Chapter 4. ROS are crucial cues that help plants adapt to
various stresses (Baxter et al., 2007; Lehmann et al., 2009). When pea leaf
samples were treated with MD, particularly under HL, there was a marked
buildup of ROS (both H20, and superoxide) (Fig. 4.3). The activities of key
photorespiratory enzymes, proteins, and transcript levels were upregulated
(Figs. 4.4 to 4.7). The oxidant used in this study, MD acted primarily on
mitochondria, but could modulate the enzymes of chloroplasts and
peroxisomes. GO, CAT and HPR are peroxisomal enzymes, whereas GLYK
and PGLP are chloroplastic. A few authors showed the increase in
photorespiratory enzymes under abiotic stress (Silva et al., 2015; Yuan et al.,
2016; Neto et al., 2017). But here, we showed the modulation by the stress
signal originating in one compartment and its effect on other cellular

compartment.

We validated the role of ROS (superoxide and H20>) in upregulating
the photorespiratory enzyme components by using Tiron (scavenges
superoxide) and catalase (scavenges the H20,). When scavengers of
superoxide (tiron) and H2O (catalase) were added in the incubation media,
the increase in ROS levels and photorespiratory enzymes by MD were
subdued (Figs. 4.11 and 4.12). Thus, ROS (both superoxide and H:03)

generated in mitochondria upregulated the photorespiratory enzyme
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components located in other compartments, namely peroxisomes and
chloroplasts. This is the first study on the responses of photorespiratory
enzymes located in different subcellular compartments by ROS signal from

mitochondria.

Modulation of photorespiratory enzymes and photosynthetic

characteristics by nitric oxide (NO)

There were many reports on the effect of ROS on photorespiratory
metabolism, but the reports on the impact of NO on photorespiratory enzyme
components were meagre We, therefore, checked the modulation by NO of
photorespiratory enzyme components and photosynthetic characteristics in
pea leaves (Chapter 5). NO is a multifaceted free radical found in plants that
can modulate various physiological processes (Verma et al.,, 2020; Lopes-
Oliveira et al., 2021; Zhou et al., 2022). The levels of NO and ROS were
elevated when leaves were treated with SNP and GSNO, particularly under
HL (Figs. 5.1 to 5.3). When cPTIO (a NO scavenger) was present, there was
a decrease in NO and ROS levels (Figs. 5.2 and 5.4). The rise in NO and
ROS on exposure to SNP and GSNO was noticed in tobacco, sunflower, and
Chlamydomonas reinhardtii (Ederli et al., 2009; Singh and Bhatia, 2017; Kuo

et al., 2020).

The photorespiratory enzymes, activities proteins, and transcript levels
located in peroxisomes and chloroplasts were upregulated only marginally
under SNP and GSNO treatment (Figs. 5.5 to 5.9). Combining the results
obtained with MD and HL (Chapter 4) and NO (Chapter 5), these results

suggest that ROS acted as a preferred signal to modulate photorespiration,
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compared to the weak modulation by NO. The suppression of photosynthesis
and respiration was severe on exposure to SNP, but was moderate in the
presence of GSNO (Fig. 5.17). The inhibition of photosynthesis by NO was
noticed often (Ganjewala et al., 2008; Batasheva et al., 2010; Sunil et al.,
2020a, b). However, the present results emphazised the sensitivity of
respiration as well in pea leaves. The sensitivity of photosynthesis was due to
the interference by NO of PSII components followed by PSI. The sensitivity of
respiration could be due to the irreversible inhibition of cytochrome ¢ oxidase

by NO (Poderoso et al., 2019; Yamasaki et al., 2001).

The minimal loss of chlorophylls and carotenoid pigments on exposure
to GSNO (Fig. 5.18), reaffirmed that GSNO be preferred as NO-donor over
SNP. Both photosystems (PSIl and PSI) appeared to be targets of NO (Figs.
5.19 and 5.20). However, PSIl was more sensitive than PSI to NO, as
indicated by Chl fluorescence parameters. As per the earlier literature, NO
either downregulated PSll-related parameters (Wodala et al., 2005, 2008;
Chang et al., 2013) or upregulated the PSI related reactions (Wodala and
Horvath 2008). In our studies, SNP exerted stronger inhibition on PSII
components than GSNO. Exogenous NO donors strongly inhibited the PSII
electron transport between Qa and Qg (Diner and Petrouleas, 1990; Wodala

et al., 2008; Vladkova et al., 2011).

Modulation of ROS levels and photorespiratory enzyme components in

leaves of Arabidopsis thaliana when photorespiration was compromised

The available options to restrict photorespiration include high CO., low

O2, and the use of photorespiratory inhibitors and mutants. For our study, we
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used AOA and low O to restrict photorespiration (Chapter 6). AOA
decreased the photosynthetic efficiency and inhibited photorespiration by
preventing glyoxylate to glycine conversion (Riazunnisa et al., 2006;
Kamalanathan et al., 2022). Low O: slowed down the activity of RuBP
oxygenase and restricted the photorespiratory cycle. When photorespiration
was restricted, ROS (both superoxide and H20,) levels were elevated,
irrespective of dark or light conditions (Figs. 6.2 and 6.3). Such increases in
the H2O. and superoxide content were observed in also rice, tobacco, and
Arabidopsis thaliana under hypoxic conditions (Liu et al., 2017; Yamaguchi et
al., 2017; Jayawardhane et al., 2020). When present, AOA increased ROS
levels in Dunaliella tertiolecta, too (Kamalanathan et al., 2022). As per our
results, ROS production got enhanced under restricted photorespiratory
conditions. The elevated ROS can affect the various physiological processes,
including photorespiration, and could even lead to cell death in plants (Mittler
et al., 2002, 2017).

Restricting photorespiration downregulated the activities, proteins, and
transcript levels of three photorespiratory enzymes (Figs. 6.4 to 6.8). The
effects of low Oz on GO activity were ambiguous. For example, there was a
decrease in the GO, CAT, and PGLP activity in barley exposed to low O
(Hodges and Forney, 2000; Yordanova et al., 2003). On exposure to
phosphinothricin and under hypoxic conditions, GO activity increased in Zea
mays and rice (Gonzalez-Moro et al., 1993; Nichugovskaya and Shevchenko,
1990). The raising of the ROS levels and downregulation of the
photorespiratory enzymes by AOA or low O imply that photorespiration, if

unrestricted, can help keep the ROS levels low.
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Changes in ROS and photorespiratory enzyme components in
Arabidopsis mutants lacking genes involved in redox related
components

The status of photorespiratory metabolism in Arabidopsis wild type and
three mutants lacking genes involved in redox-stabilizing components was
assessed (Chapter 7). The mutants were nadp-mdh (deficient in malate valve
or chloroplastic NADP-malate dehydrogenase), vic (deficient in ascorbate),
and aoxla (deficient in mitochondrial alternative oxidase). The extent of ROS
accumulation on treatment with MD in nadp-mdh, aoxla mutant was almost
similar to WT plants (Figs. 7.1 to 7.4). However, the levels of H20O. and
superoxide were much higher in vic mutants than that of WT, obviously due to
the deficiency in ascorbate and antioxidant. A marked increase in the H2O>
was noticed in vtc mutant of Arabidopsis on exposure to HL (Heyneke et al.,
2013; Yao et al., 2015). Besides HL, exposure to MD also elevated the ROS
levels in Arabidopsis and pea (Sweetlove et al., 2002; Aswani et al., 2019;
Bapatla et al., 2021). We, therefore, emphasise that ROS is crucial in
signalling, to coordinate metabolism in plant cells. Under the confluence of

stresses, plant adaptation depended on ROS modulation (Cerny et al., 2018).

The increase in activities of GO, CAT, and PGLP, with not much
change in HPR under oxidative stress in WT and mutants (nadp-mdh, aoxla,
and vtc) (Figs. 7.5 to 7.8). Thus, vtc mutant was more vulnerable to oxidative
stress, while the aoxla and nadp-mdh plants were less sensitive, as in earlier
reports (Vishwakarma et al., 2015; Kandoi et al., 2018). The moderate

response of photorespiratory enzymes in aoxla and nadp-mdh plants could

158



Chapter 9 SUMMARY AND CONCLUSIONS

be due to the robust ability of these mutants to face stress (Scheibe, 2004;

Yoshida et al., 2007; Hebbelmann et al., 2012; Vanlerberghe, 2013).

Modulation of primary metabolites in leaves of Arabidopsis thaliana

The changes in 34 chosen metabolites under oxidative/photooxidative
stress induced by HL and MD were studied (Chapter 8). Their concentrations
reflect the cell's redox state and metabolic capability (Noctor et al., 2015).
Amino acids, compatible solutes, TCA cycle intermediates, and
photorespiratory metabolites were a few of these metabolites (Yancey, 2005;
Baxter et al., 2007; Ghassemian et al.,, 2008; Obata and Fernie, 2012). A
decrease in the glycine levels along with the accumulation of
hydroxypyruvate, 3-PGA, and serine was noticed on exposure to MD (Fig.
8.2). Such decrease in glycine and an increase in PGA/hydroxypyruvate
implied the activation of the photorespiratory pathway (Baxter et al., 2007;

Obata and Fernie, 2012).

Marked modulation of amino acids occurred on treatment with MD
(Figs. 8.2 to 8.7). The amino acids profile was often altered under oxidative or
photooxidative stress (Gao and Zhang, 2008; Chen and Hoehenwarter, 2015;
Sadeghenezhad et al., 2016). Proline and GABA served as compatible
solutes as well as precursors of secondary metabolites needed under stress
conditions. Both these amino acids help in protecting the plants by reducing
ROS levels (Obata and Fernie, 2012). Increase in proline and GABA on
exposure to MD in Arabidopsis thaliana roots was observed (Lehmann et al.,
2009, 2012). The decrease in aromatic amino acids like phenylalanine,

tyrosine, and tryptophan upon oxidative stress was noticed (Fig. 8.4A-C),
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which might be due to the downregulation of the shikimate pathway (Baxter et
al., 2007). The modulated levels of several organic acids (Fig. 8.5), indicated
a disturbance in TCA cycle metabolism. Such an effect under oxidative stress
Is in accordance with previous reports (Ishikawa et al., 2010; Lehmann et al.,
2012; Sipari et al., 2020; Liu et al., 2020).

In conclusion, there were noticeable alterations in metabolites linked to
amino acids, compatible solutes, TCA cycle metabolites, and photorespiratory
metabolites under oxidative/photooxidative stress conditions. These
modifications might be designed to sustain the energy supply, limit the
damage by protective osmolytes, and safeguard the plants from oxidative

stress.

The key findings from the current study are as follows:

1. Menadione (MD), an oxidant targeting mitochondria, upregulated the
photorespiratory components in chloroplasts or peroxisomes. Obviously,
the stress signal generated in mitochondria could communicate with
chloroplasts and peroxisomes. Both H202 and superoxide were involved
as the signals in such upregulation of photorespiration.

2. External NO donors (SNP and GSNO) induced NO accumulation but
modulated the photorespiratory metabolism only marginally. The reason
could be the low ROS levels in the presence of NO.

3. The increase in nitrosothiols and tyrosine nitrated proteins confirmed
nitro-oxidative stress, which could be the reason for the inhibition of both
photosynthesis and respiration. The components of PSII and PSI were

aggravated by NO in the presence of HL. The photosynthetic pigment
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levels were also decreased by the interference of NO to PSII.

4. When photorespiration was suppressed by low O or inhibition of glycine
production (by AOA), the ROS Ilevels increased, while the
photorespiratory enzymes were downregulated. Thus, the operation of
photorespiration was essential to keep ROS levels low during abiotic
stress.

5. A deficiency in not only nadp-mdh but also ASC (vtc) or AOX (aoxla),
as in the selected mutants, elevated the ROS levels (both superoxide
and H202) and upregulated the photorespiratory enzymes located in
different subcellular compartments.

6. Despite the disturbance in redox balance elements in the nadp-mdh and
aoxla mutants, there was not much oxidative stress in these mutants.
We propose that the deficiency of NADP-MDH and AOX1a could have
primed the plants to endure oxidative/photooxidative stress. In contrast,
the vtc mutants were quite vulnerable to oxidative stress due to low
ascorbate levels.

7. Metabolite analyses revealed the modulation in TCA cycle
intermediates, decrease in glycine, and increase in
hydroxypyruvate/phosphoglycerate, reflecting the activation of
photorespiratory pathway on treatment with MD, a stress inducer. The
accumulation of proline and GABA confirmed the oxidative stress by
MD, particularly under high light. It is possible that these mutants assist
in both energy supply and protection of plants against the oxidative

stress.
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Concluding remarks and future perspectives

Our studies establish that ROS acted as a major signal over NO to
modulate the photorespiratory metabolism. Thus, ROS was a strong
modulator of photorespiratory metabolism, while NO is not that much strong
as ROS. Photorespiration played a key role in providing tolerance against
abiotic stress. In turn, restricted photorespiration makes the plants more
vulnerable to stress. Oxidative stress modulated several metabolites
possibly located in a different compartment, and this response could protect
the plants from oxidative damage induced by MD.

There are several points that need further studies. The present study
focussed mostly on photorespiratory carbon metabolism. Since
photorespiration is connected to nitrogen uptake and utilization, it would be
quite interesting to study the effects of ROS and RNS on the enzyme
components related to nitrogen metabolism. A better knowledge of the
photorespiratory pathway would result from research on the comparative
effects of PTMs induced by ROS and RNS. Agains enzymes and proteins
relevant to nitrogen metabolism and photorespiration need to be studied. It
is important to understand the molecular or biochemical cues that initiate
photorespiration, i.e., the mobility of signals like ROS (H20., and
superoxide) or RNS (especially NO) between cellular compartments, and
metabolite fluxes. Transporters mediate the dynamic exchange of
metabolites across cellular compartments and facilitate proper metabolite
flux. Therefore, an interesting but challenging aspect is the role of

metabolite transporters and their response to oxidative or nitrosative stress.

*kkhkhkikik

162



Chapter 10

Literature Cited



Chapter 10
LITERATURE CITED

Adejumo, S. A., Oniosun, B., Akpailih, O. A., Adeseko, A., & Arowo, D. O. (2021).
Anatomical changes, osmolytes accumulation and distribution in the native
plants growing on Pb-contaminated sites. Environmental Geochemistry and
Health, 43(4), 1537-1549.

Allakhverdiev, S.1., & Murata, N., 2004. Environmental stress inhibits the synthesis
de novo of proteins involved in the photodamage—repair cycle of
photosystem Il in Synechocystis sp. PCC 6803. Biochimica et Biophysica
Acta (BBA)-Bioenergetics,1657, 23-32.

Alvarez, B., & Radi, R. (2003). Peroxynitrite reactivity with amino acids and
proteins. Amino acids, 25(3), 295-311.

Ananieva, E. A., Alexieva, V. S., & Popova, L. P. (2002). Treatment with salicylic
acid decreases the effects of paraguat on photosynthesis. Journal of Plant
Physiology, 159(7), 685-693.

Anjum, N. A, Gill, S. S., Corpas, F. J., Ortega-Villasante, C., Hernandez, L. E.,
Tuteja, N., Sofo, A., Hasanuzzaman, M., & Fujita, M. (2022). Recent
insights Into the double role of hydrogen peroxide in plants. Frontiers in
Plant Science, 32, 843274.

Antoniou, C., Filippou, P., Mylona, P., Fasoula, D., loannides, I., Polidoros, A., &
Fotopoulos, V. (2013). Developmental stage-and concentration-specific
sodium nitroprusside application results in nitrate reductase regulation and
the modification of nitrate metabolism in leaves of Medicago truncatula
plants. Plant Signaling and Behavior, 8(9), e25479.

Apel, K., & Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress,
and signaling transduction. Annual Review of Plant Biology, 55, 373.

Arasimowicz, M., & Floryszak-Wieczorek, J. (2007). Nitric oxide as a bioactive
signalling molecule in plant stress responses. Plant Science, 172(5), 876-
887.

Arasimowicz-Jelonek, M., & Floryszak-Wieczorek, J. (2019). A physiological
perspective on targets of nitration in NO-based signaling networks in plants.
Journal of Experimental Botany, 70(17), 4379- 4389.

Arefian, M., Bhagya, N., & Prasad, T. K. (2021). Phosphorylation-mediated
signalling in flowering: prospects and retrospects of phosphoproteomics in
crops. Biological Reviews, 96(5), 2164-2191.

163



Chapter 10 LITERATURE CITED

Arnold, W. P., Longnecker, D. E., & Epstein, R. M. (1984). Photodegradation of
sodium nitroprusside: biologic activity and cyanide
release. Anesthesiology, 61(3), 254-260.

Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts. Polyphenol oxidase
in Beta vulgaris. Plant Physiology, 24(1), 1-15.

Arrivault, S., Guenther, M., Fry, S. C., Fuenfgeld, M. M., Veyel, D., Mettler-
Altmann, T., Stitt, M., & Lunn, J. E. (2015). Synthesis and use of stable-
isotope-labeled internal standards for quantification of phosphorylated
metabolites by LC-MS/MS. Analytical Chemistry, 87(13), 6896-6904.

Arrivault, S., Guenther, M., lvakov, A., Feil, R., Vosloh, D., Van Dongen, J. T.,
Sulpice, R., & Stitt, M. (2009). Use of reverse-phase liquid chromatography,
linked to tandem mass spectrometry, to profile the calvin cycle and other
metabolic intermediates in Arabidopsis rosettes at different carbon dioxide
concentrations. The Plant Journal, 59(5), 826-839.

Asada, K. (1999). The water-water cycle in chloroplasts: scavenging of active
oxygens and dissipation of excess photons. Annual Review of Plant
Physiology and Plant Molecular Biology, 50(1), 601-639.

Aswani, V., Rajsheel, P., Bapatla, R. B., Sunil, B., & Raghavendra, A. S. (2019).
Oxidative stress induced in chloroplasts or mitochondria promotes proline
accumulation in leaves of pea (Pisum sativum): another example of
chloroplast-mitochondria interactions. Protoplasma, 256(2), 449-457.

Baldy, P., Jacquot, J. P., Lavergne, D., & Champigny, M. L. (1989). Corn
phosphoglycolate phosphatase: modulation of activity by pyridine
nucleotides and adenylate energy charge. Photosynthesis Research, 22,
147-155.

Bapatla, R. B., Saini, D., Aswani, V., Rajsheel, P., Sunil, B., Timm, S., &
Raghavendra, A. S. (2021). Modulation of photorespiratory enzymes by
oxidative and photo-oxidative stress induced by menadione in leaves of Pea
(Pisum sativum). Plants, 10(5), 987.

Barczak-Brzyzek, A. K., Kietkiewicz, M., Gawronski, P., Kot, K., Filipecki, M., &
Karpinska, B. (2017). Cross-talk between high light stress and plant defence
to the two-spotted spider mite in Arabidopsis thaliana. Experimental and
Applied Acarology, 73(2), 177-189.

Barroso, J. B., Valderrama, R., & Corpas, F. J. (2013). Immunolocalization of S-
nitrosoglutathione, S-nitrosoglutathione reductase and tyrosine nitration in
pea leaf organelles. Acta Physiologiae Plantarum, 35(8), 2635-2640.

164



Chapter 10 LITERATURE CITED

Bartesaghi, S., & Radi, R. (2018). Fundamentals on the biochemistry of
peroxynitrite and protein tyrosine nitration. Redox Biology, 14, 618-625.

Bartsch, O., Hagemann, M., & Bauwe, H. (2008). Only plant-type (GLYK) glycerate
kinases produce d-glycerate 3-phosphate. FEBS Letters, 582, 3025-3028.

Batasheva, S. N., Abdrakhimov, F. A., Bakirova, G. G., Isaeva, E. V., & Chikov, V.
I. (2010). Effects of sodium nitroprusside, the nitric oxide donor, on
photosynthesis and ultrastructure of common flax leaf blades. Russian
Journal of Plant Physiology, 57(3), 376-381.

Batista-Silva, W., Heinemann, B., Rugen, N., Nunes-Nesi, A., Araujo, W. L., Braun,
H. P., & Hildebrandt, T. M. (2019). The role of amino acid metabolism during
abiotic stress release. Plant, Cell and Environment, 42(5), 1630-1644.

Bauwe, H., & Kolukisaoglu, U. (2003). Genetic manipulation of glycine
decarboxylation. Journal of Experimental Botany, 54(387), 1523-1535.

Bauwe, H., Hagemann, M., & Fernie, A. R. (2010). Photorespiration: players,
partners and origin. Trends in Plant Science, 15(6), 330-336.

Baxter, C. J., Redestig, H., Schauer, N., Repsilber, D., Patil, K. R., Nielsen, J.,
Selbig, J., Liu, J., Fernie, A. R., & Sweetlove, L. J. (2007). The metabolic
response of heterotrophic Arabidopsis cells to oxidative stress. Plant
Physiology, 143(1), 312-325.

Beeler, S, Liu, H. C., Stadler, M., Schreier, T., Eicke, S., Lue, W. L., Truernit, E.,
Zeeman, S. C., Chen, J., & Kétting, O. (2014). Plastidial NAD-dependent
malate dehydrogenase is critical for embryo development and heterotrophic
metabolism in Arabidopsis. Plant Physiology, 164(3), 1175-1190.

Begara-Morales, J. C., Chaki, M., Valderrama, R., Sanchez-Calvo, B., Mata-Pérez,
C., Padilla, M. N., Corpa, M. J., & Barroso, J. B. (2018). Nitric oxide buffering
and conditional nitric oxide release in stress response. Journal of
Experimental Botany, 69(14), 3425-3438.

Begara-Morales, J. C., Sanchez-Calvo, B., Chaki, M., Valderrama, R., Mata-Pérez,
C., Padilla, M. N., Corpas, F. J., & Barroso, J. B. (2016). Antioxidant
systems are regulated by nitric oxide-mediated post-translational
modifications (NO-PTMSs). Frontiers in Plant Science, 7, 152.

Belanger, F. C., & Ogren, W. L. (1987). Phosphoglycolate phosphatase:
purification and preparation of antibodies. Photosynthesis Research, 14, 3-
13.

165



Chapter 10 LITERATURE CITED

Beyer Jr, W. F., & Fridovich, I. (1987). Assaying for superoxide dismutase activity:
some large consequences of minor changes in conditions. Analytical
Biochemistry, 161(2), 559-566.

Bhardwaj, S., Kapoor, D., Singh, S., Gautam, V., Dhanjal, D. S., Jan, S,
Rammurthy, P. C., Prasasd, R., & Singh, J. (2021). Nitric oxide: A
ubiquitous signal molecule for enhancing plant tolerance to salinity stress
and their molecular mechanisms. Journal of Plant Growth Regulation, 1-13.

Bloom, A. J. (2015). Photorespiration and nitrate assimilation: a major intersection
between plant carbon and nitrogen. Photosynthesis Research, 123(2), 117-
128.

Borges, A. A., Jiménez-Arias, D., Expésito-Rodriguez, M., Sandalio, L. M., &
Pérez, J. A. (2014). Priming crops against biotic and abiotic stresses: MSB
as a tool for studying mechanisms. Frontiers in Plant Science, 5, 642.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Analytical Biochemistry, 72(1-2), 248-254.

Broniowska, K. A., Diers, A. R.,, & Hogg, N. (2013). S-
nitrosoglutathione. Biochimica et Biophysica Acta (BBA)-General
Subjects, 1830(5), 3173-3181.

Butler, I. B., Schoonen, M. A., & Rickard, D. T. (1994). Removal of dissolved
oxygen from water: a comparison of  four common
techniques. Talanta, 41(2), 211-215.

Castro, F. A. V., Herdeiro, R. S., Panek, A. D., Eleutherio, E. C. A., & Pereira, M.
D. (2007). Menadione stress in Saccharomyces cerevisiae strains deficient
in the glutathione transferases. Biochimica et Biophysica Acta (BBA)-
General Subjects, 1770(2), 213-220.

Cerny, M., Habanova, H., Berka, M., Luklova, M., & Brzobohaty, B. (2018).
Hydrogen peroxide: its role in plant biology and crosstalk with signalling
networks. International Journal of Molecular Sciences, 19(9), 2812.

Chaguturu, R. (1985). Glycerate kinase from spinach leaves: Partial purification,
characterization and subcellular localization. Physiologia Plantarum, 63,
19-24.

Chaki, M., Alvarez de Morales, P., Ruiz, C., Begara-Morales, J. C., Barroso, J. B.,
Corpas, F. J., & Palma, J. M. (2015). Ripening of pepper (Capsicum

166



Chapter 10 LITERATURE CITED

annuum) fruit is characterized by an enhancement of protein tyrosine
nitration. Annals of Botany, 116(4), 637-647.

Chang, H. L., Hsu, Y. T., Kang, C. Y., & Lee, T. M. (2013). Nitric oxide down-
regulation of carotenoid synthesis and PSII activity in relation to very high
light-induced singlet oxygen production and oxidative stress in
Chlamydomonas reinhardtii. Plant and Cell Physiology, 54(8), 1296-1315.

Chen, Y., & Hoehenwarter, W. (2015). Changes in the phosphoproteome and
metabolome link early signaling events to rearrangement of photosynthesis
and central metabolism in salinity and oxidative stress response in
Arabidopsis. Plant Physiology, 169(4), 3021-3033.

Chen, Z., & Gallie, D. R. (2006). Dehydroascorbate reductase affects leaf growth,
development, and function. Plant Physiology, 142(2), 775-787.

Cheng, M. C., Ko, K., Chang, W. L., Kuo, W. C., Chen, G. H., & Lin, T. P. (2015).
Increased glutathione contributes to stress tolerance and global
translational changes in Arabidopsis. The Plant Journal, 83(5), 926-939.

Choudhury, F. K., Rivero, R. M., Blumwald, E., & Mittler, R. (2017). Reactive
oxygen species, abiotic stress and stress combination. The Plant
Journal, 90(5), 856-867.

Clifton, R., Millar, A. H., & Whelan, J. (2006). Alternative oxidases in Arabidopsis:
a comparative analysis of differential expression in the gene family provides
new insights into function of non-phosphorylating bypasses. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1757(7), 730-741.

Conklin, P. L., Norris, S. R., Wheeler, G. L., Williams, E. H., Smirnoff, N., & Last,
R. L. (1999). Genetic evidence for the role of GDP-mannose in plant
ascorbic acid (vitamin C) biosynthesis. Proceedings of the National
Academy of Sciences, 96(7), 4198-4203.

Corpas, F. J., & Barroso, J. B. (2013a). Nitro-oxidative stress vs oxidative or
nitrosative stress in higher plants. New Phytologist, 199(3), 633-635.

Corpas, F. J., Alché, J. D., & Barroso, J. B. (2013b). Current overview of S-
nitrosoglutathione (GSNO) in higher plants. Frontiers in Plant Science, 4,
126.

Corpas, F. J., Chaki, M., Fernandez-Ocana, A., Valderrama, R., Palma, J. M.,
Carreras, A., Begara-Morales, J. C., Airaki, M., Del Rio, L. A., & Barroso, J.
B. (2008). Metabolism of reactive nitrogen species in pea plants under
abiotic stress conditions. Plant and Cell Physiology, 49(11), 1711-1722.

167



Chapter 10 LITERATURE CITED

Corpas, F. J., Del Rio, L. A., & Palma, J. M. (2019). Impact of nitric oxide (NO) on
the ROS metabolism of peroxisomes. Plants, 8(2), 37.

Corpas, F. J., Gonzalez-Gordo, S., & Palma, J. M. (2021). Protein nitration: A
connecting bridge between nitric oxide (NO) and plant stress. Plant
Stress, 2, 100026.

Corpas, F. J., Luis, A., & Barroso, J. B. (2007). Need of biomarkers of nitrosative
stress in plants. Trends in Plant Science, 12(10), 436-438.

Cui, L. L., Lu, Y. S, Li, Y., Yang, C., & Peng, X. X. (2016). Overexpression of
glycolate oxidase confers improved photosynthesis under high light and
high temperature in rice. Frontiers in Plant Science, 7, 1165.

D’Alessandro, A., Taamalli, M., Gevi, F., Timperio, A. M., Zolla, L., & Ghnaya, T.
(2013). Cadmium stress responses in Brassica juncea: hints from
proteomics and metabolomics. Journal of Proteome Research, 12(11),
4979-4997.

Dai Vu, L., Gevaert, K., & De Smet, I. (2018). Protein language: post-translational
modifications talking to each other. Trends in Plant Science, 23(12), 1068-
1080.

Dar, M. 1., Naikoo, M. I., Rehman, F., Naushin, F., & Khan, F. A. (2016). Proline
Accumulation in Plants: Roles in Stress Tolerance and Plant Development.
Osmolytes and Plants Acclimation to Changing Environment: Emerging
Omics Technologies (pp. 155-166). Springer, New Delhi.

Das, K., & Roychoudhury, A. (2014). Reactive oxygen species (ROS) and
response of antioxidants as ROS-scavengers during environmental stress
in plants. Frontiers in Environmental Science, 2, 53.

Dastogeer, K. M., Li, H., Sivasithamparam, K., Jones, M. G., Du, X,, Ren, Y., &
Wylie, S. J. (2017). Metabolic responses of endophytic Nicotiana
benthamiana plants experiencing water stress. Environmental and
Experimental Botany, 143, 59-71.

Del Rio, L. A. (2015). ROS and RNS in plant physiology: an overview. Journal of
Experimental Botany, 66(10), 2827-2837.

Del Rio, L. A., Sandalio, L. M., Corpas, F. J., Palma, J. M., & Barroso, J. B. (2006).
Reactive oxygen species and reactive nitrogen species in peroxisomes.
Production, scavenging, and role in cell signaling. Plant Physiology, 141(2),
330-335.

168



Chapter 10 LITERATURE CITED

Delledonne, M., Zeier, J., Marocco, A., & Lamb, C. (2001). Signal interactions
between nitric oxide and reactive oxygen intermediates in the plant
hypersensitive disease resistance response. Proceedings of the National
Academy of Sciences, 98(23), 13454-134509.

Dellero, Y., Jossier, M., Schmitz, J., Maurino, V. G., & Hodges, M. (2016).
Photorespiratory glycolate—glyoxylate metabolism. Journal of Experimental
Botany, 67(10), 3041-3052.

Demmig-Adams, B. (1990). Carotenoids and photoprotection in plants: a role for
the xanthophyll zeaxanthin. Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1020(1), 1-24.

Diner, B. A., & Petrouleas, V. (1990). Formation by NO of nitrosyl adducts of redox
components of the photosystem Il reaction center. Il. Evidence that
HCO™3/CO, binds to the acceptor-side non-heme iron. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1015(1), 141-149.

Dumont, S., & Rivoal, J. (2019). Consequences of oxidative stress on plant
glycolytic and respiratory metabolism. Frontiers in Plant Science, 10, 166.

Ederli, L., Reale, L., Madeo, L., Ferranti, F., Gehring, C., Fornaciari, M., Romano,
B., & Pasqualini, S. (2009). NO release by nitric oxide donors in vitro and in
planta. Plant Physiology and Biochemistry, 47(1), 42-48.

Eisenhut, M., Brautigam, A., Timm, S., Florian, A., Tohge, T., Fernie, A. R., Bauwe,
H., & Weber, A. P. (2017). Photorespiration is crucial for dynamic response
of photosynthetic metabolism and stomatal movement to altered CO:
availability. Molecular Plant, 10(1), 47-61.

Eisenhut, M., Roell, M. S., & Weber, A. P. (2019). Mechanistic understanding of
photorespiration paves the way to a new green revolution. New
Phytologist, 223(4), 1762-1769.

Eltayeb, A. E., Kawano, N., Badawi, G. H., Kaminaka, H., Sanekata, T., Shibahara,
T., Inanaga, S., & Tanaka, K. (2007). Overexpression of
monodehydroascorbate reductase in transgenic tobacco confers enhanced
tolerance to ozone, salt and polyethylene glycol stresses. Planta, 225(5),
1255-1264.

Engqvist, M. K., Schmitz, J., Gertzmann, A., Florian, A., Jaspert, N., Arif, M.,
Balazadeh, S., Mueller-Roeber, B., Fernie, A. R., & Maurino, V. G. (2015).
GLYCOLATE OXIDASE3, a glycolate oxidase homolog of yeast L-lactate
cytochrome c oxidoreductase, supports L-lactate oxidation in roots of
Arabidopsis. Plant Physiology, 169, 1042-1061.

169



Chapter 10 LITERATURE CITED

Errakhi, R., Meimoun, P., Lehner, A., Vidal, G., Briand, J., Corbineau, F., Rona, J.
P., & Bouteau, F. (2008). Anion channel activity is necessary to induce
ethylene synthesis and programmed cell death in response to oxalic
acid. Journal of Experimental Botany, 59(11), 3121-3129.

Esmail, N. Y., Hashem, H. A., & Hassanein, A. A. (2018). Effect of treatment with
different concentrations of sodium nitroprusside on survival, germination,
growth, photosynthetic pigments and endogenous nitric oxide content of
Lupines termis L. plants. Acta Scientific Agriculture (ISSN: 2581-
365X), 2(5).

Esser, C., Kuhn, A., Groth, G., Lercher, M. J., & Maurino, V. G. (2014). Plant and
animal glycolate oxidases have a common eukaryotic ancestor and
convergently duplicated to evolve long-chain 2-hydroxy acid
oxidases. Molecular Biology and Evolution, 31, 1089-1101.

Fares, A., Rossignol, M., & Peltier, J. B. (2011). Proteomics investigation of
endogenous S-nitrosylation in Arabidopsis. Biochemical and Biophysical
Research Communications, 416(3-4), 331-336.

Fernie, A. R., Bauwe, H., Eisenhut, M., Florian, A., Hanson, D. T., Hagemann, M.,
Keech, O., Mielewczik, M., Nikoloski, Z., Peterhansel, C., Roje, S., Sage,
R., Timm, S., Von Cammerer, S., Weber, A. P. M., & Westhoff, P. (2013).
Perspectives on plant photorespiratory metabolism. Plant Biology, 15(4),
748-753.

Fernie, A. R., Trethewey, R. N., Krotzky, A. J., & Willmitzer, L. (2004). Metabolite
profiling: from diagnostics to systems biology. Nature Reviews Molecular
Cell Biology, 5(9), 763-769.

Ferrer-Sueta, G., Campolo, N., Trujillo, M., Bartesaghi, S., Carballal, S., Romero,
N., Alvarez., B., Radi, R. (2018). Biochemistry of peroxynitrite and protein
tyrosine nitration. Chemical Reviews, 118(3), 1338-1408.

Finazzi, G., Johnson, G. N., Dallosto, L., Joliot, P., Wollman, F. A., & Bassi, R.
(2004). A zeaxanthin-independent nonphotochemical quenching
mechanism localized in the photosystem Il core complex. Proceedings of
the National Academy of Sciences, 101(33), 12375-12380.

Fini, A., Brunetti, C., Di Ferdinando, M., Ferrini, F., & Tattini, M. (2011). Stress-
induced flavonoid biosynthesis and the antioxidant machinery of
plants. Plant Signaling and Behavior, 6(5), 709-711.

170



Chapter 10 LITERATURE CITED

Foyer, C. H., Bloom, A. J., Queval, G., & Noctor, G. (2009). Photorespiratory
metabolism: genes, mutants, energetics, and redox signaling. Annual
Review of Plant Biology, 60, 455-484.

Frugoli, J. A., Zhong, H. H., Nuccio, M. L., McCourt, P., McPeek, M. A., Thomas,
T. L., & McClung, C. R. (1996). Catalase is encoded by a multigene family
in Arabidopsis thaliana (L.) Heynh. Plant Physiology, 112, 327-336.

Fu, X., & Walker, B. J. (2022). Dynamic response of photorespiration in fluctuating
light environments. Journal of Experimental Botany, erac335. Advance
online publication. doi.org/10.1093/jxb/erac335.

Ganjewala, D., Boba, S., & Raghavendra, A. S. (2008). Sodium nitroprusside
affects the level of anthocyanin and flavonol glycosides in pea (Pisum
sativum L. cv. Arkel) leaves. Acta Biologica Szegediensis, 52(2), 301-305.

Gao, Q., & Zhang, L. (2008). Ultraviolet-B-induced oxidative stress and antioxidant
defense system responses in ascorbate-deficient vtcl mutants of
Arabidopsis thaliana. Journal of Plant Physiology, 165(2), 138-148.

Gao, Z., Zhang, J., Zhang, J., Zhang, W., Zheng, L., Borjigin, T., & Wang, Y.
(2022). Nitric oxide alleviates salt-induced stress damage by regulating the
ascorbate—glutathione cycle and Na+/K+ homeostasis in Nitraria
tangutorum Bobr. Plant Physiology and Biochemistry, 173, 46-58.

Garcia-Hernandez, M., Berardini, T., Chen, G., Crist, D., Doyle, A., Huala, E.,
Knee, E., Lambrecht, M., Miller, N., Mueller, L. A., Mundodi, S., Reiser, L.,
Rhee, S. Y., Scholl, R., Tacklind, J., Weems, J. C., Wu, Y., Xu, |, Yoo, D.,
Yoon, J., & Zhang, P. (2002). TAIR: a resource for integrated Arabidopsis
data. Functional and Integrative Genomics, 2(6), 239-253.

Gardestrém, P., Igamberdiev, A. U., & Raghavendra, A. S. (2002). Mitochondrial
Functions in the Light and Significance to Carbon-Nitrogen Interactions.
Photosynthetic Nitrogen Assimilation and Associated Carbon and
Respiratory Metabolism (pp. 151-172). Springer, Dordrecht.

Ghassemian, M., Lutes, J., Chang, H. S., Lange, I., Chen, W., Zhu, T., Wang, X.,
& Lange, B. M. (2008). Abscisic acid-induced modulation of metabolic and
redox control pathways in Arabidopsis thaliana. Phytochemistry, 69(17),
2899-2911.

Gillespie, K. M., & Ainsworth, E. A. (2007). Measurement of reduced, oxidized and
total ascorbate content in plants. Nature Protocols, 2(4), 871-874.

Gong, Z., Xiong, L., Shi, H., Yang, S., Herrera-Estrella, L. R., Xu, G., Chao, D. Y.,
Li, J.,Wang, P. Y., Qin, F., Li, J., Ding, Y., Shi, Y., Wang, Y., Yang, Y., Guo,
171



Chapter 10 LITERATURE CITED

Y., & Zhu, J. K. (2020). Plant abiotic stress response and nutrient use
efficiency. Science China Life Sciences, 63(5), 635-674.

Gonzélez-Moro, B., Lacuesta, M., Becerril, J. M., Gonzalez-Murua, C., & Mufoz-
Rueda, A. (1997). Glycolate accumulation causes a decrease of
photosynthesis by inhibiting RUBISCO activity in maize. Journal of Plant
Physiology, 150(4), 388-394.

Gonzalez-Moro, M. B., Lacuesta, M., Royuela, M., Mufioz-Rueda, A., & Gonzalez-
Murua, C. (1993). Comparative study of the inhibition of photosynthesis
caused by aminooxyacetic acid and phosphinothricin in Zea mays. Journal
of Plant Physiology, 142(2), 161-166.

Gough, C., & Sadanandom, A. (2021). Understanding and exploiting post-
translational modifications for plant disease
resistance. Biomolecules, 11(8), 1122.

Griffith, O. W. (1980). Determination of glutathione and glutathione disulfide using
glutathione reductase and 2-vinylpyridine. Analytical Biochemistry, 106(1),
207-212.

Gupta, K. J., Kolbert, Z., Durner, J., Lindermayr, C., Corpas, F. J., Brouquisse, R.,
Barroso, J. B., Umbreen, S., Palma, J. M., Hancock, J. T., Petrivalsky, M.,
Wendehenne, D., & Loake, G. J. (2020). Regulating the regulator: nitric
oxide control of post-translational modifications. New Phytologist, 227(5),
1319-1325.

Gupta, K. J., Shah, J. K., Brotman, Y., Jahnke, K., Willmitzer, L., Kaiser, W. M.,
Bawe, H., & Igamberdiev, A. U. (2012). Inhibition of aconitase by nitric oxide
leads to induction of the alternative oxidase and to a shift of metabolism
towards biosynthesis of amino acids. Journal of Experimental
Botany, 63(4), 1773-1784.

Gururani, M. A., Venkatesh, J., & Tran, L. S. P. (2015). Regulation of
photosynthesis during abiotic stress-induced photoinhibition. Molecular
Plant, 8(9), 1304-1320.

Hagemann, M., & Bauwe, H. (2016). Photorespiration and the potential to improve
photosynthesis. Current Opinion in Chemical Biology, 35, 109-116.

Hajihashemi, S., Skalicky, M., Brestic, M., & Pavla, V. (2021). Effect of sodium
nitroprusside on physiological and anatomical features of salt-stressed
Raphanus sativus. Plant Physiology and Biochemistry, 169, 160-170.

Halliwell, B., & Gutteridge, J. M. (2015). Free Radicals in Biology and Medicine.
Oxford University Press, USA.

172



Chapter 10 LITERATURE CITED

Han, M. A., Hong, S. J., Kim, Z. H., Cho, B. K., Lee, H., Choi, H. K., & Lee, C. G.
(2018). Enhanced production of fatty acids via redirection of carbon flux in
marine microalga Tetraselmis sp. Journal of Microbiology and
Biotechnology, 28(2), 267-274.

Hare, P.D., Cress, W. A, & Van Staden, J. (1998). Dissecting the roles of osmolyte
accumulation during stress. Plant, Cell and Environment, 21(6), 535-553.

Hasanuzzaman, M., Bhuyan, M. B., Anee, T. |, Parvin, K., Nahar, K., Mahmud, J.
A., & Fujita, M. (2019). Regulation of ascorbate-glutathione pathway in
mitigating oxidative damage in plants under abiotic
stress. Antioxidants, 8(9), 384.

Hasanuzzaman, M., Nahar, K., Anee, T. I., & Fujita, M. (2017). Glutathione in
plants: biosynthesis and physiological role in environmental stress
tolerance. Physiology and Molecular Biology of Plants, 23(2), 249-268.

Hayashi, M., & Nishimura, M. (2006). Arabidopsis thaliana—a model organism to
study plant peroxisomes. Biochimica et Biophysica Acta (BBA)-Molecular
Cell Research, 1763(12), 1382-1391.

Hayat, S., Yadav, S., Ali, B., & Ahmad, A. (2010). Interactive effect of nitric oxide
and brassinosteroids on photosynthesis and the antioxidant system of
Lycopersicon esculentum. Russian Journal of Plant Physiology, 57(2), 212-
221.

Hebbelmann, I., Selinski, J., Wehmeyer, C., Goss, T., Voss, |, Mulo, P.,
Kangasjarvi, S., Aro, E. M., Oelze, M. L., Dietz, K. J., Nesi, A. N., Do, P. T.,
Fernie, A. R., Talla, S. K., Raghavendra, A. S., Linke, V., & Scheibe, R.
(2012). Multiple strategies to prevent oxidative stress in Arabidopsis plants
lacking the malate valve enzyme NADP-malate dehydrogenase. Journal of
Experimental Botany, 63(3), 1445-1459.

Hemavathi, Upadhyaya, C. P., Akula, N., Kim, H. S., Jeon, J. H., Ho, O. M., Chun,
S. C., Kim, D. H., Park, & S. W. (2011). Biochemical analysis of enhanced
tolerance in transgenic potato plants overexpressing D-galacturonic acid
reductase gene in response to various abiotic stresses. Molecular Breeding,
28, 105-115.

Hewitt, C. N., Monson, R. K., & Fall, R. (1990). Isoprene emissions from the grass
Arundo donax L. are not linked to photorespiration. Plant Science, 66(2),
139-144.

Heyneke, E., Luschin-Ebengreuth, N., Krajcer, I., Wolkinger, V., Miller, M., &
Zechmann, B. (2013). Dynamic compartment specific changes in

173



Chapter 10 LITERATURE CITED

glutathione and ascorbate levels in Arabidopsis plants exposed to different
light intensities. BMC Plant Biology, 13(1), 1-19.

Heyno, E., Innocenti, G., Lemaire, S. D., Issakidis-Bourguet, E., & Krieger-Liszkay,
A. (2014). Putative role of the malate valve enzyme NADP-malate
dehydrogenase in H202 signalling in Arabidopsis. Philosophical
Transactions of the Royal Society B: Biological Sciences, 369(1640),
20130228.

Hildebrandt, T. M. (2018). Synthesis versus degradation: directions of amino acid
metabolism during Arabidopsis abiotic stress response. Plant Molecular
Biology, 98(1), 121-135.

Ho, E., Galougahi, K. K., Liu, C. C., Bhindi, R., & Figtree, G. A. (2013). Biological
markers of oxidative stress: applications to cardiovascular research and
practice. Redox Biology, 1(1), 483-491.

Hodges, D. M., & Forney, C. F. (2000). The effects of ethylene, depressed oxygen
and elevated carbon dioxide on antioxidant profiles of senescing spinach
leaves. Journal of Experimental Botany, 51(344), 645-655.

Hodges, M., Dellero, Y., Keech, O., Betti, M., Raghavendra, A. S., Sage, R., Zhu,
X. G., Allen, D. K., & Weber, A. P. (2016). Perspectives for a better
understanding of the metabolic integration of photorespiration within a
complex plant primary metabolism network. Journal of Experimental
Botany, 67(10), 3015-3026.

Hollander-Czytko, H., Grabowski, J., Sandorf, I., Weckermann, K., & Weiler, E. W.
(2005). Tocopherol content and activities of tyrosine aminotransferase and
cystine lyase in Arabidopsis under stress conditions. Journal of Plant
Physiology, 162(7), 767-770.

Hristova, V. A., & Popova, L. P. (2002). Treatment with methyl jasmonate alleviates
the effects of paraquat on photosynthesis in barley
plants. Photosynthetica, 40(4), 567-574.

Huang, W., Yang, Y. J., Hu, H., & Zhang, S. B. (2016). Response of the water—
water cycle to the change in photorespiration in tobacco. Journal of
Photochemistry and Photobiology B: Biology, 157, 97-104.

Huang, W., Yang, Y. J., Wang, J. H., & Hu, H. (2019). Photorespiration is the major
alternative electron sink under high light in alpine evergreen sclerophyllous
Rhododendron species. Plant Science, 289, 110275.

Huseynova, I. M., Aliyeva, D. R., & Aliyev, J. A. (2014). Subcellular localization and
responses of superoxide dismutase isoforms in local wheat varieties
174



Chapter 10 LITERATURE CITED

subjected to continuous soil drought. Plant Physiology and
Biochemistry, 81, 54-60.

Igamberdiev, A. U., Bykova, N. V., Lea, P. J., & Gardestrom, P. (2001). The role
of photorespiration in redox and energy balance of photosynthetic plant
cells: a study with a barley mutant deficient in glycine
decarboxylase. Physiologia Plantarum, 111(4), 427-438.

Imran, M., Shazad, R., Bilal, S., Imran, Q. M., Khan, M., Kang, S. M., Khan, A. L.,
Yun, B. W., & Lee, I. J. (2021). Exogenous melatonin mediates the
regulation of endogenous nitric oxide in Glycine max L. to reduce effects of
drought stress. Environmental and Experimental Botany, 188, 104511.

Ishikawa, T., Takahara, K., Hirabayashi, T., Matsumura, H., Fujisawa, S.,
Terauchi, R., Uchimiya, H., & Kawai-Yamada, M. (2010). Metabolome
analysis of response to oxidative stress in rice suspension cells
overexpressing cell death suppressor Bax inhibitor-1. Plant and Cell
Physiology, 51(1), 9-20.

Janicka, M., Reda, M., & Kabata, K. (2022). NO and H20: crosstalk in plant
adaptation to stress condition. Nitric Oxide in Plant Biology, Singh, V. P.,
Singh, S., Tripathi, D. K., Romero-Puertas, M. C., & Sandalio, L. M.,
Academic Press, pp 689-706.

Jasid, S., Galatro, A., Villordo, J. J., Puntarulo, S., & Simontacchi, M. (2009). Role
of nitric oxide in soybean cotyledon senescence. Plant Science, 176(5),
662-668.

Jayawardhane, J., Cochrane, D. W., Vyas, P., Bykova, N. V., Vanlerberghe, G. C.,
& lgamberdiev, A. U. (2020). Roles for plant mitochondrial alternative
oxidase under normoxia, hypoxia, and reoxygenation conditions. Frontiers
in Plant Science, 11, 566.

Jedelska, T., Smotkova Kraiczova, V., Beréikova, L., Cingalova, L., Luhova, L., &
Petfivalsky, M. (2019). Tomato root growth inhibition by salinity and
cadmium is mediated by S-nitrosative modifications of ROS metabolic
enzymes controlled by S-nitrosoglutathione reductase. Biomolecules, 9(9),
393.

Jiang, M., & Zhang, J. (2001). Effect of abscisic acid on active oxygen species,
antioxidative defence system and oxidative damage in leaves of maize
seedlings. Plant and Cell Physiology, 42(11), 1265-1273.

Jiménez-Arias, D., Pérez, J. A., Luis, J. C., Martin-Rodriguez, V., Valdés-
Gonzalez, F., & Borges, A. A. (2015). Treating seeds in menadione sodium

175



Chapter 10 LITERATURE CITED

bisulphite primes salt tolerance in Arabidopsis by inducing an earlier plant
adaptation. Environmental and Experimental Botany, 109, 23-30.

Jorge, T. F., Rodrigues, J. A., Caldana, C., Schmidt, R., van Dongen, J. T.,
Thomas-Oates, J., & Anténio, C. (2016). Mass spectrometry-based plant
metabolomics: Metabolite responses to abiotic stress. Mass Spectrometry
Reviews, 35(5), 620-649.

Kamalanathan, M., Mapes, S., Prouse, A., Faulkner, P., Klobusnik, N. H.,
Hillhouse, J., Hala, D., & Quigg, A. (2022). Core metabolism plasticity in
phytoplankton: Response of Dunaliella tertiolecta to oil exposure. Journal
of Phycology. 10.1111/jpy.13286. Advance online publication.

Kamal-Eldin, A., & Appelqvist, L. A. (1996). The chemistry and antioxidant
properties of tocopherols and tocotrienols. Lipids, 31(7), 671-701.

Kandoi, D., Mohanty, S., & Tripathy, B. C. (2018). Overexpression of plastidic
maize NADP-malate dehydrogenase (ZmNADP-MDH) in Arabidopsis
thaliana confers tolerance to salt stress. Protoplasma, 255(2), 547-563.

Kang, T., Wu, H. D., Lu, B. Y., Luo, X. J., Gong, C. M., & Bai, J. (2018). Low
concentrations of glycine inhibit photorespiration and enhance the net rate
of photosynthesis in Caragana korshinskii. Photosynthetica, 56(2), 512-
519.

Karpets, Y. V., Kolupaev, Y. E., Yastreb, T. O., & Oboznyi, A. I. (2015). Effects of
NO-status modification, heat hardening, and hydrogen peroxide on the
activity of antioxidant enzymes in wheat seedlings. Russian Journal of Plant
Physiology, 62(3), 292-298.

Kaya, C., Ashraf, M., Alyemeni, M. N., Corpas, F. J., & Ahmad, P. (2020). Salicylic
acid-induced nitric oxide enhances arsenic toxicity tolerance in maize plants
by upregulating the ascorbate-glutathione cycle and glyoxalase
system. Journal of Hazardous Materials, 399, 123020.

Khan, M. N., Mobin, M., Abbas, Z. K., & Siddiqui, M. H. (2017). Nitric oxide-induced
synthesis of hydrogen sulfide alleviates osmotic stress in wheat seedlings
through sustaining antioxidant enzymes, osmolyte accumulation and
cysteine homeostasis. Nitric Oxide, 68, 91-102.

Kleczkowski, L. A., Randall, D. D. (1985). Light and thiol activation of maize leaf
glycerate kinase: the stimulating effect of reduced thioredoxins and
ATP. Plant Physiology, 79, 274-277.

176



Chapter 10 LITERATURE CITED

Kleczkowski, L. A., Randall, D. D., & Blevins, D. G. (1987). Inhibition of spinach
leaf NADPH (NADH)-glyoxylate reductase by acetohydroxamate,
aminooxyacetate, and glycidate. Plant Physiology, 84(3), 619-623.

Klughammer, C., & Schreiber, U. (1994. Saturation pulse method for assessment
of energy conversion in PSI. Planta,1992, 261-268.

Kong, X., Zhang, D., Pan, J., Zhou, Y., & Li, D. (2013). Hydrogen peroxide is
involved in nitric oxide-induced cell death in maize leaves. Plant
Biology, 15(1), 53-59.

Kotchoni, S. O., Larrimore, K. E., Mukherjee, M., Kempinski, C. F., & Barth, C.
(2009). Alterations in the endogenous ascorbic acid content affect flowering
time in Arabidopsis. Plant Physiology, 149(2), 803-815.

Kozaki, A., & Takeba, G. (1996). Photorespiration protects C3 plants from
photooxidation. Nature, 384(6609), 557-560.

Kramer, D. M., Johnson, G., Kiirats, O., & Edwards, G. E. (2004). New
fluorescence parameters for the determination of QA redox state and
excitation energy fluxes. Photosynthesis Research, 79(2), 209-218.

Krasensky, J., & Jonak, C. (2012). Drought, salt, and temperature stress-induced
metabolic rearrangements and regulatory networks. Journal  of
Experimental Botany, 63(4), 1593-1608.

Kulaeva, O. A., Zhernakov, A. I., Afonin, A. M., Boikov, S. S., Sulima, A. S,,
Tikhonovich, I. A., & Zhukov, V. A. (2017). Pea Marker Database (PMD)-A
new online database combining known pea (Pisum sativum L.) gene-based
markers. PLoS One, 12(10), e0186713.

Kuo, E. Y., Chang, H. L., Lin, S. T., & Lee, T. M. (2020). High light-induced nitric
oxide production induces autophagy and cell death in Chlamydomonas
reinhardtii. Frontiers in Plant Science, 11, 772.

Kwon, K. C., Verma, D., Jin, S., Singh, N. D., & Daniell, H. (2013). Release of
proteins from intact chloroplasts induced by reactive oxygen species during
biotic and abiotic stress. PLoS One, 8(6), e67106.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature, 227(5259), 680-685.

Leavesley, H. B., Li, L., Prabhakaran, K., Borowitz, J. L., & Isom, G. E. (2008).
Interaction of cyanide and nitric oxide with cytochrome c oxidase:
implications for acute cyanide toxicity. Toxicological Sciences, 101(1), 101-
111.

177



Chapter 10 LITERATURE CITED

Lebedev, V. G., Krutovsky, K. V., & Shestibratov, K. A. (2019). Effect of
phosphinothricin on transgenic downy birch (Betula pubescens Ehrh.)
containing bar or GS1 genes. Forests, 10(12), 1067.

Lee, S. H., Ahsan, N., Lee, K. W., Kim, D. H., Lee, D. G., Kwak, S. S., Kwon, S.
Y., Kim, T. H., & Lee, B. H. (2007). Simultaneous overexpression of both
CuZn superoxide dismutase and ascorbate peroxidase in transgenic tall
fescue plants confers increased tolerance to a wide range of abiotic
stresses. Journal of Plant Physiology, 164(12), 1626-1638.

Lee, S. W., & Hahn, T. R. (2003). Light-regulated differential expression of pea
chloroplast and cytosolic fructose-1, 6-bisphosphatases. Plant Cell
Reports, 21(6), 611-618.

Lehmann, M., Laxa, M., Sweetlove, L. J., Fernie, A. R., & Obata, T. (2012).
Metabolic recovery of Arabidopsis thaliana roots following cessation of
oxidative stress. Metabolomics, 8(1), 143-153.

Lehmann, M., Schwarzlander, M., Obata, T., Sirikantaramas, S., Burow, M., Olsen,
C. E., Tohge, T., Fricker, M. D., Moller, B. L., Fernie, A. R., Sweetlove, L.
J., & Laxa, M. (2009). The metabolic response of Arabidopsis roots to
oxidative stress is distinct from that of heterotrophic cells in culture and
highlights a complex relationship between the levels of transcripts,
metabolites, and flux. Molecular Plant, 2(3), 390-406.

Leverne, L., & Krieger-Liszkay, A. (2021). Moderate drought stress stabilizes the
primary quinone acceptor QA and the secondary quinone acceptor QB in
photosystem II. Physiologia Plantarum, 171(2), 260-267.

Lima-Melo, Y., Gollan, P. J., Tikkanen, M., Silveira, J. A., & Aro, E. M. (2019).
Consequences of photosystem-I damage and repair on photosynthesis and
carbon use in Arabidopsis thaliana. The Plant Journal, 97(6), 1061-1072.

Lindermayr, C., Saalbach, G., & Durner, J. (2005). Proteomic identification of S-
nitrosylated proteins in Arabidopsis. Plant Physiology, 137(3), 921-930.

Liu, B., Sun, L., Ma, L., & Hao, F. S. (2017). Both AtrbohD and AtrbohF are
essential for mediating responses to oxygen deficiency in
Arabidopsis. Plant Cell Reports, 36(6), 947-957.

Liu, J. Y., He, Z. D., Leung, D. W. M., Zeng, S. S., Cui, L. L., & Peng, X. X. (2022).
Molecular, biochemical and enzymatic characterization of photorespiratory
2-phosphoglycolate phosphatase (PGLP1) in rice. Plant Biology, 24, 510-
516.

178



Chapter 10 LITERATURE CITED

Liu, Q., Liu, M., Wu, S., Xiao, B., Wang, X., Sun, B., & Zhu, L. (2020).
Metabolomics reveals antioxidant stress responses of wheat (Triticum
aestivum L.) exposed to chlorinated organophosphate esters. Journal of
Agricultural and Food Chemistry, 68(24), 6520-6529.

Lopes-Oliveira, P. J., Oliveira, H. C., Kolbert, Z., & Freschi, L. (2021). The light and
dark sides of nitric oxide: multifaceted roles of nitric oxide in plant responses
to light. Journal of Experimental Botany, 72(3), 885-903.

Lushchak, O. V., & Lushchak, V. I. (2008). Catalase modifies yeast
Saccharomyces cerevisiae response towards S-nitrosoglutathione-induced
stress. Redox Report, 13(6), 283-291.

Manai, J., Kalai, T., Gouia, H., & Corpas, F. J. (2014). Exogenous nitric oxide (NO)
ameliorates salinity-induced oxidative stress in tomato (Solanum
lycopersicum) plants. Journal of Soil Science and Plant Nutrition, 14(2),
433-446.

Mandal, M., Sarkar, M., Khan, A., Biswas, M., Masi, A., Rakwal, R., Agrawal, G.
K., Srivastava, A., & Sarkar, A. (2022). Reactive oxygen species (ROS) and
reactive nitrogen species (RNS) in plants—maintenance of structural
individuality and functional blend. Advances in Redox Research, 5, 100039.

Mangal, V., Lal, M. K., Tiwari, R. K., Altaf, M. A., Sood, S., Kumar, D., Bharadwaj,
V., Singh, B., Singh, R. K., & Aftab, T. (2022). Molecular insights into the
role of reactive oxygen, nitrogen and sulphur species in conferring salinity
stress tolerance in plants. Journal of Plant Growth Regulation, 1-21.

Mansoor, S., Ali Wani, O., Lone, J. K., Manhas, S., Kour, N., Alam, P., Ahmad, A.,
& Ahmad, P. (2022). Reactive oxygen species in plants: From source to
sink. Antioxidants, 11(2), 225.

Maoka, T. (2020). Carotenoids as natural functional pigments. Journal of Natural
Medicines, 74(1), 1-16.

Marcal, D. M., Avila, R. T., Quiroga-Rojas, L. F., de Souza, R. P., Junior, C. C. G.,
Ponte, L. R., Barbosa, M. L., Oliveira, L. A., Martins, S. C. V., Ramalho, J.
D. C & DaMatta, F. M. (2021). Elevated [COZ2] benefits coffee growth and
photosynthetic performance regardless of light availability. Plant Physiology
and Biochemistry, 158, 524-535.

Martin, F., Winspear, M. J., MacFarlane, J. D., & Oaks, A. (1983). Effect of
methionine sulfoximine on the accumulation of ammonia in C3 and C4
leaves: the relationship between NH3z accumulation and photorespiratory
activity. Plant Physiology, 71(1), 177-181.

179



Chapter 10 LITERATURE CITED

Martins, S. C., Araujo, W. L., Tohge, T., Fernie, A. R., & DaMatta, F. M. (2014). In
high-light-acclimated coffee plants the metabolic machinery is adjusted to
avoid oxidative stress rather than to benefit from extra light enhancement in
photosynthetic yield. PLoS One, 9(4), e94862.

Meinke, D. W., Cherry, J. M., Dean, C., Rounsley, S. D., & Koornneef, M. (1998).
Arabidopsis thaliana: a model plant for genome
analysis. Science, 282(5389), 662-682.

Mhamdi, A., Noctor, G., & Baker, A. (2012). Plant catalases: peroxisomal redox
guardians. Archives of Biochemistry and Biophysics, 525, 181-194.

Mhamdi, A., Queval, G., Chaouch, S., Vanderauwera, S., Van Breusegem, F.,
Noctor, G. (2010). Catalase function in plants: a focus on Arabidopsis
mutants as stress-mimic models. Journal of Experimental Botany, 61,
4197-4220.

Mignolet-Spruyt, L., Xu, E., Idanheimo, N., Hoeberichts, F. A., Muhlenbock, P.,
Brosché, M., Breusegem, F. V., & Kangasjarvi, J. (2016). Spreading the
news: subcellular and organellar reactive oxygen species production and
signalling. Journal of Experimental Botany, 67(13), 3831-3844.

Misra, A. N., Vladkova, R., Singh, R., Misra, M., Dobrikova, A. G., & Apostolova,
E. L. (2014). Action and target sites of nitric oxide in chloroplasts. Nitric
Oxide, 39, 35-45.

Misra, J. B. (2014). Integrated operation of the photorespiratory cycle and cytosolic
metabolism in the modulation of primary nitrogen assimilation and export of
organic N-transport compounds from leaves: a hypothesis. Journal of Plant
Physiology, 171(3-4), 319-328.

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends in
Plant Science, 7(9), 405-410.

Mittler, R. (2017). ROS are good. Trends in Plant Science, 22(1), 11-19.

Mor, A., Koh, E., Weiner, L., Rosenwasser, S., Sibony-Benyamini, H., & Fluhr, R.
(2014). Singlet oxygen signatures are detected independent of light or
chloroplasts in response to multiple stresses. Plant Physiology, 165(1),
249-261.

Morelli, R., Russo-Volpe, S., Bruno, N., & Lo Scalzo, R. (2003). Fenton-dependent
damage to carbohydrates: free radical scavenging activity of some simple
sugars. Journal of Agricultural and Food Chemistry, 51(25), 7418-7425.

180



Chapter 10 LITERATURE CITED

Morsy, M. R., Jouve, L., Hausman, J. F., Hoffmann, L., & Stewart, J. M. (2007).
Alteration of oxidative and carbohydrate metabolism under abiotic stress in
two rice (Oryza sativa L.) genotypes contrasting in chilling
tolerance. Journal of Plant Physiology, 164(2), 157-167.

Mukherjee, M., Larrimore, K. E., Ahmed, N. J., Bedick, T. S., Barghouthi, N. T.,
Traw, M. B., & Barth, C. (2010). Ascorbic acid deficiency in Arabidopsis
induces constitutive priming that is dependent on hydrogen peroxide,
salicylic acid, and the NPR1 gene. Molecular Plant-Microbe
Interactions, 23(3), 340-351.

Mullineaux, P. M., & Baker, N. R. (2010). Oxidative stress: antagonistic signaling
for acclimation or cell death? Plant Physiology, 154(2), 521-525.

Murata, N., Allakhverdiev, S. I., & Nishiyama, Y. (2012). The mechanism of
photoinhibition in vivo: re-evaluation of the roles of catalase, a-tocopherol,
non-photochemical quenching, and electron transport. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1817(8), 1127-1133.

Nakano, Y., & Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific  peroxidase in spinach chloroplasts. Plant and Cell
Physiology, 22(5), 867-880.

Navarre, D. A., Wendehenne, D., Durner, J., Noad, R., & Klessig, D. F. (2000).
Nitric oxide modulates the activity of tobacco aconitase. Plant
Physiology, 122(2), 573-582.

Neill, S., Desikan, R., & Hancock, J. (2002). Hydrogen peroxide signalling. Current
Opinion in Plant Biology, 5(5), 388-395.

Neto, L., Cerqueira, J. V. A., da Cunha, J. R., Ribeiro, R. V., & Silveira, J. A. G.
(2017). Cyclic electron flow, NPQ and photorespiration are crucial for the
establishment of young plants of Ricinus communis and Jatropha curcas
exposed to drought. Plant Biology (Stuttgart, Germany), 19(4), 650-659.

Nichugovskaya, V. D., & Shevchenko, L. V. (1990). Intermediates of peroxisomal
metabolism under conditions of oxygen deficit and carbon dioxide
excess. Soviet Plant Physiology, 38(5), 673-679.

Nisar, N., Li, L., Lu, S., Khin, N. C., & Pogson, B. J. (2015). Carotenoid metabolism
in plants. Molecular Plant, 8(1), 68-82.

Nishizawa, A., Yabuta, Y., & Shigeoka, S. (2008). Galactinol and raffinose
constitute a novel function to protect plants from oxidative damage. Plant
Physiology, 147(3), 1251-1263.

181



Chapter 10 LITERATURE CITED

Noctor, G., Lelarge-Trouverie, C., & Mhamdi, A. (2015). The metabolomics of
oxidative stress. Phytochemistry, 112, 33-53.

Noctor, G., Veljovic-Jovanovic, S. O. N. J. A, Driscoll, S., Novitskaya, L., & Foyer,
C. H. (2002). Drought and oxidative load in the leaves of C3 plants: a
predominant role for photorespiration? Annals of Botany, 89(7), 841-850.

Obata, T., & Fernie, A. R. (2012). The use of metabolomics to dissect plant
responses to abiotic stresses. Cellular and Molecular Life Sciences, 69(19),
3225-3243.

Obata, T., Matthes, A., Koszior, S., Lehmann, M., Araudjo, W. L., Bock, R.,
Swwitlove, L. J., & Fernie, A. R. (2011). Alteration of mitochondrial protein
complexes in relation to metabolic regulation under short-term oxidative
stress in Arabidopsis seedlings. Phytochemistry, 72(10), 1081-1091.

Ogren, W. L. (1984). Photorespiration: pathways, regulation, and
modification. Annual Review of Plant Physiology, 35, 415-442.

Orddg, A., Wodala, B., Rézsavolgyi, T., Tari, I., & Horvath, F. (2013). Regulation
of guard cell photosynthetic electron transport by nitric oxide. Journal of
Experimental Botany, 64(5), 1357-1366.

Ortega-Galisteo, A. P., Rodriguez-Serrano, M., Pazmifio, D. M., Gupta, D. K.,
Sandalio, L. M., & Romero-Puertas, M. C. (2012). S-Nitrosylated proteins in
pea (Pisum sativum L.) leaf peroxisomes: changes under abiotic
stress. Journal of Experimental Botany, 63(5), 2089-2103.

Padmasree, K., Padmavathi, L., & Raghavendra, A. S. (2002). Essentiality of
mitochondrial oxidative metabolism for photosynthesis: optimization of
carbon assimilation and protection against photoinhibition. Critical Reviews
in Biochemistry and Molecular Biology, 37(2), 71-119.

Palma, J. M., Mateos, R. M., Lopez-Jaramillo, J., Rodriguez-Ruiz, M., Gonzéalez-
Gordo, S., Lechuga-Sancho, A. M., & Corpas, F. J. (2020). Plant catalases
as NO and H2S targets. Redox Biology, 34, 101525.

Pastori, G. M., Kiddle, G., Antoniw, J., Bernard, S., Veljovic-Jovanovic, S., Verrier,
P. J., Noctor, G., & Foyer, C. H. (2003). Leaf vitamin C contents modulate
plant defense transcripts and regulate genes that control development
through hormone signaling. The Plant Cell, 15(4), 939-951.

Patterson, B. D., Payne, L. A., Chen, Y. Z., & Graham, D. (1984). An inhibitor of
catalase induced by cold in chilling-sensitive plants. Plant
Physiology, 76(4), 1014-1018.

182



Chapter 10 LITERATURE CITED

Petrussa, E., Braidot, E., Zancani, M., Peresson, C., Bertolini, A., Patui, S., &
Vianello, A. (2013). Plant flavonoids—biosynthesis, transport and
involvement in stress responses. International Journal of Molecular
Sciences, 14(7), 14950-14973.

Pilon, M., Ravet, K., & Tapken, W. (2011). The biogenesis and physiological
function of chloroplast superoxide dismutases. Biochimica et Biophysica
Acta (BBA)-Bioenergetics, 1807(8), 989-998.

Pinto, E., Sigaud-kutner, T. C., Leitao, M. A., Okamoto, O. K., Morse, D., &
Colepicolo, P. (2003). Heavy metal-induced oxidative stress in algae
1. Journal of Phycology, 39(6), 1008-1018.

Poderoso, J. J., Helfenberger, K., Poderoso, C. (2019). The effect of nitric oxide
on mitochondrial respiration. Nitric Oxide, 88, 61-72.

Puyaubert, J., Fares, A., Rézé, N., Peltier, J. B., & Baudouin, E. (2014).
Identification of endogenously S-nitrosylated proteins in Arabidopsis
plantlets: effect of cold stress on cysteine nitrosylation level. Plant
Science, 215, 150-156.

Queval, G., Issakidis-Bourguet, E., Hoeberichts, F. A., Vandorpe, M., Gakiere, B.,
Vanacker, H., Maslow, M. M., Breusegem, F. V., & Noctor, G. (2007).
Conditional oxidative stress responses in the Arabidopsis photorespiratory
mutant cat2 demonstrate that redox state is a key modulator of daylength-
dependent gene expression, and define photoperiod as a crucial factor in
the regulation of H2O2-induced cell death. The Plant Journal, 52(4), 640-
657.

Rachmilevitch, S., Cousins, A. B., & Bloom, A. J. (2004). Nitrate assimilation in
plant shoots depends on photorespiration. Proceedings of the National
Academy of Sciences, 101(31), 11506-11510.

Raghavendra, A. S., & Padmasree, K. (2003). Beneficial interactions of
mitochondrial metabolism with photosynthetic carbon assimilation. Trends
in Plant Science, 8(11), 546-553.

Raghavendra, A. S., Reumann, S., & Heldt, H. W. (1998). Participation of
mitochondrial metabolism in photorespiration: reconstituted system of
peroxisomes  and mitochondria  from  spinach  leaves. Plant
Physiology, 116(4), 1333-1337.

Reinholdt, O., Schwab, S., Zhang, Y., Reichheld, J. P., Fernie, A. R., Hagemann,
M., Timm, S. (2019). Redox-regulation of photorespiration through
mitochondrial thioredoxin 01. Plant Physiology, 181(2), 442-457.

183



Chapter 10 LITERATURE CITED

Riazunnisa, K., Padmavathi, L., Bauwe, H., & Raghavendra, A. S. (2006).
Markedly low requirement of added CO2 for photosynthesis by mesophyll
protoplasts of pea (Pisum sativum): possible roles of photorespiratory CO2
and carbonic anhydrase. Physiologia Plantarum, 128(4), 763-772.

Richardson, K. E., & Tolbert, N. E. (1961). Phosphoglycolic acid
phosphatase. Journal of Biological Chemistry, 236, 1285-1290.

Rodriguez-Serrano, M., Romero-Puertas, M. C., Sparkes, |., Hawes, C., Luis, A.,
& Sandalio, L. M. (2009). Peroxisome dynamics in Arabidopsis plants under
oxidative stress induced by cadmium. Free Radical Biology and
Medicine, 47(11), 1632-1639.

Roeber, V. M., Bajaj, I., Rohde, M., Schmiilling, T., & Cortleven, A. (2021). Light
acts as a stressor and influences abiotic and biotic stress responses in
plants. Plant, Cell and Environment, 44(3), 645-664.

Rozen, S., & Skaletsky, H. (2000). Primer3 on the WWW for general users and for
biologist programmers. Bioinformatics Methods and Protocols, Methods in
Molecular Biology, 132, 365-386 Humana Press, Totowa, NJ.

Sadeghnezhad, E., Sharifi, M., & Zare-Maivan, H. (2016). Profiling of acidic (amino
and phenolic acids) and phenylpropanoids production in response to methyl
jasmonate-induced oxidative stress in Scrophularia striata suspension
cells. Planta, 244(1), 75-85.

Sahay, S., Torres, E. D. L. C., Robledo-Arratia, L., & Gupta, M. (2020).
Photosynthetic activity and RAPD profile of polyethylene glycol treated B.
juncea L. under nitric oxide and abscisic acid application. Journal of
Biotechnology, 313, 29-38.

Saji, S., Bathula, S., Kubo, A., Tamaoki, M., Aono, M., Sano, T., Tobe, K., Timm,
S., Bauwe, H., Nakajima, N., & Saji, H. (2017). Ozone-sensitive Arabidopsis
mutants with deficiencies in photorespiratory enzymes. Plant and Cell
Physiology, 58(5), 914-924.

Sami, F., Faizan, M., Faraz, A., Siddiqui, H., Yusuf, M., & Hayat, S. (2018). Nitric
oxide-mediated integrative alterations in plant metabolism to confer abiotic
stress tolerance, NO crosstalk with phytohormones and NO-mediated post
translational modifications in modulating diverse plant stress. Nitric
Oxide, 73, 22-38.

Scheibe, R. (2004). Malate valves to balance cellular energy supply. Physiologia
Plantarum, 120(1), 21-26.

184



Chapter 10 LITERATURE CITED

Schmitt, M. R., Edwards, G. E. (1983). Glycerate kinase from leaves of C3
plants. Archives of Biochemistry and Biophysics, 224, 332-341.

Schreiber, U. (2004). Pulse-amplitude-modulation (PAM) fluorometry and
saturation pulse method: an overview. Chlorophyll a fluorescence, 19, 279-
319.

Schreiber, U., & Klughammer, C. (2008). New accessory for the DUAL-PAM-100:
The P515/535 module and examples of its application. PAM Application
Notes, 1, 1-10.

Schwarzlander, M., Fricker, M. D., & Sweetlove, L. J. (2009). Monitoring the in vivo
redox state of plant mitochondria: effect of respiratory inhibitors, abiotic
stress and assessment of recovery from oxidative challenge. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1787(5), 468-475.

Sehar, Z., Jahan, B., Masood, A., Anjum, N. A., & Khan, N. A. (2021). Hydrogen
peroxide potentiates defense system in presence of sulfur to protect
chloroplast damage and photosynthesis of wheat under drought
stress. Physiologia Plantarum, 172(2), 922-934.

Sharma, P., & Dubey, R. S. (2004). Ascorbate peroxidase from rice seedlings:
properties of enzyme isoforms, effects of stresses and protective roles of
osmolytes. Plant Science, 167(3), 541-550.

Sharma, P., Jha, A. B., Dubey, R. S., & Pessarakli, M. (2012). Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism in plants
under stressful conditions. Journal of Botany, 2012.

Shi, Q., Sun, H., Timm, S., Zhang, S., & Huang, W. (2022). Photorespiration
alleviates photoinhibition of photosystem | under fluctuating light in
tomato. Plants, 11(2), 195.

Shi, X., & Bloom, A. (2021). Photorespiration: the futile cycle?. Plants, 10(5), 908.

Shi, Y., Ke, X., Yang, X., Liu, Y., & Hou, X. (2022). Plants response to light
stress. Journal of Genetics and Genomics, 49(8), 735-747.

Silva, E. N., Silveira, J. A., Ribeiro, R. V., & Vieira, S. A. (2015). Photoprotective
function of energy dissipation by thermal processes and photorespiratory
mechanisms in Jatropha curcas plants during different intensities of drought
and after recovery. Environmental and Experimental Botany, 110, 36-45.

Silveira, N. M., Marcos, F. C., Frungillo, L., Moura, B. B., Seabra, A. B., Salgado,
I., Machado, E. C., Hancock, J. T., & Ribeiro, R. V. (2017). S-
nitrosoglutathione spraying improves stomatal conductance, Rubisco

185



Chapter 10 LITERATURE CITED

activity and antioxidant defense in both leaves and roots of sugarcane
plants under water deficit. Physiologia Plantarum, 160(4), 383-395.

Singh, M., Kumar, J., Singh, S., Singh, V. P., & Prasad, S. M. (2015). Roles of
osmoprotectants in improving salinity and drought tolerance in plants: a
review. Reviews in Environmental Science and Biotechnology, 14(3), 407-
426.

Singh, N., & Bhatla, S. C. (2017). Signaling through reactive oxygen and nitrogen
species is differentially modulated in sunflower seedling root and cotyledon
in response to various nitric oxide donors and scavengers. Plant Signaling
and Behavior, 12(9), €1365214.

Sipari, N., Lihavainen, J., Shapiguzov, A., Kangasjarvi, J., & Keindnen, M. (2020).
Primary metabolite responses to oxidative stress in early-senescing and
Paraquat resistant Arabidopsis thaliana rcdl (radical-induced cell
Deathl). Frontiers in Plant Science, 11, 194.

Sirisha, V. L., Sinha, M., & D'Souza, J. S. (2014). Menadione-induced caspase-
dependent programmed cell death in the green chlorophyte
Chlamydomonas reinhardtii. Journal of Phycology, 50(3), 587-601.

Somerville, C. R. (1982). Isolation of photorespiration mutants in Arabidopsis
thaliana. Methods in Chloroplast Molecular Biology, Edelman, M., Hallick,
R. B., Chua, N. H (Eds). Amsterdam: Elsevier Biomed Press, pp 129-138.

Somerville, C. R. (2001). An early Arabidopsis demonstration. Resolving a few
issues concerning photorespiration. Plant Physiology, 125(1), 20-24.

Somerville, C. R., & Ogren, W. L. (1979). A phosphoglycolate phosphatase-
deficient mutant of Arabidopsis. Nature, 280(5725), 833-836.

Sonoike, K. (2011). Photoinhibition of photosystem |. Physiologia
Plantarum, 142(1), 56-64.

Stafford, H. A., Magaldi, A., & Vennesland, B. (1954). The enzymatic reduction of
hydroxypyruvic acid to D-glyceric acid in higher plants. Journal of Biological
Chemistry, 207, 621-629.

Strodtkotter, I., Padmasree, K., Dinakar, C., Speth, B., Niazi, P. S., Wojtera, J.,
Voss, I., Do, P. T., Nunesi-Nesi, A., Fernie, A. R., Linke, V., Raghavendra,
A. S., & Scheibe, R. (2009). Induction of the AOX1D isoform of alternative
oxidase in A. thaliana T-DNA insertion lines lacking isoform AOX1A is
insufficient to optimize photosynthesis when treated with antimycin
A. Molecular Plant, 2(2), 284-297.

186



Chapter 10 LITERATURE CITED

Sun, T., Yuan, H., Cao, H., Yazdani, M., Tadmor, Y., & Li, L. (2018). Carotenoid
metabolism in plants: the role of plastids. Molecular Plant, 11(1), 58-74.

Sun, Y. L., Zhao, Y., Hong, X., & Zhai, Z. H. (1999). Cytochrome c release and
caspase activation during menadione-induced apoptosis in plants. FEBS
Letters, 462(3), 317-321.

Sunil, B., Rajsheel, P., Aswani, V., Bapatla, R. B., Talla, S. K., & Raghavendra, A.
S. (2020a). Photosynthesis is sensitive to nitric oxide and respiration
sensitive to hydrogen peroxide: Studies with pea mesophyll
protoplasts. Journal of Plant Physiology, 246, 153133.

Sunil, B., Saini, D., Bapatla, R. B., Aswani, V., & Raghavendra, A. S. (2019).
Photorespiration is complemented by cyclic electron flow and the alternative
oxidase pathway to optimize photosynthesis and protect against abiotic
stress. Photosynthesis Research, 139(1), 67-79.

Sunil, B., Strasser, R. J., & Raghavendra, A. S. (2020b). Targets of nitric oxide
(NO) during modulation of photosystems in pea mesophyll protoplasts:
studies using chlorophyll A fluorescence. Photosynthetica, 58(Sl), 452-459.

Sunil, B., Talla, S. K., Aswani, V., & Raghavendra, A. S. (2013). Optimization of
photosynthesis by multiple metabolic pathways involving interorganelle
interactions: resource sharing and ROS maintenance as the
bases. Photosynthesis Research, 117(1), 61-71.

Sweetlove, L. J., Heazlewood, J. L., Herald, V., Holtzapffel, R., Day, D. A., Leaver,
C. J., & Millar, A. H. (2002). The impact of oxidative stress on Arabidopsis
mitochondria. The Plant Journal, 32(6), 891-904.

Sychta, K., Stomka, A., & Kuta, E. (2021). Insights into plant programmed cell
death induced by heavy metals-Discovering a terra incognita. Cells, 10(1),
65.

Szarka A., Tomasskovics B., & Banhegyi G. (2012). The Ascorbate-glutathione-a-
tocopherol triad in abiotic stress response. International Journal of
Molecular Science 13, 4458-4483.

Szymanska, R., Slesak, |., Orzechowska, A., & Kruk, J. (2017). Physiological and
biochemical responses to high light and temperature stress in
plants. Environmental and Experimental Botany, 139, 165-177.

Takagi, D., Takumi, S., Hashiguchi, M., Sejima, T., & Miyake, C. (2016).
Superoxide and singlet oxygen produced within the thylakoid membranes
both cause photosystem | photoinhibition. Plant Physiology, 171(3), 1626-
1634.
187



Chapter 10 LITERATURE CITED

Takano, H. K., & Dayan, F. E. (2020). Glufosinate-ammonium: a review of the
current state of knowledge. Pest Management Science, 76(12), 3911-3925.

Talla, S., Riazunnisa, K., Padmavathi, L., Sunil, B., Rajsheel, P., & Raghavendra,
A. S. (2011). Ascorbic acid is a key participant during the interactions
between chloroplasts and mitochondria to optimize photosynthesis and
protect against photoinhibition. Journal of Biosciences, 36(1), 163-173.

Tanou, G., Job, C., Rajjou, L., Arc, E., Belghazi, M., Diamantidis, G., Molassiotis,
A., & Job, D. (2009). Proteomics reveals the overlapping roles of hydrogen
peroxide and nitric oxide in the acclimation of citrus plants to salinity. The
Plant Journal, 60(5), 795-804.

Thomas, D. D., Liu, X., Kantrow, S. P., & Lancaster Jr, J. R. (2001). The biological
lifetime of nitric oxide: implications for the perivascular dynamics of NO and
O2. Proceedings of the National Academy of Sciences U.S.A, 98(1), 355-
360.

Tikkanen, M., Mekala, N. R., & Aro, E. M. (2014). Photosystem Il photoinhibition-
repair cycle protects Photosystem | from irreversible damage. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1837(1), 210-215.

Timm, S. (2020). The impact of photorespiration on plant primary metabolism
through metabolic and redox regulation. Biochemical Society
Transactions, 48(6), 2495-2504.

Timm, S., & Bauwe, H. (2013). The variety of photorespiratory phenotypes—
employing the current status for future research directions on
photorespiration. Plant Biology, 15(4), 737-747.

Timm, S., Florian, A., Jahnke, K., Nunes-Nesi, A., Fernie, A. R., & Bauwe, H.
(2011). The hydroxypyruvate-reducing system in Arabidopsis: multiple
enzymes for the same end. Plant Physiology, 155, 694-705.

Timm, S., Mielewczik, M., Florian, A., Frankenbach, S., Dreissen, A., Hocken, N.,
Fernie, A. R., Walter, A., & Bauwe, H. (2012). High-to-low CO, acclimation
reveals plasticity of the photorespiratory pathway and indicates regulatory
links to cellular metabolism of Arabidopsis. PLoS One, 8, e428009.

Timm, S., Nunes-Nesi, A., Parnik, T., Morgenthal, K., Wienkoop, S., Keerberg, O.,
Weckwerth, W., Kleczkowski, L. A., Fernie, A. R., & Bauwe, H. (2008). A
cytosolic pathway for the conversion of hydroxypyruvate to glycerate during
photorespiration in Arabidopsis. The Plant Cell, 20, 2848-2859.

188



Chapter 10 LITERATURE CITED

Timm, S., Woitschach, F., Heise, C., Hagemann, M., & Bauwe, H. (2019). Faster
removal of 2-phosphoglycolate through photorespiration improves abiotic
stress tolerance of Arabidopsis. Plants, 8(12), 563.

Tolbert, N. E., Oeser, A., Kisaki, T., Hageman, R. H., & Yamazaki, R. K. (1968).
Peroxisomes from spinach leaves containing enzymes related to glycolate
metabolism. Journal of Biological Chemistry, 243, 5179-5184.

Tolbert, N. E., Yamazaki, R. K., & Oeser, A. (1970). Localization and properties of
hydroxypyruvate and glyoxylate reductases in spinach leaf
particles. Journal of Biological Chemistry, 245(19), 5129-5136.

Tongul, B., & Tarhan, L. (2014). The effect of menadione-induced oxidative stress
on the in vivo reactive oxygen species and antioxidant response system of
Phanerochaete chrysosporium. Process Biochemistry, 49(2), 195-202.

Towbin, H., Staehelin, T., & Gordon, J. (1979). Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proceedings of the National Academy of Sciences, 76(9),
4350-4354.

Van den Ende, W., & Valluru, R. (2009). Sucrose, sucrosyl oligosaccharides, and
oxidative stress: scavenging and salvaging?. Journal of Experimental
Botany, 60(1), 9-18.

Vanlerberghe, G. C. (2013). Alternative oxidase: a mitochondrial respiratory
pathway to maintain metabolic and signaling homeostasis during abiotic
and biotic stress in plants. International Journal of Molecular
Sciences, 14(4), 6805-6847.

Verma, N., Tiwari, S., Singh, V. P., & Prasad, S. M. (2020). Nitric oxide in plants:
an ancient molecule with new tasks. Plant Growth Regulation, 90(1), 1-13.

Vishwakarma, A., Kumari, A., Mur, L. A., Gupta, K. J. (2018). A discrete role for
alternative oxidase under hypoxia to increase nitric oxide and drive energy
production. Free Radical Biology and Medicine, 122, 40-51.

Vishwakarma, A., Tetali, S. D., Selinski, J., Scheibe, R., & Padmasree, K. (2015).
Importance of the alternative oxidase (AOX) pathway in regulating cellular
redox and ROS homeostasis to optimize photosynthesis during restriction
of the cytochrome oxidase pathway in Arabidopsis thaliana. Annals of
Botany, 116(4), 555-569.

Vladkova, R., Dobrikova, A. G., Singh, R., Misra, A. N., & Apostolova, E. (2011).
Photoelectron transport ability of chloroplast thylakoid membranes treated

189



Chapter 10 LITERATURE CITED

with NO donor SNP: Changes in flash oxygen evolution and chlorophyll
fluorescence. Nitric Oxide, 24(2), 84-90.

Voss, I., Sunil, B., Scheibe, R., & Raghavendra, A. S. (2013). Emerging concept
for the role of photorespiration as an important part of abiotic stress
response. Plant Biology, 15(4), 713-722.

Wada, S., Takagi, D., Miyake, C., Makino, A., & Suzuki, Y. (2019). Responses of
the photosynthetic electron transport reactions stimulate the oxidation of the
reaction center chlorophyll of photosystem I, P700, under drought and high
temperatures in rice. International Journal of Molecular Sciences, 20(9),
2068.

Wang, W., Li, A., Zhang, Z., & Chu, C. (2021). Posttranslational modifications:
regulation of nitrogen utilization and signaling. Plant and Cell
Physiology, 62(4), 543-552.

Wang, Z., Wang, Y., Wang, Y., Li, H., Wen, Z., & Hou, X. (2022). HPR1 is required
for high light intensity induced photorespiration in Arabidopsis
thaliana. International Journal of Molecular Sciences, 23(8), 4444.

Wani, K. I., Naeem, M., Castroverde, C. D. M., Kalaji, H. M., Albagami, M., & Aftab,
T. (2021). Molecular mechanisms of nitric oxide (NO) signaling and reactive
oxygen species (ROS) homeostasis during abiotic stresses in
plants. International Journal of Molecular Sciences, 22(17), 9656.

Waszczak, C., Carmody, M., & Kangasjarvi, J. (2018). Reactive oxygen species in
plant signaling. Annual Review of Plant Biology, 69, 209-236.

Wendler, C., Barniske, M., & Wild, A. (1990). Effect of phosphinothricin
(glufosinate) on photosynthesis and photorespiration of C3 and C4
plants. Photosynthesis Research, 24(1), 55-61.

Wendler, C., Putzer, A., & Wild, A. (1992). Effect of glufosinate (phosphinothricin)
and inhibitors of photorespiration on photosynthesis and ribulose-1, 5-
bisphosphate carboxylase activity. Journal of Plant Physiology, 139(6),
666-671.

Willekens, H., Chamnongpol, S., Davey, M., Schraudner, M., Langebartels, C.,
Van Montagu, M., Inze, D., & Van Camp, W. (1997). Catalase is a sink for
H>O. and is indispensable for stress defence in C3 plants. The EMBO
Journal, 16(16), 4806-4816.

Wingler, A., Lea, P. J., Quick, W. P., & Leegood, R. C. (2000). Photorespiration:
metabolic pathways and their role in stress protection. Philosophical

190



Chapter 10 LITERATURE CITED

Transactions of the Royal Society of London. Series B: Biological
Sciences, 355(1402), 1517-1529.

Wink, D. A., & Mitchell, J. B. (1998). Chemical biology of nitric oxide: insights into
regulatory, cytotoxic, and cytoprotective mechanisms of nitric oxide. Free
Radical Biology and Medicine, 25(4-5), 434-456.

Winkel-Shirley, B. (2002). Biosynthesis of flavonoids and effects of stress. Current
Opinion in Plant Biology, 5(3), 218-223.

Wodala, B., & Horvath, F. (2008). The effect of exogenous NO on PSI
photochemistry in intact pea leaves. Acta Biologica Szegediensis, 52(1),
243-245.

Wodala, B., Deék, Z., Vass, |, Erdei, L., Altorjay, I., & Horvéath, F. (2008). In vivo
target sites of nitric oxide in photosynthetic electron transport as studied by
chlorophyll fluorescence in pea leaves. Plant Physiology, 146(4), 1920-
1927.

Wodala, B., Orddg, A., & Horvath, F. (2010). The cost and risk of using sodium
nitroprusside as a NO donor in chlorophyll fluorescence
experiments. Journal of Plant Physiology, 167(13), 1109-1111.

Xie, X., Huang, A., Gu, W., Zang, Z., Pan, G., Gao, S., He, L., Zhang, B., Niu, J.,
Lin, A., & Wang, G. (2016). Photorespiration participates in the assimilation
of acetate in Chlorella sorokiniana under high light. New
Phytologist, 209(3), 987-998.

Yamaguchi, K., & Nishimura, M. (2000). Reduction to below threshold levels of
glycolate oxidase activities in transgenic tobacco enhances photoinhibition
during irradiation. Plant and Cell Physiology, 41(12), 1397-1406.

Yamasaki, H., Shimoiji, H., Ohshiro, Y., & Sakihama, Y. (2001). Inhibitory effects
of nitric oxide on oxidative phosphorylation in plant mitochondria. Nitric
Oxide, 5(3), 261-270.

Yamauchi, T., Yoshioka, M., Fukazawa, A., Mori, H., Nishizawa, N. K., Tsutsumi,
N., Yoshioka, H., & Nakazono, M. (2017). An NADPH oxidase RBOH
functions in rice roots during lysigenous aerenchyma formation under
oxygen-deficient conditions. The Plant Cell, 29(4), 775-790.

Yancey, P. H. (2005). Organic osmolytes as compatible, metabolic and
counteracting cytoprotectants in high osmolarity and other stresses. Journal
of Experimental Biology, 208(15), 2819-2830.

191



Chapter 10 LITERATURE CITED

Yang, J. D., Zhao, H. L., Zhang, T. H., & Yun, J. F. (2004). Effects of exogenous
nitric oxide on photochemical activity of photosystem Il in potato leaf tissue
under non-stress condition. Acta Botanica Sinica, 46(9), 1009-1014.

Yao, Y., You, J.,, Ou, Y., Ma, J., Wu, X., & Xu, G. (2015). Ultraviolet-B protection
of ascorbate and tocopherol in plants related with their function on the
stability on carotenoid and phenylpropanoid compounds. Plant Physiology
and Biochemistry, 90, 23-31.

Yeh, H. L., Lin, T. H., Chen, C. C., Cheng, T. X., Chang, H. Y., & Lee, T. M. (2019).
Monodehydroascorbate reductase plays a role in the tolerance of
Chlamydomonas reinhardtii to photooxidative stress. Plant and Cell
Physiology, 60(10), 2167-2179.

Yokota, A., & Kitaoka, S. (1987). The mechanism of induction of glycolate
excretion by aminooxyacetate in low COgz-grown Euglena gracilis
Z. Agricultural and Biological Chemistry, 51(3), 665-670.

Yordanova, R. Y., Alexieva, V. S., Popova, L. P. (2003). Influence of root oxygen
deficiency on photosynthesis and antioxidant status in barley
plantsl. Russian Journal of Plant Physiology, 50(2), 163-167.

Yoshida, K., Terashima, 1., & Noguchi, K. (2007). Up-regulation of mitochondrial
alternative oxidase concomitant with chloroplast over-reduction by excess
light. Plant and Cell Physiology, 48(4), 606-614.

Young, A. J. (1991). The photoprotective role of carotenoids in higher
plants. Physiologia Plantarum, 83(4), 702-708.

Yuan, H., Cheung, C. M., Poolman, M. G., Hilbers, P. A., & van Riel, N. A. (2016).
A genome-scale metabolic network reconstruction of tomato (Solanum
lycopersicum L.) and its application to photorespiratory metabolism. The
Plant Journal, 85(2), 289-304.

Zandonadi, D. B., Santos, M. P., Dobbss, L. B., Olivares, F. L., Canellas, L. P.,
Binzel, M. L., Okorokova-Facanha, A. L., & Facanha, A. R. (2010). Nitric
oxide mediates humic acids-induced root development and plasma
membrane H+-ATPase activation. Planta, 231(5), 1025-1036.

Zhang, D. W., Xu, F. E. ., Zhang, Z. W., Chen, Y. E., Du, J. B., Jia, S. D., Yuan,
S., & Lin, H. H. (2010). Effects of light on cyanide-resistant respiration and
alternative oxidase function in Arabidopsis seedlings. Plant, Cell and
Environment, 33(12), 2121-2131.

192



Chapter 10 LITERATURE CITED

Zhou, B., Guo, Z., Xing, J., & Huang, B. (2005). Nitric oxide is involved in abscisic
acid-induced antioxidant activities in Stylosanthes guianensis. Journal of
Experimental Botany, 56(422), 3223-3228.

Zhou, X., Joshi, S., Patil, S., Khare, T., & Kumar, V. (2022). Reactive oxygen,
nitrogen, carbonyl and sulfur species and their roles in plant abiotic stress

responses and tolerance. Journal of Plant Growth Regulation, 41(1), 119-
142.

193



Appendix
Research Articles Published and Papers
Presented at Conferences by Deepak Saini

(First pages of the articles are attached)



LIST OF PUBLICATIONS/ PRESENTATIONS BY DEEPAK SAINI

PUBLICATIONS IN REFEREED JOURNALS

1.

Saini, D., Bapatla, R. B., Pandey, J., Aswani, V., Sunil, B., Gahir, S.,
Bharath, P., Subramanyam, R., & Raghavendra, A. S. (2022).
Modulation by S-nitrosoglutathione, a natural nitric oxide donor, of
photochemical components of pea (Pisum sativum) leaves, as revealed
by chlorophyll fluorescence patterns: Aggravation of nitric oxide-effects
by light. Plant Science Today (Accepted).

Saini, D., Rao, D. E., Bapatla, R. B., Aswani, V., & Raghavendra, A. S.
(2022). Enzymatic assays of photorespiratory cycle under abiotic
stresses. Methods in Molecular Biology, Plant Stress Tolerance, 3™
Edition, 2023, Springer Nature Publishers, New York (Accepted).
Pandey, J., Devadasu, E. R., Saini, D., Dhokne, K., Marriboina, S.,
Raghavendra, A. S., & Rajagopal, S. (2022). Changes in
photosynthetic apparatus of pea (Pisum sativum) leaves under drought
stress: Aggregation of LHIl and PSI core complexes. The Plant
Journal, doi.org/10.1111/tpj.16034. In press.

Bapatla, R. B., Saini, D., Aswani, V., Rajsheel, P., Sunil, B., Timm. S.,
& Raghavendra, A. S. (2021). Modulation of photorespiratory enzymes
by oxidative and photo-oxidative stress induced by menadione in
leaves of pea (Pisum sativum). Plants, 10, 97.

Sunil, B., Saini, D., Bapatla, R. B., Aswani, V., & Raghavendra, A. S.
(2019). Photorespiration is complemented by cyclic electron flow and
the alternative oxidase pathway to optimize photosynthesis and protect

against abiotic stress. Photosynthesis Research, 139, 67-79.
194



PRESENTATIONS AT SCIENTIFIC MEETINGS

1. Saini, D., & Raghavendra, A. S. (2022). Modulation of
photorespiratory enzymes by oxidative and photo-oxidative stress
induced by menadione in leaves of pea, Pisum sativum. Oral
presentation at ‘International Conference on Physiological and
Molecular Mechanisms for Abiotic Stress Tolerance in Plants’ held at
Department of Botany, University of Calicut, Kerala on 26" October-
28" October, 2022.

2. Saini, D., & Raghavendra, A. S. (2020). Impact of nitric oxide release
by NO donors on photorespiratory metabolism in leaf discs of pea,
Pisum sativum. Oral presentation at ‘National Conference on
Frontiers in Plant Biology’ held at Department of Plant Sciences,
University of Hyderabad, Hyderabad on 31S' January-1% February,
2020.

3. Saini, D., & Raghavendra, A. S. (2019). Modulation of
photorespiratory metabolism by SNP and GSNO in leaf discs of pea,
(Pisum sativum). Oral presentation at ‘GIAN-2019’ held at University
of Hyderabad, Hyderabad, during 26" August-6" September, 2019.

4. Saini, D., & Raghavendra, A. S. (2018). Effect of nitric oxide (NO) on
photorespiratory metabolism in leaf discs of pea (Pisum sativum).
Poster presentation at ‘6™ International Conference on Molecular
Signaling’ held at University of Hyderabad, Hyderabad during 8%
February-10™" February, 2018

5. Saini, D., & Raghavendra, A. S. (2018). Upregulation of

photorespiratory enzymes by nitric oxide (NO) despite being
195



antioxidant in leaf discs of pea (Pisum sativum). Poster presentation
at ‘4™ International Plant Physiology Congress’ held at Lucknow,
during 2" December-5" December, 2018

Saini, D., & Raghavendra, A. S. (2017). Modulation of
photosynthesis and photorespiration by reactive oxygen species
(ROS) and nitric oxide (NO) in leaves of pea (Pisum sativum). Oral
presentation at ‘SAKURA Exchange Program in Science’ held at
Okayama University, Okayama, Japan during 4" September-11t™
September, 2017

Saini, D., & Raghavendra, A. S. (2017). Effect of sodium nitrite on
chlorophyll content and levels of nitric oxide and reactive oxygen
species during high light in leaf discs of pea (Pisum sativum). Poster
presentation at ‘BIOQUEST’, University of Hyderabad, Hyderabad
held during 121" October-13™ October, 2017

Saini, D., & Raghavendra, A. S. (2017). Effect of H.O2> and SNP
(nitric oxide donor) on antioxidant defense mechanisms in leaf discs
of pea (Pisum sativum). Poster presentation at ‘8" International
Conference on Photosynthesis and Hydrogen Energy Research for
Sustainability’ held at University of Hyderabad, Hyderabad during

30" October-4" November, 2017

196



HePG

Plant Science Today

Horizon e-Publ

ing since 2014

Publish

2348-1900

ISSN

ISnin

Dear Author(s),

J

Group

November 26, 2022

We have reached a decision regarding your submission (PST # 2248) to Plant Science Today,
"Modulation by S-nitrosoglutathione, a natural nitric oxide donor, of photochemical
components of pea (Pisum sativum) leaves, as revealed by chlorophyll fluorescence

patterns: Aggravation of nitric oxide-effects by light", submitted by

Deepak Saini, Ramesh B. Bapatla, Jayendra Pandey, Vetcha Aswani, Bobba Sunil,

Shashibhushan Gahir, Pulimamidi Bharath, Rajagopal Subramanyam and Agepati S.

Raghavendra*

from

Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad

500046, India
*Corresponding author: asrsls@gmail.com

Our decision is to: Accept submission

Date of acceptance: 26 November 2022

Regards

'3

o

~K.K. Sabu
Editor-in-Chief, Plant Science Today

& Principal Scientist

Jawaharlal Nehru Tropical Botanic Garden & Research Institute
Thiruvananthapuram, India

Mob. +91-9895211299

Indexed by:
* Scopus
*  Web of Science
¢ Clarivate Analytics
* BIOSIS Previews

* ESCI

* Scimago
* NAAS

e CAS

* AGRIS

* CABI

Journal homepage: http://horizonepublishing.com/journals/index.php/PST



http://horizonepublishing.com/journals/index.php/PST

the plant journal

The Plant Journal (2022) doi: 10.1111/tpj.16034

Reversible changes in structure and function of
photosynthetic apparatus of pea (Pisum sativum) leaves
under drought stress

Jayendra Pandey (), Elsinraju Devadasu' (i), Deepak Saini (), Kunal Dhokne (I5), Sureshbabu Marriboina (7%,
Agepati S. Raghavendra (I*) and Rajagopal Subramanyam”
Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad 500046, India

Received 15 March 2022; accepted 8 November 2022.
*For correspondence (e-mail srgsl@uohyd.ac.in)
Present address: Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, 48824, USA

SUMMARY

The effects of drought on photosynthesis have been extensively studied, whereas those on thylakoid orga-
nization are limited. We observed a significant decline in gas exchange parameters of pea (Pisum sativum)
leaves under progressive drought stress. Chl a fluorescence kinetics revealed the reduction of photochemi-
cal efficiency of photosystem (PS)Il and PSI. The non-photochemical quenching (NPQ) and the levels of PSII
subunit PSBS increased. Furthermore, the light-harvesting complexes (LHCs) and some of the PSI and PSlII
core proteins were disassembled in drought conditions, whereas these complexes were reassociated during
recovery. By contrast, the abundance of supercomplexes of PSII-LHCIl and PSIl dimer were reduced,
whereas LHCIl monomers increased following the change in the macro-organization of thylakoids. The
stacks of thylakoids were loosely arranged in drought-affected plants, which could be attributed to changes
in the supercomplexes of thylakoids. Severe drought stress caused a reduction of both LHCI and LHCIl and a
few reaction center proteins of PSI and PSII, indicating significant disorganization of the photosynthetic
machinery. After 7 days of rewatering, plants recovered well, with restored chloroplast thylakoid structure
and photosynthetic efficiency. The correlation of structural changes with leaf reactive oxygen species levels
indicated that these changes were associated with the production of reactive oxygen species.

Keywords: disassembly of LHCII and PSI core, drought stress, non-photochemical quenching, pigment-pro-

tein complexes, photosystem, Pisum sativum, thylakoid organization.

INTRODUCTION

Drought stress is a significant environmental constraint
that hampers crop yield, particularly in arid and semi-arid
regions. There is an urgent need to develop varieties that
can grow under limited water conditions without compro-
mising yields. In this direction, it is crucial to understand
the physiological, molecular, and photosynthetic
responses of crop species under drought. Upon exposure
to drought stress, plants displayed various morphological
symptoms such as wilting, desiccation of leaves, chlorosis,
leaf curling, burning of leaf edges, and necrosis (Seleiman
et al., 2021). Parallelly, the stomatal conductance
decreased to reduce the water evaporation through leaves
(Li et al., 2017). Low stomatal conductance decreases inter-
cellular CO,, minimizing the supply for photosynthesis
(Kelly et al., 2016). As a result, plants water use efficiency
(WUE) decreased. Similarly, the leaf relative water content
(RWC), an indicator of stress intensity, was also lowered.

The drought-induced imbalance between light capture
and its utilization leads to the accumulation of reactive
oxygen species (ROS) in the chloroplast and, subse-
quently, the disorganization of thylakoid membranes (Das
& Roychoudhury, 2014). To combat ROS, plants utilize sev-
eral antioxidant enzymes, such as ascorbate peroxidase
(APX), catalase (CAT), and superoxide dismutase (SOD)
during drought stress (Thakur & Anand, 2021). The net
photosynthetic rate, chlorophyll (Chl) fluorescence, and
antioxidant activities were significantly altered under water
deficit conditions (Igbal et al., 2019). The fast Chl a fluores-
cence is an efficient parameter to monitor the photosystem
(PS)Il and PSI photochemistry (Sanchez-Reinoso et al.,
2019; Sipka et al., 2021). However, drought stress can limit
the availability of water molecules for the photolysis of
water, affecting the efficiency of the PSIl oxygen-evolving
complex (OEC), particularly D1 activity of PSIl (Sasi et al.,
2018).
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Abstract: Photorespiration, an essential component of plant metabolism, is concerted across four
subcellular compartments, namely, chloroplast, peroxisome, mitochondrion, and the cytoplasm. It is
unclear how the pathway located in different subcellular compartments respond to stress occurring
exclusively in one of those. We attempted to assess the inter-organelle interaction during the photores-
piratory pathway. For that purpose, we induced oxidative stress by menadione (MD) in mitochondria
and photo-oxidative stress (high light) in chloroplasts. Subsequently, we examined the changes in
selected photorespiratory enzymes, known to be located in other subcellular compartments. The pres-
ence of MD upregulated the transcript and protein levels of five chosen photorespiratory enzymes
in both normal and high light. Peroxisomal glycolate oxidase and catalase activities increased by
50% and 25%, respectively, while chloroplastic glycerate kinase and phosphoglycolate phosphatase
increased by ~30%. The effect of MD was maximum in high light, indicating photo-oxidative stress
was an influential factor to regulate photorespiration. Oxidative stress created in mitochondria
caused a coordinative upregulation of photorespiration in other organelles. We provided evidence
that reactive oxygen species are important signals for inter-organelle communication during pho-
torespiration. Thus, MD can be a valuable tool to modulate the redox state in plant cells to study the
metabolic consequences across membranes.

Keywords: cellular compartments; chloroplasts; high light; menadione; mitochondria; oxidative
stress; peroxisomes; photorespiration

1. Background

Photosynthesis in higher plants is affected by abiotic stress such as oxidative conditions
and high light (HL) intensities. Prolonged exposure to such stress can damage the pho-
tosynthetic apparatus, particularly PSII, resulting in photoinhibition [1-3]. Nevertheless,
plants try to protect photosynthesis against photoinhibition by operating different com-
partments of their cells [4]. Interactions between chloroplasts and mitochondria through
peroxisomes and cytosol are essential for optimizing photosynthesis [4-7]. In an earlier re-
port, Saradadevi and Raghavendra [8] demonstrated that mitochondrial oxidative electron
transport and phosphorylation could protect photosynthesis against photodamage in pea
mesophyll protoplasts. In addition to dark mitochondrial respiration, photorespiration is
now acknowledged to be a protective mechanism against photoinhibition, as indicated by
the classic work on photorespiratory mutants [9-11]. Readers interested in photorespiratory
metabolism can refer to several reviews, which appeared periodically [12-16]. In addi-
tion, photorespiration is a classic example of the compartmentation in different cellular
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Abstract

Optimization of photosynthetic performance and protection against abiotic stress are essential to sustain plant growth.
Photorespiratory metabolism can help plants to adapt to abiotic stress. The beneficial role of photorespiration under abiotic
stress is further strengthened by cyclic electron flow (CEF) and alternative oxidase (AOX) pathways. We have attempted
to critically assess the literature on the responses of these three phenomena—photorespiration, CEF and AOX, to different
stress situations. We emphasize that photorespiration is the key player to protect photosynthesis and upregulates CEF as
well as AOX. Then these three processes work in coordination to protect the plants against photoinhibition and maintain an
optimal redox state in the cell, while providing ATP for metabolism and protein repair. H,0, generated during photorespira-
tory metabolism seems to be an important signal to upregulate CEF or AOX. Further experiments are necessary to identify
the signals originating from CEF or AOX to modulate photorespiration. The mutants deficient in CEF or AOX or both could
be useful in this regard. The mutual interactions between CEF and AOX, so as to keep their complementarity, are also to
be examined further.

Keywords Alternative oxidase - Chloroplasts - Glycine decarboxylase - Photoinhibition - Reactive oxygen species - Redox

homeostasis

Introduction

Plants are sessile and often exposed to stressful environ-
ments due to suboptimal or supraoptimal conditions like
drought, high or low CO,, high or low light, high or low
temperature, limiting N/P/K and heavy metal stress. The abi-
otic stress causes alterations in metabolism, nutrient uptake,
growth and development. Severe stress results in damage
and cell death (Wang et al. 2008; Verslues et al. 2000).
The basal factor during most of the stresses is the excess
production of reactive oxygen species (ROS) much more
than its removal by scavenging (Miller et al. 2010; Suzuki
et al. 2012). The ROS include radicals such as singlet oxy-
gen, superoxide, hydrogen peroxide and hydroxyl radicals.
Besides the accumulation of ROS, abiotic stress frequently
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Department of Plant Sciences, School of Life Sciences,
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causes an imbalance in the supply/demand of ATP/NADPH,
changes in membrane structure and additional damage due
to lipid peroxidation products (Mignolet-Spruyt et al. 2016).
The production of ROS and the energy/redox imbalance
occurs among different compartments of cell.

Plants have the ability to respond and acclimate to these
adverse conditions. In order to protect themselves, plants
employ adaptive mechanisms mainly to scavenge the excess
ROS using antioxidants (e.g. ascorbate, glutathione, carot-
enoids, flavonoids) and/or antioxidant enzymes (e.g. cata-
lase, superoxide dismutase) (Gratao et al. 2005; Scandalios
2005; Racchi 2013; Acosta-Motos et al. 2017). Additional
protective mechanisms attempt to achieve an energy balance
(ATP/NADPH). There are excellent reviews on the adaptive
responses of plants to various stresses (to cite a few: Miller
et al. 2010; Baxter et al. 2014; Golldack et al. 2014; Migno-
let-Spruyt et al. 2016; Acosta-Motos et al. 2017; Szymanska
et al. 2017; Zarattini and Forlani 2017).
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