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ROS reactive oxygen species
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Chapter 1 Introduction and Literature

Chapter I

Introduction and Review of Literature

Plants encounter varying environmental stress conditions such as excess light, limited water
and salinity. Since plants are sessile, they need to adapt to these stress conditions, so as to
survive. These environmental stresses frequently cause a rise in intracellular ROS in plants.
Such rise seems to be pronounced in photosynthetic organisms, particularly when
photosynthetic electron transport outpaces the rate of electron consumption during CO-
fixation (Scheibe et al., 2005; Oelze et al., 2008). Besides these extreme conditions, there are
some indications that elevated CO; levels could also induce oxidative stress in plant cells
(Kolla et al., 2007; Qiu et al., 2008). Under steady state conditions, the ROS molecules are
scavenged by various antioxidative defense mechanisms. The equilibrium between the
production and the scavenging of ROS may be perturbed by various biotic and abiotic stress
factors. These disturbances in equilibrium lead to sudden increase in intracellular levels of
ROS which can cause extensive damage of membrane components, proteins, lipids, and even
DNA (Mittler et al., 2004; Halliwell, 2006).

The ROS at limited levels may act as signal molecules to regulate cell—cell interaction,
long-distance signaling, and hormone action. However, if the ROS-levels are too high, they
may cause damage to cell membranes and then to other compartments, as well. Plants have
developed several poising systems to maintain a balanced electron flow and the required rate
of ATP production under changing conditions. These include D1 turnover, state transitions,
non-photochemical energy quenching, xanthophyll cycle, chlororespiration and cyclic electron
transport (Scheibe et al., 2005; Oelze et al., 2008; Foyer and Shigeoka, 2011; Scheibe and
Dietz, 2012). Antioxidants and antioxidative enzymes therefore play crucial role to minimize
the risk of detrimental effects caused by excess ROS. The other important cellular components

which help to keep ROS-levels low are: malate valve, alternative oxidase (AOX) and
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photorespiratory reactions (Scheibe et al., 2005; Noguchi and Yoshida, 2008; Bauwe et al.,
2010; Yoshida and Noguchi, 2010).
Antioxidant systems
An efficient multi-component antioxidant defense system has evolved in plants in order to
cope up with oxidative damage caused by excess ROS. The antioxidant defense systems
include both enzymatic and non-enzymatic elements. A typically tight cooperation between
enzymatic and non-enzymatic antioxidant systems provides and efficient system to regulate
ROS levels in plants (Foyer and Noctor, 2009; De Gara et al., 2010).
Non-enzymatic antioxidants
These include ascorbic acid (AsA), glutathione (GSH), a-tocopherol, carotenoids, flavonoids
and even proline. The most abundant soluble antioxidants in plants are AsA and GSH, which
play a key role in plant defense against oxidative stress (Foyer and Noctor, 2011). In plant
cells, the AsA—GSH cycle is quite active and ensures the presence of AsA—GSH in reduced
form.
AsA

Ascorbate (AsA) is the most abundant water-soluble antioxidant which plays a key
role in protection against oxidative damage caused by enhanced level of ROS. AsA is
considered powerful antioxidant because of its ability to donate electrons in a number of
enzymatic and non-enzymatic reactions. AsA is present at high levels in all sub-cellular
compartments. For example, the AsA are in the range of 20 mM or more in chloroplasts
(Smirnoff and Wheeler, 2000). It has also become clear from extensive literature that AsA has
multiple roles in metabolism, electron transport, control of the cell cycle, and even the
responses of plants to biotic/abiotic stress (Ishikawa and Shigeoka, 2008).

The regulation by AsA of intracellular ROS levels becomes very effective when
coupled with AsA/GSH cycle or Asada-Halliwell pathway. AsA peroxidase (APX) utilizes

AsA as its electron donor to reduce H,O, to water with the concomitant generation of
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monodehydroascorbate (MDA), a univalent oxidant of AsA. MDA is either disproportionated
to AsA and dehydroascorbate (DHA) or reduced to AsA by MDA reductase. DHA is also
reduced back to AsA by the actions of GSH-dependent DHA reductase, and the resulting
oxidized GSH which is then regenerated by GSH reductase.

AsA biosynthesis occurs in all plant tissues and eukaryotic algal cells. The major AsA
biosynthetic pathway in higher plants has been elucidated. This pathway, designated as the
D-Man/L-Gal pathway which occurs in cytosol proceeds from D-glucose to L-Gal via GDP-D-
Man, and the final aldonolactone precursor of AsA is rL-galactono-1, 4-lactone (1-GallL)
(Figure 1.1). The final step of the pathway, occurs in the inner mitochondrial membrane
involving L-GalL dehydrogenase enzyme to oxidize L.-GalL to AsA and uses cytochrome c as
its electron acceptor (Smirnoff and Wheeler, 2000; Ishikawa and Shigeoka, 2008; Linster and
Clarke, 2009). The vfc-1 mutant is the ascorbate deficient mutant in which the activity of
GDP-mannose pyrophosphorylase is reduced.

GSH

The tripeptide GSH is a water-soluble antioxidant composed of cysteine, glutamic
acid, and glycine. Its synthesis occurs in two ATP dependent steps. The first step is the
formation of y-glutamylcysteine from glutamic acid and cysteine, catalyzed by the enzyme
v-glutamylcysteine synthetase (y-GCS) in chloroplast. The second step is catalyzed by the
enzyme glutathione synthetase, which forms a peptide bond between glycine and the cysteine

of the y-glutamylcysteine intermediate in cytosol.
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Figure 1.1. The D-Man/L-Gal pathway of ascorbate biosynthesis in plants,
starting from p-glucose. Most of the reactions in this pathway are localized in
cytosol, except the last step of ascorbate biosynthesis, which occurs in the inner-

mitochondrial membrane. Photosynthesis can provide p-glucose.
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Under physiological conditions, GSH predominantly exists in the reduced form. In
response to stress, GSH can be oxidized into its disulphide form, GSSG, which can
accumulate to high levels in plant cells. GSH redox status (GSSG/GSH ratio) reflects the level
of oxidative stress, therefore GSH is frequently considered to be a suitable oxidative stress
marker (Foyer & Noctor, 2009; Foyer & Noctor, 2011). Fernandez-Garcia et al. (2009) have
demonstrated that the chloroplast represents the major location of GSH during development of
plants. The chloroplast alone has 62-75 % of total GSH, while the mitochondria account for
15-25 % of the total GSH in Arabidopsis. Other cellular compartments, such as the
peroxisomes and nuclei, have low GSH contents.

Proline (Pro)

Besides being a well-known osmolyte, Pro is now considered as a potent antioxidant
(Verbruggen and Hermans, 2008). Therefore, Pro can be regarded as non-enzymatic
antioxidants that plants, microbes and animals, require to mitigate the adverse effects of ROS
(Chen and Dickman, 2006). The synthesis of L-Pro from L-glutamic acid via Al—pyrroline— 5-
carboxylate (PSC) is catalyzed by the activities of the enzymes Al—pyrroline—S—carboxylate
synthetase (P5CS) and Al—pyrroline—S—carboxylate reductase (PSCR) in plants (Verbruggen
and Hermans, 2008). Pro biosynthesis occurs in the cytosol and in the plastids (chloroplasts)
while Pro degradation takes place in mitochondria (Rayapati et al., 1989; Szoke et al., 1992).
Mitochondrial enzymes Pro dehydrogenase (oxidase) (ProDH) and P5C dehydrogenase
(P5CDH) metabolize L-Pro into L-Glu via P5C.

Others

Tocopherols (a, f, y, and J) represent a group of lipophilic antioxidants involved in
scavenging of oxygen free radicals, lipid peroxy radicals, and 'O,. Tocopherols are
synthesized only by photosynthetic organisms and are present in only green parts of plants
(Li et al., 2010). Tocopherols protects lipids and other membrane components by physically

quenching and chemically reacting with O in chloroplasts, thus protecting the structure and
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function of PSII. Regeneration of the oxidized tocopherol back to its reduced form can be
achieved by AsA and GSH.

Carotenoids also belong to the group of lipophilic antioxidants which detoxify excess
ROS (Han et al., 2012). Carotenoids absorb light in the region between 400 and 550 nm of the
visible spectrum and channel the captured energy to the Chl. Carotenoids scavenge '0, to
inhibit oxidative damage and quench triplet sensitizer and excited chlorophyll molecule to
prevent the formation of '0, to protect the photosynthetic apparatus. Carotenoids also serve as
precursors to signaling molecules that influence plant development and biotic/abiotic stress
responses.

Flavonoids occur widely in the plants at a concentration over 1 mM. Flavonoids,
which function basically as pigments in flowers, fruits, and seeds, can also protect against UV
light and phytopathogens. Flavonoids are the most bioactive plant secondary metabolites and
serve as ROS scavengers of plants under adverse environmental conditions (Han et al., 2012).
There is an increase in flavonoid levels under biotic and abiotic stresses, such as wounding,
drought, metal toxicity and nutrient deprivation (Winkel-Shirley, 2002). Production of
flavonoids in response to UV-B, cold and drought were reported earlier.

Antioxidant enzymes

The major antioxidant enzymes in plant cell are summarized in the Table 1.
Superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT) are key
enzymes involved in tight control of ROS levels by scavenging directly ROS and converting
them into less reactive or less harmful species. They can be considered as intracellular ROS
sensors due to their direct interaction with ROS. Another group of enzymes,
monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR), is involved in the reduction of oxidized AsA or GSH, thus,
completing the cycles and balancing the redox status of the cell (Foyer & Noctor, 2011). Up-

regulation of the enzymes involved in the antioxidant system both at the transcript and the
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protein levels in response to ROS accumulation, occurs frequently under abiotic stress
conditions (Gill & Tuteja, 2010).

Catalase

Catalase (CAT, 1.11.1.6) is a ubiquitous tetrameric heme-containing enzyme that dismutates
the two molecules of H,O; into water and oxygen. It has high specificity for H,O,. Plants
contain several types of H,O»-degrading enzymes, however, CATs are unique as they do not
require cellular reducing equivalent. CATs have a very fast turnover rate, but a much lower
affinity for H,O, than APX. The peroxisomes are major sites of H,O, production. CAT
scavenges H>O, generated in this organelle during photorespiratory oxidation and S-oxidation
of fatty acids, (Scandalios et al., 1997; Corpas et al., 2008). Though there are frequent reports
of CAT being present in cytosol, chloroplast, and mitochondria, the presence of significant
CAT activity in these is less well established (Mhamdi et al., 2010).

Willekens et al. (1995) proposed a classification of CAT based on the expression
profile of the tobacco genes. Class I CATs are expressed in photosynthetic tissues and are
regulated by light. Class II CATs are expressed at high levels in vascular tissues, whereas
Class III CATs are highly abundant in seeds and young seedlings. Evidences suggest that
Arabidopsis, CAT2, CAT3 and CAT1 correspond to Class I, Class II and Class III catalases,
respectively (Mhamdi et al., 2010).

Ascorbate peroxidase (APX)

APX (APX, EC 1.1.11.1) is involved in scavenging of H,O, in water-water and AsA-
GSH cycles and utilizes AsA as the electron donor. APX is a widely distributed antioxidant

enzyme and found in four distinct forms, corresponding to its intra-cellular location: stromal
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Table 1. Major enzymes involved in ROS detoxification in plants.

Enzyme (Abbreviation) Reaction catalyzed Sub-cellular localization

Superoxide dismutase (SOD) 02+ 027 +2H —» 2H,05 + O Cytosol (Cu/Zn-SOD), chloroplast
(Cu/Zn- SOD,Fe-SOD) mitochondria

and peroxisome (Mn-SOD)

Catalase (CAT) H,O, — H,O + 120, Peroxisomes
Ascorbate peroxidase (APX) H,O, + AsA* —»H,0 + DHA* Chloroplast, cytosol,
mitochondria
Dehydroascorbate reductase (DHAR) DHA + 2GSH* —» AsA + GSSG* chloroplast, cytosol
Glutathione reductase (GR) GSSG + NAD(P)H—>2GSH + NAD(P)" cytosol, peroxisomes

chloroplast, mitochondria

Monodehydroascorbate reductase (MDHAR) MDHA* + NAD(P)H— AsA + NAD(P)" chloroplast, mitochondria,

cytosol

*Abbreviations: DHA, dehydroascorbate; MDHA, monodehydroascorbate; AsA, ascorbate; GSH, reduced glutathione; GSSG, oxidized

glutathione
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APX (sAPX) and thylakoid membrane-bound APX (tAPX) in chloroplasts, microbody
(including glyoxysome and peroxisome) membrane-bound APX (mAPX), and cytosolic
APX (cAPX). A fifth APX isoenzyme (mitAPX) occurs in a mitochondrial membrane-bound
form (Noctor and Foyer, 1998; Gill and Tuteja, 2011). APXs have much higher affinity for
H,0, than CAT, making APXs efficient scavengers of H,O» under stressful conditions.

Glutathione Reductase (GR)

GR (EC 1.6.4.2) is a flavo-protein oxidoreductase, found in both prokaryotes and
eukaryotes (Romero-Puertas et al., 2006). It is localized predominantly in chloroplasts, with
very small amounts found in mitochondria and cytosol (Edwards et al., 1990; Creissen et al.,
1994). GR catalyzes the NADPH dependent reaction of disulphide bond of GSSG and is thus
important for maintaining the GSH pool. GR and GSH play a crucial role in determining the
tolerance of a plant under various stresses (Reddy and Raghavendra, 2006; Rao and Reddy,
2008).

Inter-organelle interactions and the major components

A delicate metabolic equilibrium exists between the key compartments within plant
cells, including not only mitochondria and chloroplasts but also the peroxisomes and cytosol.
Disturbance of any of these compartments perturbs the metabolism of whole cell
(Raghavendra and Padmasree, 2003; Noguchi and Yoshida, 2008; Yoshida and Noguchi,
2010). A major factor for such metabolic stability is the exchange of several metabolites
between the different cell organelles. Besides the metabolites there are other possible signals
between mitochondria, chloroplasts, peroxisomes and cytosol, including AsA, nitric oxide
(NO) and the cytosolic pH. For e.g. AsA can be key component during interorganelle
interaction and optimizes the photosynthesis against photoinhibition and compensates the

function of other protective mechanisms (Talla et al., 2011). Further, other cellular
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components such as malate valve, AOX and photorespiratory pathway can also protect
chloroplasts from over-reduction caused due to oxidative stress.

Malate valve and interorganelle metabolite movement

The chloroplastic NADP-malate dehydrogenase (NADP-MDH), a crucial enzyme of
malate valve transports the excess reducing equivalents from chloroplasts as malate in
exchange of OAA, via dicarboxylate translocator (Figure 1.2). Isoenzymes of MDH are
present in different cellular compartments. Chloroplasts contain a redox-controlled NADP-
MDH that is active only in the light. In contrast, a plastidic NAD-MDH that is permanently
active and is present in all plastid types. Export of excess NAD(P)H through the malate
valves will facilitate optimized production of ATP in photosynthesis, as well through
oxidative phosphorylation (Scheibe, 2004). Along with malate-OAA shuttle, triose-P-PGA
shuttle also participate in transferring reducing equivalents from chloroplasts and supplying
triose-P for sucrose synthesis (Gardestrom et al., 2002; Padmasree et al., 2002; Taniguchi and
Miyake, 2012).

Photorespiratory reactions

Adjustments in extra-chloroplastic components of photorespiration offer an efficient outlet
for dissipating excess reducing equivalents from chloroplasts (Figure 1.2) thereby optimizing
the photosynthesis (Scheibe et al., 2005; Scheibe and Dietz, 2012). Additionally,
chloroplastic ATP is consumed for conversion of glycerate to 3-phosphoglycerate (PGA) in
the glycolate cycle. During the refixation of CO,, twice as much NADPH and ATP consumed
in the Calvin cycle. Thus, photo-respiration serves as an energy-dissipating mechanism which
helps in protection of chloroplasts from photoinhibition (Wingler et al., 2000; Bauwe et al.,

2010; Takahashi and Badger, 2011).
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Figure 1.2. An integrated picture of the intra- and extra-chloroplastic protective

mechanisms which prevent over-reduction and over energization of the chloroplasts
as well as mitochondria. The roles of AsA, malate valve, photorespiratory pathway,
AOX and proline are emphasized. The mutants with deficiency of these above
components and localization are also indicated in italics. The abbreviations of
components involved NADP-MDH: NADP-malate dehydrogenase, COX:
cytochrome oxidase pathway, AOX: alternative oxidase pathway, AsA: ascorbate

(modified from Hebbelmann et al., 2012).
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Alternative oxidase

Apart from the above two components, the mitochondrial oxidative metabolism is
quite important for utilizing excess of photosynthetic reducing power, and preventing
oxidative damage of cellular components (Yoshida and Noguchi, 2010; Xu et al., 2011).
AOX is a dimer, located in the inner mitochondrial membrane and is in an active state, when
the disulfide bonds are reduced. Encoded by a multi-gene family, five isoforms of AOX are
known in Arabidopsis (Yoshida and Noguchi, 2010; Xu et al., 2011). Several reports state
that inhibition of AOX led to a decrease in the photosynthetic rate and the over-reduction of
the photosynthetic electron transport chain in leaves and in protoplasts (Padmasree and
Raghavendra, 1999; Bartoli et al., 2005). It was also reported that the amount and activity of
AOX dramatically increased in HL (Noguchi and Yoshida, 2008). Thus it can be assumed
that AOX would function as a sink for excess reducing equivalents generated in the
chloroplasts and serves as a protective mechanism in dissipation of excess reducing
equivalents.

Modulation of antioxidants and antioxidant enzymes in response to different abiotic
stress conditions

ROS unavoidable, being generated by photosynthetic electron transport system in
both chloroplasts and mitochondria, besides peroxisomal metabolism. In order to prevent
such oxidative damage by ROS, higher plants possess a complex antioxidative defense
system, comprising of both antioxidant compounds and related enzymes. It is quite common
that, at high light (HL) and high temperature conditions, the level of AsA content will be
increased with consequent decrease in redox ratios of AsA (Foyer and Noctor, 2011;
Zechmann et al., 2011). Similarly, at HL. and high temperature conditions, the GSH contents
increased with drop the redox ratio of GSH. The mutants with deficiency of AsA and GSH

are known to be more susceptible to different abiotic stress conditions (Szalai et al., 2009;
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Khan et al., 2011). At elevated CO, condition too, the AsA content and redox ratios of AsA
decreased, while the total content and redox state of GSH was decreased (Gillespie et al.,
2011).

Proline accumulates during conditions of abiotic and biotic stresses (Fabro et al.,
2004; Yang et al.,, 2009). Accumulation of proline in higher plants is considered as an
indication of oxidative stress. Different environmental stress conditions leads to induction of
transcript levels of its related biosynthetic genes (Verbruggen and Hermans, 2008; Szabados
and Savouré, 2010). Recent report suggests that proline also can be an efficient redox buffer
(Moustakas et al., 2011).

Environmental stress conditions such as HL and high temperature enhanced the CAT
activity (Vandenabeele et al.,, 2004; Lu et al., 2008), while elevated CO, decreased the
activity (Aranjuelo et al., 2008). Willekens et al. (1997) observed an increased susceptibility
of CAT-deficient plants to HL. These above reports signify that CAT is critical for
maintaining the redox balance during the oxidative stress conditions. The activity and
expression level of APX was enhanced at HL and high temperature (Karpinski et al., 1997;
Storozhenko et al., 1998), while elevated CO, levels decreased the activity of APX (Gillespie
et al.,, 2011) . Over-expression of tAPX in tobacco plants resulted in higher tolerance to
photo-oxidative stress conditions (Yabuta et al., 2002; Kangasjirvi et al., 2008). These
reports indicate the beneficial role of APX in protection of plant against oxidative stress
conditions. The activity of GR increased under environmental stresses such as HL and high
temperature (Ali et al.,, 2005; Oelze et al., 2012). Gillespie et al. (2011) reported that
exposure to elevated CO, decreased the activity of GR. Over-expression of GR in N. tabacum
and Populus plants leads to higher foliar AsA contents and improved tolerance to oxidative
stress (Aono et al., 1993; Herndndez et al., 2001). From these above findings, it was clear that

GR will also play crucial role in protection of plant against oxidative stress.
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Our present study is therefore, designed to study the role of antioxidant defense
systems in mutants of Arabidopsis lacking or deficient of redox components such as AsA or
malate valve or AOX and their response towards HL and elevated CO, conditions.
Arabidopsis: Mutants employed in the present study

Arabidopsis is one of the best model plants for plant biology research. The genome of
Arabidopsis is relatively small and its genome is well characterized. The small size and rapid
life cycle of Arabidopsis are additional advantages. Further, the availability of a wide
spectrum of mutants and transgenics of Arabidopsis, as well as established protocols for
isolation of protoplasts, transient expression of recombinant proteins offers a wide scope for
experiments in physiology, biochemistry and molecular biology. The three Arabidopsis
mutants employed in this study are: vtcl, nadp-mdh and aoxla mutants.

The vtcl mutant is an ascorbate deficient mutant with constitutively low AsA content
as a result of deficiency in GDP-mannose pyrophosphorylase (GMPase) and impaired
biosynthesis of AsA. Leaf AsA contents are 70 % lower than in the wild type (Conklin et al.,
1996; Veljovic-Jovanovic et al., 2001). This mutant is stunted in appearance compared to the
wild-type and exhibited retarded flowering and accelerated senescence (Veljovic-Jovanovic
et al., 2001). There are reports on vfc/ mutants suggesting that these mutants are more
sensitive to environmental stress conditions such HL (Muller-Moulé et al, 2004), UV light
(Gao and Zhang, 2008) and salinity (Huang et al., 2005) treatment.

The nadp-mdh mutants are the NADP-MDH knockout mutants of Arabidopsis
thaliana. These mutants are lack the NADP-MDH transcript as indicated by northern blot
analysis and RT-PCR, and were devoid of the NADP-MDH protein as demonstrated by
western blot analysis. The phenotype of nadp-mdh plants under standard growth conditions
on soil was indistinguishable from that of the WT (Hebbelmann et al., 2012). These nadp-

mdh mutants upon treatment with either HL or low temperature exhibited an unaltered
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phenotype compared with the WT. In nadp-mdh mutants, a novel combination of
compensatory mechanisms in order to maintain redox homeostasis in the nadp-mdh plants
under high-light conditions, particularly an increase in the NTRC/2-Cys peroxiredoxin (Prx)
system in chloroplasts. There were indications of adjustments in extra-chloroplastic
components of photorespiration and proline levels, which all could dissipate excess reducing
equivalents, sustain photosynthesis, and prevent photoinhibition in nadp-mdh mutants.

The aoxla mutant is also a homozygous mutant of Arabidopsis which is deficient in
leaf form of mitochondrial alternative oxidase (AOX1A) (Strodtkotter et al., 2009). These
mutants exhibited no alteration of phenotypic appearance under standard growth conditions,
but wilted and became necrotic when exposed to antimycin A. The antimycin A caused
inhibition of photosynthesis, increased ROS, and ultimately resulted in amplified membrane
leakage and necrosis in aox/a mutants. Zhang et al. (2010) reported that at HL intensities
there occurs increased reduction of the photosynthetic electron transport chain and
accumulation of reducing-equivalents in this mutant.

Earlier reports suggest that, the vfc/ and aox/a mutants are highly susceptible to
stress conditions such as HL conditions, while the nadp-mdh exhibited tolerance. This point
provoked us to choose these mutants to further investigate the underlying roles of protective
components such as antioxidants and antioxidative enzymes in response to HL and elevated
CO; conditions.

The objectives and approach of the present work are described in the next chapter.

sk sk skoskosk
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Objectives and Approaches

Specific objectives of the present study

The role of redox components of plants in response to different environmental stress

conditions have been studied extensively (Scheibe et al., 2005). However, the magnitude and

multiplicity of compensatory protective mechanisms, are getting increased attention only in

recent years. Further, the modulation of these adaptive features, when there is a suppressed

function of different redox components, such as ascorbate (AsA) or malate valve or

alternative oxidase (AOX) or photorespiration, is yet to be examined in detail. In the context

of above scenario, the objectives of present work are set as follows:

1. To study the role of AsA during the interactions between chloroplast and mitochondria in
optimizing photosynthesis under photoinhibitory conditions.

2. To examine the response of Arabidopsis mutants deficient or lack AsA or NADP-MDH or
AOX1a towards supra-optimal conditions.

3. To assess the importance of photorespiration and alternate oxidase pathway in
Arabidopsis mutants lacking crucial enzyme of malate valve.

4. To characterize the effect of supraoptimal bicarbonate in nadp-mdh and vtcl mutants of
Arabidopsis.

The rationale of our experiments are described below

Plant material: Arabidopsis thaliana

Arabidopsis thaliana is one of the most popular model systems for intensive research in

several areas of plant biology. Further, the availability of a large number of mutants and

transgenics of Arabidopsis offers unlimited and challenging scope for experiments in
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physiology, biochemistry and molecular biology (Koornneef and Meinke, 2010; Stitt et al.,
2010).

Protoplasts offer an attractive tool to study several aspects of plant cell biochemistry
and physiology, such as photosynthesis (Riazunnisa et al., 2007), intracellular distribution of
metabolites (Robinson and Walker, 1979), isolation of intact chloroplasts (Walker, 1988) and
transport/accumulation of organic/inorganic compounds. Arabidopsis mesophyll protoplasts
have been used extensively for molecular biology, transient gene expression, signal
transduction, ion channels and protein-protein interactions (Sheen, 2001; An et al., 2003;
Lemtiri-Chlieh and Berkowitz, 2004; Li et al., 2012).

Systems of study: mesophyll protoplasts and leaf discs

We have used the system of either mesophyll protoplasts or leaf discs, as per the
requirement of the experiment. The system of mesophyll protoplasts offers certain
advantages, such as free diffusion of O, or CO,, taking in of the externally added compounds
quickly and exert their effects on photosynthesis/respiration within 5-10 minutes, and
closeness to the in vivo situation compared to isolated organelles, thus facilitating studies on
interorganelle interaction. However, protoplasts also have certain disadvantages like limited
stability at room temperature, fragile nature and the tendency to sediment.

Leaf discs on the other hand are easy to handle, and are close to in vivo conditions.
However, the process of punching can injure the leaf tissue and hence the leaf discs have
been kept in water/buffer for at least 1 h, so that the effects of mechanical stress are
minimized. Additional disadvantage of leaf discs is the presence of physical barriers such as
cell wall and intercellular spaces, and intercellular recycling of O, and CO,, thus making

precise measurements of photosynthesis and respiration difficult.
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Use of modulators and metabolic inhibitors
Several metabolic inhibitors are available, which are used frequently to study the metabolic
pathways and their regulation. While ensuring to use low concentrations of inhibitors, so as to
exert specific action, we have used compounds either to raise the AsA content (L-galactono-
B-lactone, r-gall) or to inhibit mitochondrial electron transport (antimycin A and
salicylhydroxamic acid, SHAM) or photorespiration (aminoacetonitrile, AAN and glycine
hydroxamate, GHA) or as external source of CO, (sodium bicarbonate, NaHCO3).
Use of vicl or nadp-mdh or aox1a mutants of Arabidopsis in response to stress conditions
Evidences have emerged that the AsA, malate valve, photorespiration and AOX serves as
crucial protective machinery in response to oxidative stress conditions (Igamberdiev et al.,
2001; Scheibe, 2005; Foyer and Noctor, 2011; Xu et al., 2011). The mutants of Arabidopsis
with altered levels of these different redox components, give us an excellent opportunity to
study the adaptability of plants under stressful conditions. In the present study, we employed
three mutants: (i) vtc/ mutant - deficient in ascorbate, due to down-regulation of GDP-
mannose pyrophosphorylase, (ii) nadp-mdh mutant - lacks chloroplastic NADP-malate
dehydrogenase, a crucial enzyme of malate valve and (iii) aox/a mutant - deficient in leaf
form of mitochondrial alternative oxidase of Arabidopsis.

Varied experimental techniques were used to monitor their photosynthetic
performance, respiratory rates, ROS accumulation, the levels of key antioxidants and related
antioxidant enzymes. The results and discussion are organized into four -chapters,

corresponding to four objectives mentioned at the beginning of this chapter.

skskoskoskokok
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Plant material

Seeds of wild type, vtcl (Conklin et al., 1999), nadp-mdh (Hebbelmann et al., 2012)
and aoxla (Strodtkotter et al., 2009) mutants of Arabidopsis thaliana (ecotype Columbia)
were sown on a 1:1:1 mixture of vermiculite, perlite and soilrite in plastic disposable pots and
kept at 4 °C in dark for 3 days. The pots were then transferred to growth room, allowing the
seeds to germinate. In growth room, the plants were grown under standard conditions with a
photoperiod of 8 h light (125-150 umol m™s™") and 16 h dark and temperature of 22-25 °C.
Nutrient solution (suggested by Somerville and Ogren 1982; Details in Table 3.1) was
supplied twice a week.

Leaves from 7 to 8 week-old plants (Figure 3.1) were harvested for preparing leaf
discs or isolation of mesophyll cell protoplasts.

The initial supply of seeds of wild type and v¢c/ mutant of Arabidopsis thaliana were
a kind gift from Dr. Nick Smirnoff, University of Exeter, Exeter, UK, and later obtained from
the Arabidopsis Biological Resource Center (ABRC, Ohio State University, Columbus,
Ohio). Arabidopsis nadp-mdh and aoxla knock out seeds were kind gift from Prof. Renate

Scheibe, University of Osnabrueck, Germany.
Preparation and treatment of leaf discs

Discs (ca. 0.25 cm?) were prepared from leaves with a sharp paper punch, from either side of
the midrib, under water. These discs were pre-incubated in 5-cm-diameter Petri dishes
containing 20 mM MES buffer (pH 7.0) and 1 mM CaCl,. When indicated, test compounds

were included. Also, small fans were used to blow air over the Petri dishes. The inhibitors
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Table 3.1. The composition of nutrient solution used for growing Arabidopsis plants (adapted

from Somerville and Ogren, 1982).

Macronutrients (mM) Micronutrients (pM)
KNOs 5.0 FeSO, .7H,O 50 (in 50 mM Na,EDTA)
KH,PO4 2.5 MnSO; .4H,O 60
MgSO4 2.0 ZnS0O, .4H,0 7
Ca(NO3s), 2.0 CuSO4 .5H,0O 0.1
H;BO, 49
KI 4.5
Na,MoO, .2H,0 1.0
CoCl, 0.1
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vic1

nadp-mdh

Figure 3.1. Phenotypic appearance of 8-week-old plants of wild type (cv.
Columbia), vtcl, nadp-mdh and aoxla mutants of Arabidopsis thaliana grown in
a controlled environment room, at a photoperiod of 8 light (120 uE m™s™) and

16 h dark at 22-25 °C .
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were dissolved in ethanol, and the concentration of ethanol in the final volume of test
solutions ranged from 0.1 % to 1 % (v/v). A similar amount of ethanol was added to controls
in parallel experiments. Similarly, parallel batches of leaf discs were used for measuring

photosynthesis or AsA/dehydroascorbate (DHA) levels, separately.
Isolation of mesophyll cell protoplasts

Mesophyll cell protoplasts from A. thaliana were isolated as per the protocol given in
detail by Riazunnisa et al. (2007). About 10 leaves were excised from 8-week-old plants
(Figure 3.1) with surgical blade and kept in a beaker of water covered with dark cloth. The
mid rib was removed with the help of blade. The deribbed leaf was placed on a moistened
glass slide with the lower epidermis up. The lower epidermis of Arabidopsis leaves was
peeled off, using a curved microdissection forceps (No. 7). The leaf, devoid of epidermis,
was cut into 1-cm-wide pieces. These pieces were left on a pre-plasmolysis buffer [0.65 M
sorbitol, 1 mM CaCl,, 5 mM 2-(N-morpholino)ethanesulfonic acid (MES)-KOH, pH 6.0]
with the peeled lower surface touching the medium. After about 15 min, the pre-plasmolysis
medium was removed with a Pasteur pipette (glass), and digestion medium [1 % (w/v)
Cellulase Onozuka R-10, 0.4 % (w/v) Macerozyme R-10, 0.2 % (w/v) bovine serum albumin
(BSA), 5 mM sodium ascorbate were freshly added, 0.65 M sorbitol, 1 mM CaCl,, 0.25 mM
ethylenediaminetetraacetate (EDTA) and 5 mM MES-KOH buffer, pH 5.5] was added. The
leaf pieces were digested for 40 min, at 25 °C with slow orbital shaking (30 excursions per

min).

The digestion medium was then gently removed with a Pasteur pipette. Washing
medium [0.65 M sorbitol, 1 mM CaCl, in 5 mM MES-KOH, pH 6.0] was added to the Petri
dish containing the digested leaf pieces. The Petri dish was tapped and swirled gently to

release the protoplasts into the medium. All further operations were done at 4 °C. The
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suspension was filtered through a nylon filter of 60-um pore size (Saryu Textiles, Mumbai,
India) and the filtrate was centrifuged at 100 g for 3 min. The supernatant was discarded and
the pellet was washed with suspension medium [0.65 M sorbitol, I mM CaCl,, 0.5 mM
MgCl,, and 10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-KOH,
pH 7.0], followed by centrifugation at 100 g for 2 min (to remove broken protoplasts). The
pellet was finally suspended in 0.5 ml of suspension medium, mixed well by gently swirling
the test tube containing the protoplasts and kept on ice. The protoplasts (Fig. 1B) were kept
on ice and handled gently throughout the experiments.
Estimation of chlorophyll

Chlorophyll was estimated in mesophyll protoplasts by extracting into 80 % (v/v)
acetone (Arnon, 1949). An aliquot of 12.5 ul of protoplast suspension was added to 5 ml of
80 % (v/v) acetone and mixed on a cyclo-mixer. The absorbance of acetone extract was
measured at 652 nm (Ags2 - to determine chlorophyll) and 710 nm (A7 - to correct for
turbidity), using a spectrophotometer (Shimadzu UV-1700).

The chlorophyll concentration in the protoplast preparation was calculated using the
following formula:

Chl (mg ml? of protoplast suspension) = (Agsz - A710) X 11.11

Monitoring photosynthesis and respiration

Leaf discs:

After a given treatment, the leaf discs (19 in number) were quickly blotted dry and
transferred into the leaf disc oxygen electrode chamber (LD-2, Hansatech Instruments Ltd.,
King’s Lynn, UK). The components in the chamber were arranged as per the instructions of
the manufacturer. The topmost capillary matting was moistened with 200 pl of 1 M

bicarbonate buffer (pH 9.0), which results in a gaseous atmosphere of 5 % (v/v) CO; in the
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chamber (Walker 1988). The leaf discs were arranged on this matting symmetrically in
3 successive rings of 1, 6 and 12. Oxygen in the chamber was calibrated for every sample as
per the instructions of the manufacturer. Photosynthetic oxygen evolution or dark oxygen
uptake was measured at 25 °C by a computerized leaf disc oxygen electrode system (LD-2,
Hansatech Instruments Ltd., King’s Lynn, UK). Light, at the required intensity was provided
by an array of light emitting diodes (Hansatech Instruments Ltd., King’s Lynn, UK).

Leaf discs of Arabidopsis were floated on 20 mM MES buffer (pH 7.0) containing
I mM CaCl, in 9 cm diameter Petri dishes and incubated in either dark or moderate light
(300 wmol m™ s™) or high light (1800 umol m™ s™) at room temperature, for 2 h in the
presence or absence of test compounds. The illumination was provided by halogen lamps,
24V/150 W (Philips Comptalux). An 8 cm thick circulating water jacket was used between
the light source and the sample to prevent heating and of the sample. Also small fans were
used to blow air over the leaf discs.
Protoplasts: The photosynthetic O, evolution and respiratory O, uptake in protoplasts was
monitored using liquid phase Clark-type O, electrode (DW2) supplied by Hansatech Ltd.,
King’s Lynn, UK. Protoplasts equivalent to 10 ug Chl, 1 mM NaHCOs and test compounds
were added to the reaction medium [0.65 M sorbitol, 1 mM CaCl,, 1 mM MgCl, and
10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-KOH, pH 7.5] with
protoplasts equivalent to 10 pg in a total volume of 1 ml. Water at a constant temperature of
25 °C was circulated through the outer jacket of the reaction chamber. Illumination for
protoplasts (700 umol photons m™~ s™) was provided by a 35-mm-slide projector, equipped
with a 24 V/150 W halogen lamp (Philips Focusline).

The capacities of the cyanide-sensitive cytochrome oxidase (COX) and cyanide-
resistant alternate oxidase (AOX) pathways were determined by monitoring respiratory O;

uptake in mesophyll cell protoplasts, in presence of an uncoupler 1 uM carbonyl cyanide
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m-chlorophenylhydrazone (CCCP). The capacities of these two pathways were calculated as
described by Robson and Vanlerberghe (2002), by using antimycin A (COX pathway
inhibitor) and/or salicyl hydroxamic acid (SHAM, AOX pathway inhibitor). The capacity of
COX pathway is defined as O, uptake in the presence of CCCP and SHAM that was sensitive
to antimycin A. The capacity of the AOX pathway is defined as the O, uptake in the presence
of antimycin A that was sensitive to SHAM. The concentrations of mitochondrial inhibitors,
which cause 50 % inhibition of total respiration, were chosen as recommended by Robson

and Vanlerberghe (2002).

Lowering of O,

Prior to monitoring photosynthesis, the reaction medium was gently bubbled with N,
gas to lower the O, concentration. The normal O, concentration in the medium was
ca. 410 nmol mlI”, while after bubbling with nitrogen the O, concentration decreased to
ca. 85 nmol ml”'. Required quantity of protoplast suspension was then added, without

opening the chamber.

Detection of H,O;

H,0; detection by 3,3-diaminobenzidine (DAB) staining was carried out according to
Yoshida et al. (2008), with slight modifications. Excised leaves were fed through petiole
transpiration, aqueous solution of 1 mg ml' DAB (pH 3.8) for 1 h in low light
(50 uE m” s™). Leaves were incubated under either dark or moderate light (300 uE m™s™) or
high light (1200 pE m™ s), for 1 h and 2 h. Leaves were then fixed for 15 min with a
mixture of ethanol: lactic acid: glycerol (3:1:1, v:v:v), washed with 75, 50, and 25 %

methanol, equilibrated with water, and H,O, was visualized as a reddish-brown color.
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Estimation of antioxidants

Ascorbate (AsA)

AsA content was measured according to Foyer et al. (1983). Nineteen leaf discs (ca. 84 mg)
of A. thaliana after respective treatments and incubation, frozen in liquid N,, were ground
using a mortar and pestle with 3 ml 2.5 M HCIO4. The extract was adjusted to pH 6.0 with
5 M K;COs3 and centrifuged at 10000 g for 6 min at 4 °C. In case of protoplasts, aliquot
(equivalent to 200 pg of Chl) in a total volume of 600 pul in the presence or absence of test
compounds after exposure to 5 min dark and 10 min light (700 pE m™ s™) were withdrawn
and mixed immediately with ice-cold 2.5 M HCIlOy (final concentration 0.5 M) and frozen in
liquid nitrogen. The samples were thawed and centrifuged at 4 °C for 10 min at 10,000 g and
the supernatant was collected for analysis. The pH of the supernatant was neutralized by
stepwise addition of 1.25 M potassium carbonate (30-40 pl). The supernatant was centrifuged
at 10,000 g for 6 min at 4 °C.

An aliquot of 100 pl of supernatant sample of leaf extract or mesophyll cell
protoplast was added to 900 ul of a 0.1 mM sodium phosphate buffer (pH 6.0), and Aes nm
was recorded. To this mixture, 2.5 U of AsA oxidase (EC 1.10.3.3) from Cucurbita sp.
(Sigma-Aldrich, USA) was added, and Ajes nm Was recorded after 5 min. The difference
between the absorbance of the extract, before and after the addition of AsA oxidase, indicates
the level of reduced AsA. For the determination of total AsA, the extract was incubated with
10 mM reduced glutathione (GSH) and 0.1 M Tricine-KOH buffer (pH 8.5) for 15 min at
25 °C in a total volume of 250 pl. An aliquot of GSH-treated sample was used to estimate
AsA, again as described above. The difference between the total AsA and this AsA gives the
amount of DHA. The absorbance at 265 nm into the exact amount of AsA was converted

using the extinction coefficient of AsA as 14.1 mM™ cm'.
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Glutathione (GSH)

Nineteen leaf discs (ca. 84 mg) of A. thaliana, after respective treatments were frozen in
liquid N,, were ground using a mortar and pestle in 1 ml of 0.2 N HCI and allowed to thaw.
The extract was then centrifuged at 14,000 rpm for 10 min at 4 °C. The supernatant was
neutralized by adding 0.2 N NaOH. In experiments, using mesophyll protoplasts, suspensions
equivalent to 200 pg of Chl in the presence or absence of test compounds after exposure to
5 min dark and 10 min light (700 pE m™ s) were ground with a teflon pestle in a 1.5 ml
eppendorf tube containing 50 mM sodium phosphate buffer (pH 7.0). The reaction was
stopped by adding 7 % sulfosalicylic acid. The samples were centrifuged at 4,500 g for
10 min and the supernatant was neutralized by the addition of 20 pl of 7.5 M triethanolamine
(TEM). This supernatant was used for the analysis of GSH and GSSG.

Total, oxidized, reduced GSH were determined spectrophotometrically described by
Griffith (1980) using the absorbance at 412 nm. The assay mixture (2 ml) contained 100 mM
phosphate buffer (pH 7.5), 2 mM ethylene diamino tetra acetic acid (EDTA), 6.3 mM
5-5'-dithiobis-2-nitrobenzoic acid (DTNB), 5 mM NADPH, 1 unit of GR (from yeast,
Boehringer Mannheim, Germany) and the neutralized protoplast extract (100 pl). The A412 nm
values are calculated and expressed as GSH (reduced form of glutathione) equivalents, with
the help of a GSH standard curve. For the estimation of GSSG (oxidized form of GSH),
0.01 ml of 2-vinyl pyridine (2 V-P) was added to 0.5 ml of neutralized extract, so as to mask
GSH and GSSG was extrapolated from a standard plot for GSSG. The solution was stirred for
1 min and incubated for 1 h at 25 °C. Neutralized extraction medium served as a blank. Total
GSH was determined by reference to a standard curve of GSH and reduced GSH was

determined as the difference between the total GSH and the GSSG.
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Assays of antioxidant enzymes

The leaf discs (approx. 100 mg fresh weight) after respective treatment were ground
to powder in liquid nitrogen. In case of mesophyll cell protoplasts, aliquots, equivalent to
200 pg Chl, were ground to powder in liquid nitrogen. The powdered samples of leaf discs or
protoplasts were homogenized in 50 mM phosphate buffer pH 7.0 containing 1 mM of phenyl
methane sulfonyl fluoride (PMSF) and followed by a brief centrifugation step at 1000 g for
1 min.

Before enzymatic assays, the homogenate was centrifuged at 10,000 g for 10 min and
the supernatant was used for the assays of CAT, APX and GR. Protein concentration in the
enzyme extracts was determined by the method of Lowry et al. (1951) using defatted bovine

serum albumin (BSA), as a standard.

Ascorbate peroxidase (APX, E.C. 1.11.1.11)

Ascorbate peroxidase activity was examined by the method of Nakano and Asada (1981).
The reaction mixture for measuring APX activity contained 50 mM sodium phosphate buffer
(pH 7.0), 0.2 mM EDTA, 0.5 mM AsA, 20 mM H,0O; and enzyme extract equivalent to 50 pg
of protein. The activity was recorded as decrease in absorbance at 290 nm for 1 min and the

amount of AsA oxidized was calculated from the extinction coefficient of 2.8 mM™ cm™.

Catalase (CAT,E.C. 1.11.1.6)

Catalase activity was measured spectrophotometrically by following the oxidation of H,O, at
240 nm according to the method of Patterson et al. (1984). The reaction mixture contained
50 mM sodium phosphate buffer (pH 7.0), 20 mM H,0O, and enzyme extract equivalent to
25 pg protein in a final volume of 3 ml. Extinction coefficient for H,O, at 240 nm is

43.6 mM™" cm™.

28



Chapter 3 Materials and Methods

Glutathione reductase (GR, E.C. 1.6.4.2)

The activity of GR was determined by modifying the method of Jiang and Zhang (2001). The
reaction mixture contained 25 mM sodium phosphate buffer pH 7.5, 10 mM oxidized
glutathione (GSSG), 3 mM MgCl, and 1 mM NADPH in a total volume of 2 ml. The reaction
was started by addition of enzyme extract containing 50 pg protein and GR activity was
monitored as NADPH oxidation (Extinction coefficient = 6.2 mM™" cm™) by recording the

decrease in Az40 nm.
Western blotting

The leaf discs (approx. 100 mg fresh weight) after respective treatment were ground
to powder in liquid nitrogen. Alternatively, aliquots of the mesophyll cell protoplasts
(equivalent to 200 pg Chl) were ground to powder in liquid nitrogen. The powdered samples
of leaf discs or protoplasts were homogenized in 125 mM Tris—HCI (pH 6.8) containing 5 %
(w/v) sodium dodecyl sulfate (SDS) and 1 mM PMSF followed by a brief centrifugation step
at 1000 g for 1 min and supernatant was collected. Protein estimation was accomplished by
the method of Lowry et al. (1951).

SDS-PAGE was performed as per the principles of Laemmli (1970) using mini gels
(8 x 8 cm). The resolving gel (6 cm long and 8 cm wide) was polymerized using 375 mM
Tris-HCI buffer pH 8.8, 10 % acrylamide and 0.1 % (w/v) SDS. The stacking gel (2 cm long
and 8 cm wide) was made of 125 mM Tris-HCI (pH 6.7), 4 % acrylamide, 0.1 % (w/v) SDS.
The electrode buffer contained 25 mM Tris-HCI, 192 mM glycine pH 8.3 and 0.1 % (w/v)
SDS. Proteins were dissolved in sample buffer (250 mM Tris-HCI pH 6.8, 8 % (w/v) SDS,
50 % (v/v) glycerol, 10 % (v/v) 2-mercaptoethanol, 0.04 % (w/v) bromophenol blue) and
boiled at 100 °C for 2 min and stored at —20 °C, until loading onto the gel. n each well, 15 pug

protein sample was loaded. Electrophoresis was performed initially at 50 V (until the dye
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front migrated into the resolving gel) and then at 100 V. Power was supplied through Atto-
Digi-Power (SJ-1081).

The proteins were then transferred electrophoretically from the gel onto
polyvinylidene difluoride (PVDF) membranes (Towbin et al 1979). The PVDF membrane
was carefully laid on the gel without any air bubbles between the two. The gel and the PVDF
membrane were sandwiched between two layers of Whatmann No. 1 chromatography papers.
A single layer of sponge was placed on either side. The entire sandwich was soaked in
transfer buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine and 20 % (v/v) methanol) and
placed in the cassette of the western blot unit (Electro-eluter, Model 422, BIO-RAD, USA)
and connected to a power pack (Atto Digi-Power, model SJ-1081). A power supply of 30 V
was given overnight (8-10 h) at 4 °C. The transfer of proteins was confirmed by Ponceau’s
staining (0.2 % (w/v) Ponceau’s stain in 3 % (w/v) trichloroacetic acid). Ponceau’s stain was
removed by repeated washing with distilled water.

The PVDF membrane was blocked, to saturate the non-specific binding sites, with
S5 % (w/v) BSA in Tris-Buffered saline (TBS) containing 25 mM Tris- HCI pH 7.5 and
150 mM NaCl. The blocking was allowed for 1 h at room temperature with constant shaking.
The blocked membrane was washed for 45 min (3 washes, 15 min each) with washing buffer
(25 mM Tris-HCI1 pH 7.5, 150 mM NaCl, and freshly added 0.2 % Tween 20). Now the
PVDF membrane was treated for 1 h with respective anti-rabbit primary antibody (anti-
catalase antibody - 1: 1,000; anti-APX antibody - 1: 2,000 and anti-GR antibody - 1: 2,000)
(Agrisera AB, Sweden) followed by 1: 2,000 dilution of anti-rabbit IgG alkaline phosphatase
conjugate for 1 h and washed. All the above treatments were done with the help of a shaker.

The washed blot was developed with 50 ul of a mixed stock solution containing
p-nitroblue tetrazolium chloride (NBT) and 5-bromo 4-chloro 3- indolyl phosphate (BCIP)

(NBT/BCIP stock solution, Sigma-Aldrich, St. Louis, USA) in 10 ml of 0.1 M Tris-HCI
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pH 9.5, 0.1 M NaCl, 0.05 M MgCl,. The time taken for development of protein bands was 10
to 15 min.
Total RNA isolation and reverse transcriptase PCR (RT-PCR) analysis
RNA extraction
The extraction of RNA was done, using guanidine thiocyanate acid phenol-based method as
described by Chomczynski and Sacchi (1986) using TRI-Reagent® (Sigma-Aldrich, USA).
The leaf discs (approx. 100 mg fresh weight) after respective treatment were ground to
powder in liquid nitrogen. In case of the mesophyll cell protoplasts, aliquots equivalent to
200 pg Chl were ground to powder in liquid nitrogen. These powdered samples were
homogenized in a 1.0 ml of TRI-Reagent®, mixed well and harvested into eppendorf tubes.
The samples were incubated at room temperature for 5 min and then centrifuged at 12000 g
for 10 min at 4 °C to remove the cell debris.

The clear supernatant was carefully transferred to a fresh 2 ml eppendorf tube and
300 pl of chloroform was added. The tubes were capped securely and vortexed for 15 sec and
incubated at 25-30 °C for 5 min. The samples were centrifuged at 12000 g for 15 min at 4 °C.
After centrifugation, the mixture separated into a lower red, phenol-chloroform phase, an
interphase, and a colorless upper aqueous phase. The upper aqueous phase was carefully
transferred to a fresh 2 ml eppendorf tube without disturbing the middle phase. To this
supernatant, equal volumes of isopropyl alcohol (500 pl of supernatant + 500 pl of isopropyl
alcohol) was added, mixed well and incubated at 30 °C for 10 min. The samples were then
centrifuged at 12000 g for 10 min at 4 °C and the pellet was stored and the supernatant was
discarded.

The pellet (RNA) was washed with 500 pul of 70 % alcohol (flick the tube to wash)
and then centrifuged at 12000 g for 5 min at 4 °C to re-pellet the RNA at the bottom of the

tube and the pellet was air dried for 10-15 min at room temperature. The air dried pellet was
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re-suspended in 30-50 pl of RNase free diethyl pyrocarbonate (DEPC) treated water (DEPC-
H,0). An aliquot was put into the spectrophotometer to determine RNA concentration and
quality at Azeo and Assp. For optimal spectrophotometric measurements, RNA aliquots were
1: 80 diluted with DEPC-H,0. The RNA quantification was done using the following
formula:

RNA concentration (pg ml-1) = 40 x A260 x dilution factor, where RNA extinction
coefficient = 40 (1 OD at 260 equals 40 pg /ml RNA). The Ajs0/Azgo ratio gives the purity of
the RNA (ratio should be between 1.8 -2.1).
cDNA synthesis
The procedure followed for cDNA synthesis was according to manufacturer’s instructions
(RevertAid cDNA synthesis kit, Fermentas). The oligo(dT)12-18 primer was added to 1 pg of
total RNA and the final volume was adjusted to 20 pl with RNase free water. The sample was
mixed well and incubated in a thermal cycler at 65 °C for 5 min, snap frozen in ice for 2 min
and spin briefly. The cDNA was synthesized using 200 units RevertAid M-MuLV Reverse
Transcriptase (Fermentas) in a buffer (in a total volume of 8 pl comprises of 4 pl reaction
buffer (5x), 1 pl of RiboLock RNase inhibitor and 1 pl of 10 mM dNTP). The reaction was
performed at 42 °C for 50-60 min in a water bath and was stopped at 70 °C for 10 min. This
cDNA synthesized was used as template for RT-PCR analysis.

RT-PCR analysis

Non-competitive reverse transcription-PCR (RT-PCR) was performed as described by Ahn
(2002). Gene specific primers (Table 3.2) were designed on the basis of the published
sequence (http://www.ncbi.nlm.nih.gov) using Primer3 software (Rozen and Skaletsky, 2000;
http://fokker.wi.mit.edu/primer3/input.htm). cDNA samples were standardized by PCR for
actin content. The PCR conditions were optimized empirically by testing various annealing

temperatures.
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Table 3.2. The sequence of the primers used for RT-PCR amplification of genes

encoding for antioxidant enzymes (CAT2, tAPX, sAPX, cAPX and GR2) localized in

chloroplast and gene involved in proline synthesis (AP5CSI) and the house keeping

gene (Actin 8).

Gene function Gene locus Sequence
Catalase (CAT2) AT4G35090 | 5'-CGAGGTATGACCAGGTTCGT-3' (sense)
5'"AGGGCATCAATCCATCTCTG-3' (antisense)
Thylakoidal APX (tAPX) | AT1G77490 | 5-TGGAGAAGCAGGAGGACAGT-3' (sense)
5'-GCAGCCACATCTTCAGCATA-3' (antisense)
Stromal APX (sAPX) AT4G08390 | 5-CCTCAGAAAAATGGCAGAG-3' (sense)
5'-GAGGAGGAAGCGGAGAGAGT-3'(antisense)
Cytosolic APX (cAPX) | AT1G07890 |5'-GCATGGACATCAAACCCTCT-3' (sense)
5'"AGCAAACCCAAGCTCAG-3' (antisense)
Chloroplastic GR (GR2) | AT3G54660 | 5'-TTTTGCGAACACTGCTTTTG-3' (sense)
5'"AGCCTGAGGTGAAGACCAGA-3' (antisense)
Apyrroline-5-carboxylate | AT2G39800 | 5-TACGACGGTGCTTCACTGAG-3' (sense)
synthetase (AP5CS1) 5'-CACCTCAAATCCATCCGAGT-3' (antisense)
Actin8 AT1G49240 | 5'-CAGGGATCCACGAGACAACT-3' (sense)

5'-CTGGAAAGTGCTGAGGGAAG-3' (antisense)
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The mRNA transcripts of catalase (CAT2), thylakoidal APX (tAPX), stromal APX
(sAPX), cytosolic APX (cAPX), chloroplastic GR (GR2) and Apyrroline-5-carboxylate
synthetase (AP5CS1) genes were examined. The primer sequences of the genes used for RT-
PCR are given as a Table 3.2.

The PCR cycling conditions comprised

1. 94 °C for 3 min initial denaturation

2. 94 °C for 1 min denaturation

3. 60 °C for 45 sec annealing

4. 72 °C for 20 sec extension, 35 cycles from step 2- 4

5. 72 °C for 10 min final elongation
As an internal (constitutive) control, PCR was performed simultaneously using Actin8
primers and amplification products were resolved by electrophoresis.
Agarose gel electrophoresis
Electrophoresis was carried on 1 % (w/v) agarose gels. The gel was polymerized in 1x TBE
buffer (89 mM Tris base, 89 mM Boric acid, 2 mM EDTA, pH 8.0). The required quantity of
agarose (500 mg) was suspended in appropriate volume of 1 x TBE (50 ml) and boiled for
solubilization. The solution was allowed to cool till 60-65 °C and ethidium bromide
(0.5 pg/ml) was added. The gel was poured into a horizontal gel electrophoresis system, into
which the well comb was placed and left to polymerize at room temperature. The PCR
products were loaded with 4 pl bromophenol blue (BPB) dye (loading dye) before being
loaded into the wells of the gel. Then the samples (about 12 pl) were directly loaded on to
gel. DNA ladder (Fermentas) was used as molecular weight marker, which on standard
loading of 5 pl yields 14 regularly spaced bands from 50 bp to 1000 bp. The size of each
band is an exact multiple of 50 bp. Electrophoresis was carried out in the same buffer

(1x TBE) at a voltage of 50 V, until the dye reached 3/4™ of the length of the gel. All the
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ethidium bromide gels were visualized using UV-transilluminator and analyzed using UV-gel
documentation system. The PCR amplified an approximately 0.5 kb fragment of the gene of
interest.

Band intensities after electrophoresis were quantified using Scion software and
normalized to band intensities of ACTINS which is used as a house keeping gene.
Replications and statistical analysis
The data presented are the average values (£ SE) of results from three to four experiments
conducted on different days. The data were subjected to further statistical analysis by
students’ r-test and one way ANOVA (Student-Newman-Keuls method) using SigmaPlot
Version 11.0.

Chemicals and materials

Cellulase (Onozuka R-10) and macerozyme R-10 (pectinase) were procured from Yakult
Honsha Co. Ltd., Tokyo, Japan. Antimycin A, SHAM, AAN, GHA, L-GalL, reduced and
oxidized glutathione, NADPH, MES, HEPES, sodium ascorbate, and all the enzymes used
for the spectrophotometric assays were procured from Sigma-Aldrich Corporation, USA.
PVDF membranes (Immobilon-P from Millipore). Nylon filter (60 wm pore size) was
purchased from Sarayu Textiles, Mumbai. Ascorbate oxidase was procured from Roche
Applied Science, Mannheim, Germany. All other chemicals and materials were of analytical
grade and were purchased from the following companies: Sisco Research Laboratories, Loba
Chemie, Himedia Laboratories and Qualigens, all from Mumbai. The antibodies were

procured from Agrisera (Sweden). All the primers were synthesized by Bioserve (USA).
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Chapter 4
Ascorbic acid is a key participant for optimization of photosynthesis and

protection against photoinhibition

INTRODUCTION

In plant cells, a delicate metabolic equilibrium exists between the key compartments,
including not only mitochondria and chloroplasts but also the peroxisomes and cytosol.
Disturbance of any of these compartments perturbs the metabolism of whole cell
(Raghavendra and Padmasree, 2003; Noguchi and Yoshida, 2008; Yoshida and Noguchi,
2010). A major factor for metabolic stability is the exchange of several metabolites between
the different cell organelles. Besides the metabolites there are also other possible signals
between mitochondria, chloroplasts, peroxisomes and cytosol, including r-ascorbate (AsA),
nitric oxide (NO) and the cytosolic pH. Evidences suggest that the signalling network
between chloroplasts and mitochondria involves ROS and antioxidants (Foyer and Noctor,
2003; Noctor et al., 2007).

AsA is the most abundant water-soluble antioxidant present in plant cells. It is
ubiquitous and found in all sub-cellular organelles, including the apoplast (Smirnoff, 2000;
Pignocchi and Foyer, 2003). For example, the concentration of AsA is in the range of 20 mM
or more in chloroplasts (Smirnoff and Wheeler, 2000). The recycling of AsA regenerated via
the ascorbate-glutathione cycle, helps to detoxify H,O, produced during Mehler reaction and
thus AsA is important for photoprotection (Halliwell and Foyer, 1976; Foyer and Noctor,
2000). Further, AsA appears to have multiple roles in metabolism, electron transport, control
of the cell cycle, and even the responses of plants to biotic/abiotic stress (Ishikawa and

Shigeoka, 2008).
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The vtcl mutant is deficient in GDP-mannose pyrophosphorylase and has very low
levels of AsA. The vtcl mutants of Arabidopsis thaliana are quite sensitive to various stress
conditions like high light (HL), ozone, SO,, UV-B radiation and even salt stress (Miiller-
Moulé et al., 2003, 2004; Huang et al., 2005). Further, the deficiency of AsA and r-GalL
dehydrogenase (L-GalLDH) has been observed to affect the growth and development of not
only Arabidopsis but also tomato (Veljovic-Jovanovic et al., 2001; Alhagdow et al., 2007).
Mitochondria play an important role in the synthesis of AsA. The final step of the AsA
biosynthesis occurs in the inner mitochondrial membrane. In this step, L-GalLL dehydrogenase
oxidizes L-GalL to AsA, utilizing cytochrome c as its electron acceptor (Smirnoff and
Wheeler, 2000; Ishikawa and Shigeoka, 2008; Linster and Clarke, 2009). L-GalLDH uses
L-GalL as an electron donor to reduce cyt ¢ and appears to be associated with complex III/IV
of mitochondrial electron transport chain (Bartoli et al, 2000). AsA biosynthesis is
stimulated in light which appears to be through direct control by photosynthesis, but not of
gene expression (Smirnoff, 2000; Gatzek et al., 2002; Yabuta et al., 2007). Although the role
of AsA during the mitochondria-chloroplasts interactions is stressed (Foyer and Noctor,
2003; Nunes-Nesi et al., 2008), the details of modulation by AsA are yet to be examined in
detail.

The AsA-deficient plants exhibit an enhanced photoinhibition and oxidative damage
(Miiller-Moulé et al., 2003, 2004). Interference with mitochondrial oxidative electron
transport can also lead to pronounced photoinhibition (Raghavendra and Padmasree, 2003).
However, it is not clear if AsA can provide a link during the interactions between
photosynthesis and mitochondrial electron transport. The present work is designed to assess
the role of AsA during the interactions between chloroplasts and mitochondria in leaves of A.
thaliana. The consequences of decrease in AsA (by using AsA-deficient vfc/ mutant) or

enhancement by feeding leaf discs with L-GalL. (precursor of AsA) on photosynthesis,
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respiration and their interactions were studied. The levels as well as the redox state of AsA
were determined with or without pretreatment with two mitochondrial inhibitors. The results
suggest that AsA interacts with both chloroplasts and mitochondria, particularly during the
protection of photosynthesis at HL. and protection against photoinhibition.

RESULTS

Photosynthesis and respiration in AsA deficient vécI mutant

AsA deficient (vtcl) mutants contained about one-third of the AsA found in WT
(Figure 4.3A). Photosynthetic oxygen evolution by both vfc/ mutant and WT increased with
light intensity (Figure 4.1A, B). The rates of photosynthesis in mutants, at light intensities
and above 300 wmol m” s were less than those of WT. Whereas at light intensities of
<150 pmol m™ s (or less) vel mutants had marginally higher photosynthetic rates than
those of WT, whereas the photosynthetic rates of WT were seem to be higher at light
intensities of 300 pmol m™ s™" or higher (Figure 4.1A, B).

The rate of respiration in leaf discs of mutant plants was less than that in the WT
(Figure 4.2A). However, the extent of inhibition by mitochondrial inhibitors (antimycin A or
SHAM) was more in the vtc/ mutants than that in the WT. The inhibition of respiration by
SHAM was pronounced in mutants. As it is difficult to estimate the cytochrome and
alternative pathway capacities in leaf discs, mesophyll cell protoplasts were chosen and
experiments were conducted using mesophyll protoplasts to monitor respiration in presence
of an uncoupler (carbonyl cyanide m-chlorophenylhydrazone, CCCP). The respiration in
mesophyll cell protoplasts of mutant plants was lower than that in the wild-type (Figure
4.2B). The capacity of COX pathway in WT and vtc/ mutants was 43 and 26 % of total
respiration, whereas the capacity of AOX pathway in WT and vzc/ mutants was 34 and 39 %

of total respiration, respectively.
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The content and redox state of AsA in WT and vicI mutants: Response to mitochondrial
inhibitors and L-GalL.

The levels of AsA in leaf discs of both WT and vzc/ mutant increased on illumination
and under HL. In contrast, the ratios of reduced to total AsA were altered marginally by light.
However, the ratios of reduced to total AsA fell steeply by >60 %, in presence of antimycin
A or SHAM (Figure 4.3C). The levels of total AsA in the vfc/ mutant were much less than
those in the wild-type plants (Figure 4.3A, B). The total AsA levels in mutants too increased
slightly in presence of antimycin A or SHAM, but the ratios of reduced to total AsA fell
sharply by >80 % (Figure 4.3C, D). The decrease in ratio of reduced/total AsA at HL was
more pronounced with SHAM than that with antimycin A in mutant plants.

Feeding with L-GalL elevated the levels of AsA in both wild-type and mutant plants
(Figure 4.3B). A prominent effect of L-GalLL was the maintenance of high reduced to total
AsA ratios even in presence of antimycin A or SHAM, compared to its absence (Figure
4.3D). Even in presence of L-GalL, illumination with normal or HL increased the total AsA
level and reduced the ratios of reduced/total AsA. The modulation by mitochondrial
inhibitors (Antimycin A, or SHAM) on the total AsA levels and the ratios of reduced/total
AsA at HL was more pronounced in vtc/ than that in WT.

Photosynthesis and photoinhibition in leaf discs of wild-type and vfcI mutants: Effect of
mitochondrial inhibitors and L-GalL.

Treatment with mitochondrial inhibitors decreased photosynthesis in both WT and
AsA deficient mutants especially in normal and HL. Such decrease was pronounced with
SHAM at normal and HL (Figure 4.4A). The inhibition of photosynthesis by mitochondrial
inhibitors was marginal at normal light in both WT and vtc/ mutant (Figure 4.4A). Further,
the decrease in photosynthesis and the extent of photoinhibition at HL. were more in mutant

than that in WT (Figure 4.4A). The vtcl mutants were highly sensitive to SHAM at HL
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intensity. Pretreatment with L-GalL resulted in a significant protection of photosynthesis,
particularly at HL (Figure 4.4B). The protection by L-GalL of photosynthesis and sensitivity
to mitochondrial inhibitors was quite pronounced in mutants.

The high sensitivity of mutant plants to mitochondrial inhibitors at HL intensity and
the marked protection by L-Gall. were very clear, when the percent of photoinhibition was
calculated (Table 4.1). In a typical experiment, the percent of photoinhibition in mutant
(64 %) was higher than that in WT (48 %). The treatment with antimycin A or SHAM further
increased the percent of photoinhibition in both WT and mutants. Highest photoinhibition of
83 % occurred in mutant plants in presence of SHAM. The treatment with L-GalLL decreased
the photoinhibition, even in presence of antimycin A or SHAM. Again maximum protection

by L-GalL. was recorded in vtc/ mutant in presence of SHAM.
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Figure 4.1. Photosynthetic oxygen evolution by leaf discs from WT and vicl
mutants of Arabidopsis thaliana in response to increasing intensity of light in
the absence (A) or in presence (B) of preillumination. The leaf discs were
preilluminated at 2 h light (300 umol m™ s™') after 8 h dark incubation. Data

represent mean values (x SE) from at least four independent experiments.
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Figure 4.2. The respiratory O, uptake in leaf discs (A) or mesophyll cell
protoplasts (B) of WT and vzc! mutant of Arabidopsis thaliana on exposure to
mitochondrial inhibitors (1 uM antimycin A or 2 mM SHAM). Data represent

mean values (+ SE) from at least four independent experiments.
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Figure 4.3. The levels and redox state of AsA in leaf discs of wild type (A and

C) and vtc! mutant (B and D) of Arabidopsis thaliana pretreated without or

with 25 mM r-GalL and then exposed to mitochondrial inhibitors

(1 uM antimycin A or 2 mM SHAM). The leaf discs were exposed to either

growth light (GL, 150 pmol m™s™) or normal (NL, 300 umol m”s™) or high

light (HL, 1800 umol m™s™) for 2 h. Data are averages (+ SE) in vertical bars

of at least three experiments conducted on different days.
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Figure 4.4. The photosynthetic rates in leaf discs of wild type (A) and vtcl

mutant (B) of Arabidopsis thaliana, upon treatment with mitochondrial

inhibitors (1 uM antimycin A or 2 mM SHAM) upon pretreatment without and

with 25 mM L-GalL. The leaf discs were exposed to either growth light
(GL, 150 umol m™s™) or normal (NL, 300 pmol m™ s™) or high light (HL,

1800 wmol m™ s™) for 2 h. Photosynthetic rates were then determined at

300 umol m™ s, Data are averages (+ SE) in vertical bars of at least three

experiments conducted on different days.
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Table 4.1 The extent of photoinhibition of photosynthesis in wild type and
vtcl mutants of Arabidopsis without or with treatment with 25 mM L-GalL

and/or exposure to mitochondrial inhibitors. Data recalculated from Figure 4.4.

Photoinhibition (%)*

Treatment Plant type None Antimycin A (1 pM) SHAM (2 mM)
No L-GalL Wild type 48 59 63
vicl 64 77 83
25 mM L-GalL. Wild type 40 54 59
vicl 52 66 55

* Inhibition of photosynthesis at HL, calculated as % of that at NL.
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DISCUSSION

The sensitivity of photosynthesis to supraoptimal light (i.e. photoinhibition) was dependent
on both mitochondrial metabolism and AsA levels in leaf discs. This article therefore
complements and confirms the suggestion that AsA is a key component during the interaction
of photosynthesis with mitochondrial metabolism (Nunes-Nesi et al., 2008).

AsA deficiency increased the sensitivity of photosynthesis and photoinhibition to SHAM
and antimycin A

The hypersensitivity of AsA-deficient plants to photoinhibition and oxidative damage
was known (Miiller-Moulé et al., 2003, 2004). The present results highlight the enhanced
sensitivity of photosynthesis, particularly at HL, to AOX pathway. The inhibition of
photosynthesis at HL in vfc/ mutant was aggravated by SHAM (an inhibitor of AOX
pathway) and antimycin A (inhibitor of COX pathway). The effect of SHAM being more
pronounced than that by antimycin A (Figure 4.4A). Bartoli et al. (2006) reported that AOX
pathway might help in photoprotection of Arabidopsis leaves. Even at low light, inhibition of
AOX pathway caused a decrease in photosynthesis and over-reduction of cyclic electron flow
(Yoshida et al., 2006). Our results therefore point out that the importance of mitochondrial
electron transport chain (particularly AOX pathway) is related to AsA content of leaves.

The use of SHAM to determine the activity of AOX pathway is often criticized as
SHAM may affect peroxidase and thus interfere with measurements (Moller et al., 1988).
However, SHAM is used extensively to study AOX pathway, with proper precautions. At low
concentrations, as used in present work, the mitochondrial inhibitors had no direct effect on
either light activation of enzymes or photochemical electron transport in mesophyll

protoplasts (Padmasree and Raghavendra, 1999, 2001).
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Elevation of AsA decreased the sensitivity of photosynthesis and photoinhibition to
SHAM and antimycin A

Stressed wheat leaves, fed with L-GalL, increased their AsA and enhanced photochemical and
non-photochemical quenching of chlorophyll fluorescence (Tambussi et al., 2000). However,
L-GalL. could arrest the decrease in PSII electron transport only partially, suggesting that
other factors also contributed to loss of PSII activity in drought-stressed plants. Similarly,
L-GalL. treatment enhanced the photosynthetic rates in leaf discs of mitochondrial malate
dehydrogenase deficient transgenic tomato plants (Nunes-Nesi et al., 2005). The efficacy of
L-GalL to increase was dependent on the activity of L-GalL. dehydrogenase, in Arabidopsis
leaves (Bartoli et al., 2006).

The marked relief in the inhibition of photosynthesis by mitochondrial inhibitors in leaf
discs fed with L-GalL (Figure 4.4B) indicated that AsA alleviated the dependence of
photosynthesis on mitochondrial metabolism. The protection of photosynthesis by L-GalL at
HL was more pronounced in vfc/ mutants than that in WT (Figure 4.4B). Thus elevation of
AsA decreased the dependence of photosynthesis on AOX pathway in not only WT but also
mutants. While acknowledging the importance of COX, we suggest that the extreme
sensitivity to HL or SHAM of vtc/ mutants could be due to their altered activity of AOX
pathway.

Evidence for increased capacity of AOX pathway in vicI mutants

An increased AOX pathway capacity has been observed under stress conditions,
where the ROS levels are high (Yoshida et al., 2007; Bartoli et al., 2005). Increased capacity
of AOX pathway in vtc/ mutants can therefore be the reason for its high sensitivity of
photosynthesis and photoinhibition to SHAM. An analysis of respiration in mesophyll
protoplasts revealed that the capacity of AOX pathway in mutants was higher than that in

WT. The increase in AOX pathway capacity in vfc/ mutant is possibly due to increased
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oxidative stress in mesophyll cell protoplasts of AsA deficient vtc/ mutants of Arabidopsis
thaliana, particularly under a combination of HL and presence of mitochondrial inhibitors.
Both mitochondria and chloroplasts modulate the levels and the redox state of AsA

A stimulation of AsA biosynthesis by antimycin A in isolated mitochondria from potato
tubers suggests that L-GalLDH could facilitate electron flow through cytochrome c to
complex IV, even when complex III is inhibited by antimycin A (Bartoli et al., 2000). In the
present study too, in the vfc/ mutants, the total AsA levels stimulated in presence of
antimycin A or SHAM (Figure 4.3A, B), in the absence or presence of L-GalL.. The synthesis
of AsA is dependent on not only L-GalLDH, but also complex I (Millar et al., 2003; Bartoli et
al., 2006; Pineau et al., 2008). Since, the inhibition of electron transport by antimycin A or
SHAM increases ROS production (Maxwell et al., 1999), the protective role of AsA becomes
quite relevant in such circumstances, as light can stimulate and sustain enhanced AsA levels
in leaves (Figure 4.3A, B). Thus, the increase in total AsA appears to be an attempt by the
cell to counter the oxidative stress as a consequence of inhibition of mitochondrial electron
transport.

Bartoli et al. (2006) reported that light stimulated AsA synthesis was due to the
interrelations of chloroplast and mitochondria. Yabuta et al. (2007) observed that the
upregulation of AsA biosynthesis was mediated primarily by photosynthetic electron
transport. From our findings, it was quite clear that elevated levels of AsA did not always
protect photosynthesis against photoinhibition and a high ratio of reduced AsA/total AsA
(Figure 4.3D) appeared to be quite important. We therefore suggest that the redox status of
AsA could be crucial in mediating the cross-talk between mitochondria and chloroplasts.
Similar roles of AsA and AOX pathway preventing over accumulation of ROS
The interrelationship between mitochondria, chloroplasts and AsA is not surprising. One may

argue that such ‘cross talk’ is unavoidable, since AsA is synthesized in mitochondria, while
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accumulating mostly in chloroplasts (Nunes-Nesi et al., 2008). It is possible that the change
in AsA is a consequence of photoinhibition. AsA may have additional roles and can be also
supplemented with other factors. For e.g. AsA promoted cyclic electron flow around PSI
when the electron transport through PSI + PSII is impaired (Mano et al.,, 2004). The
deficiency of AsA had an aggravating effect, when plants are deficient in both AsA and
zeaxanthin (Miiller-Moule et al., 2003). Further experiments are necessary to understand the
multifaceted interactions of mitochondria and chloroplasts through not only AsA but also
other signals, including metabolites.

The AsA—glutathione and AOX pathway seem to have similar role, i.e. prevent over
accumulation of ROS by either scavenging or restricting ROS production. When AsA level
was raised by feeding L-GalL, photosynthesis by leaf discs of Arabidopsis thaliana was less
sensitive to SHAM (an inhibitor of AOX pathway) was lowered (Figure 4.4B). In contrast,
photosynthesis and photoinhibition in AsA deficient mutants of Arabidopsis thaliana were
more sensitive to SHAM, than that of WT (Figure 4.4A). Increased capacity and levels of
AOX upon illumination of leaves signifies the role of AOX in photoprotection (Guy and
Vanlerberghe, 2005). A change in expression of AOX levels also led to changes in the
activities of AsA and levels of L-GalL.-dehydrogenase in Arabidopsis leaves (Bartoli et al.,
2006). We propose that AsA and AOX pathway may complement each other in minimizing
ROS. In a complex I deficient tobacco mutant, as the levels of ROS rose, there was a marked
increase in not only AsA but also AOX pathway, along with the other scavenging systems
(Vidal et al., 2007).

CONCLUSIONS
1. The modulation of AsA levels lead to marked changes in the patterns of
photosynthesis and photoinhibition and their sensitivity to mitochondrial inhibitors:

antimycin A or SHAM, particularly at HL.
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2. The levels and redox state of AsA were modulated by not only mitochondrial
metabolism but also light. While suggesting that AsA is a key player during the
interactions between chloroplasts and mitochondria, our observations draw attention
to interesting relationship of AsA with AOX pathway.

3. We propose that AsA and AOX pathway could both help in preventing the over
accumulation of ROS and thus may complement each other in protecting
photosynthesis against photoinhibition.

4. While the importance of COX pathway in optimizing photosynthesis and protecting
against photoinhibition cannot be ignored, further work is warranted to establish the
complementary roles of AsA and AOX pathway.

%k %k K 3k %k %k k
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Chapter 5
Effects of high light on leaves of three Arabidopsis mutants lacking redox

related components (nadp-mdh, vtcl and aoxla)

INTRODUCTION
In natural environments, plants are exposed to varying intensities of light. Optimal levels of
light are essential for plant growth and differentiation. If the incident light levels exceed the
photosynthetic capacity, it results in the generation of reactive oxygen species (ROS) in
chloroplasts (Li et al., 2009; Galvez-Valdivieso and Mullineaux, 2010; Murchie and Niyogi,
2011). The ROS at limited levels may act as signal molecules to regulate developmental
aspects, and even trigger defense responses. However, ROS in excess can cause extensive
damage of membrane components, proteins, lipids, and even DNA, -all of them termed
together as the phenomenon of photo-oxidative stress (Mittler et al., 2004; Halliwell, 2006).

Plants have developed several strategies to protect against photo-oxidative stress. The
diverse photo-protection mechanisms include light avoidance associated with the movement
of leaves and chloroplasts; screening of photo-radiation; antioxidant systems to scavenge
ROS; dissipation of absorbed light energy as thermal energy (qE); Mehler’s reaction and
cyclic electron flow (CEF) around photosystem I (PSI) (Takahashi and Badger, 2011;
PospiSil, 2012). Plants also possess a set of additional energy dissipating mechanisms,
through mitochondrial oxidative electron transport system, photorespiration and malate valve,
as these export the excess reducing equivalents out of chloroplasts (Scheibe et al., 2005;
Nunes-Nesi et al., 2008; Foyer and Noctor, 2009; Bauwe et al., 2010; Wilhelm and Selmar,
2011).

The present study is an attempt to study the responses towards supra-optimal light of

three mutants of Arabidopsis, which lack crucial redox components. The mutants employed
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in this study are, nadp-mdh (lacks chloroplastic NADP-malate dehydrogenase, a crucial
enzyme of malate valve); vtcl (an ascorbate deficient mutant) and aox/a mutant (lacks a leaf
form of mitochondrial alternate oxidase). The responses of these three mutants to high light
intensity (HL, 1200 uE m™® s'), in comparison with dark or moderate light (ML,
300 uE m™ s7) are described below. The data of wild type are also included. All the

experiments were performed with leaf discs.

RESULTS
Photosynthesis

The rates of photosynthesis in WT as well as mutants increased upto a light intensity
of 600 LE m™ s”'. At HL intensities, there was a decrease in photosynthesis of vtc! and aoxla
mutants (Figure 5.1). This decrease in photosynthesis was more pronounced in aox/a mutant,
with maximum inhibition of photosynthesis (75 %) at HL compared to ML. In strong
contrast, the nadp-mdh mutants exhibited the sustained photosynthetic rates even at HL.
ROS accumulation

Exposure of leaves to HL enhanced ROS accumulation in vtc/ and aox/a mutants,
whereas the levels of ROS in nadp-mdh mutants were still low at 1 h and 2 h of ML and HL
treatment (Figure 5.2). Quite interestingly, the accumulated levels of ROS in nadp-mdh
mutants were low, even when treated with 10 uM of H,0O,, compared to high ROS in vtc/
and aoxIa mutants (Figure 5.2).
Antioxidant contents

Ascorbate (AsA): The total AsA was stimulated at HL in nadp-mdh, vtcl and aoxla mutants,

such increase was more pronounced in aox/a mutants (60 %) particularly at HL. conditions

(Figure 5.3A). The redox ratios (reduced/total AsA) dropped considerably in aoxla (from
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0.91 to 0.67) and vtcl mutants (from 0.81 to 0.39) at HL,, whereas the redox ratio unaffected
in nadp-mdh mutant (from 0.86 to 0.90) at HL (Figure 5.3B).

Glutathione (GSH): The total GSH content was stimulated at HL in nadp-mdh and vtcl, and

such increase was more pronounced in nadp-mdh (40 %) particularly at HL intensities. The
total GSH remained unchanged in aox/a mutant (Figure 5.4A). The redox ratios
(reduced/total GSH) dropped considerably at HL intensities in vtc/ (from 0.75 to 0.56) and
aoxla mutant (from 0.97 to 0.72), whereas nadp-mdh mutant (from 0.89 to 0.87) exhibited no
change in the redox ratios of GSH at HL conditions (Figure 5.4B).
Antioxidant enzyme activities

The activity of ascorbate peroxidase (APX) was high at HL in all three mutants. The
increase in activity was more pronounced in vtcl (>2-fold) and aoxla (>2-fold), whereas
nadp-mdh mutant exhibited a marginal increase in APX activities at HL intensities (Table
5.1). The activity of glutathione peroxidase (GR) enhanced at HL in all the three mutants,
which was pronounced in vtcl (>6-fold) and aoxla (>4-fold) mutants compared to that of
WT, whereas nadp-mdh mutant exhibited only about <2-fold increase in GR activity at HL
intensities (Table 5.1). The activity of catalase (CAT) also increased significantly at HL in all
three mutants. The rise was similar (>5-fold) in nadp-mdh, vtcl and aoxla mutants (Table
5.1).
Protein levels of antioxidant enzymes

Treatment with HL, enhanced the levels of CAT protein in all the three plants, with
the response being more pronounced in aox/a (>2-fold) and v¢cl mutants (>2-fold) compared
to WT. In contrast, the level of CAT proteins in nadp-mdh enhanced by >1-fold at HL
(Figure 5.5). The protein levels of four isoforms of APX (tAPX, sAPX, pAPX and cAPX)
increased at HL in vfcl and aoxla mutants compared to WT. The expression of cAPX was

more pronounced compared to other isoforms of APX (Figure 5.5), whereas the accumulation
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of chloroplastic isoforms of APX was low in vtc/ mutant. In nadp-mdh mutants, the four
APX isoforms were unaffected. The GR protein levels were higher under HL in vtc/ and
aoxla mutants than those in WT and this increase was high in aox/a mutants. In nadp-mdh
mutants, the levels of GR protein declined at HL. (Figure 5.5).

mRNA transcripts of antioxidant enzymes

Exposure to HL up-regulated the expression of transcripts of CAT2 (chloroplastic
form) in vtcl and aoxla mutants (>2-fold) compared to WT, while CAT2 was down-regulated
in nadp-mdh mutants (Figure 5.6). The expression of transcripts of four isoforms of APX was
up-regulated at HL in vtcl and aoxla mutants (>1-fold) compared to WT, the expression of
cAPX was more pronounced compared to other isoforms of APX (Figure 5.6), whereas in vtc/
there was very low expression of mRNA transcript levels of chloroplastic isoforms of APX
was noticed, while the four isoforms APX were down-regulated in nadp-mdh mutants.
Expression of transcripts of GR2 (chloroplastic form) were up-regulated at HL in vtcl
(>2-fold) and aoxla (>1-fold) compared to WT, whereas the GR2 transcript levels of nadp-
mdh were down-regulated at HL (Figure 5.6).

Free proline content and transcript level of chloroplastic Apyrroline-5-carboxylate
synthetase (AP5CS1)

The free proline content increased at HL in nadp-mdh, vtcl and aoxla mutant
compared to WT, and this increase was quite pronounced in nadp-mdh mutant (>3-fold)
particularly at HL (Table 5.2). Exposure to HL up-regulated the expression of AP5CS/
transcript levels in nadp-mdh, vtcl and aoxla mutants. Again, such upregulation was

maximum in nadp-mdh mutants (>3-fold) particularly at HL (Figure 5.7).
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Figure 5.1. Photosynthetic rates measured in leaf discs of wild type, nadp-
mdh and aox] mutants of Arabidopsis thaliana after treatment with increasing
intensity of light for 2 h. Photosynthetic O, evolution was measured at end of
2 h, at a light intensity of 300 pE m™ s'. Data represent mean values (+ SE)
from at least four independent experiments. Asterisks indicate statistically
significant differences (P< 0.05) between the WT, nadp-mdh, vtcl and aoxla
mutants at its respective light intensities, as determined by one way ANOVA

(Student-Newman-Keuls method).
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Figure 5.2. Accumulation of H,O, as visualized by DAB (1 mg/mL), in
response to dark, moderate light (300 UE m? s') and high light
(1200 LE m? s'l) for either 60 or 120 min, in leaves of WT, nadp-mdh, vtcl
and aoxla mutants of Arabidopsis thaliana. Leaves treated with 10 uM H,O,

were used as a control.
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Figure 5.3. Ascorbate content (A) and redox ratios (B) in the leaf discs of
wild type, nadp-mdh, vtcl and aoxla mutants of Arabidopsis thaliana, after
treatment with dark, moderate light (300 uE m™ s') and high light
(1200 uE m”s™) for 2 h. Data represent mean values (+ SE) from at least four
independent experiments. Asterisks indicate statistically significant
differences (P< 0.05) between the different light intensities, as determined by
one way ANOVA (Student-Newman-Keuls method).
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Figure 5.4. Glutathione content (A) and its redox ratios (B) in the leaf discs of
wild type, nadp-mdh, vtcl and aoxla mutants of Arabidopsis thaliana, after
treatment with dark, moderate light (300 pE m? s') and high light
(1200 uE m? s™) for 2 h. Data represent mean values (+ SE) from at least four
independent experiments. Asterisks indicate statistically significant
differences (P< 0.05) between the different light intensities, as determined by
one way ANOVA (Student-Newman-Keuls method).
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Table 5.1. Activities of ascorbate peroxidase (APX), glutathione reductase

(GR) and catalase (CAT) in leaf discs of wild type, nadp-mdh, vtcl and aoxla

mutants of Arabidopsis thaliana after treatment with dark, moderate light

(300 UE m?> s'l) and high light (1200 pE m? s'l) for 2 h. Data represent mean
[ gh lig

values (+ SE) from at least four independent experiments.

Treatment  Wild type %  nadp-mdh % aox la % vicl %
APX activity
(umol oxidised mg'1 protein min™)
Dark 20+£0.3 100 1.7+0.1 100 4.1+£0.5 100 0.7+0.03 100
ML 3.3+0.1 165 1.9+£0.3 112 52+0.7 127 0.9 £0.06 129
HL 3.9+0.1* 195 23+02 135 9.6 £ 0.8* 234 1.4 +£0.05 200
GR activity
(umol mg’1 protein min™)
Dark 0.06 £ 0.001 100  0.04 £0.006 100 0.06 £ 0.003 100 0.05 £0.003 100
ML 0.09 £0.012 150  0.06 £0.009 150 0.08 £ 0.007 133 0.07 £0.009 140
HL 0.14 £ 0.006* 233 0.07 £ 0.004 175 0.24 +0.011* 400  0.31 £0.016%* 620
CAT activity
(umol oxidised mg’1 protein min™)
Dark 34+3 100 48 £5 100 302 100 41 £5 100
ML 56 +4 165 76 £9 158 62+1 207 69 +6 168
HL 99 + 8% 291 228 £ 17* 475 120 £ 9% 400 190 £ 11* 463

*Asterisks indicate statistically significant differences (P< 0.05) between the

different light intensities, as determined by one way ANOVA (Student-

Newman-Keuls method).
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Figure 5.5. Protein levels of CAT, stromal APX, thylakoidal APX, cytosolic

APX and GR in leaf discs of wild-type, nadp-mdh, vtcl and aoxla mutants of

Arabidopsis thaliana after treatment with dark, moderate light (ML,
300 UE m™ s™) and high light (HL, 1200 uE m™ s™) for 2 h. Each well

contains 15 pg of protein sample.
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Figure 5.6. Expression of the mRNA transcript levels of CAT2, sAPX, tAPX,
cAPX and GR?2 in leaf discs of wild-type, nadp-mdh, vtcl and aoxla mutants
of Arabidopsis thaliana after treatment with dark, moderate light (ML,
300 uE m” s™) and high light (HL, 1200 pE m™ s™) for 2 h. ACTIN 8 was

used as a loading control. Relative band intensities are indicated by the

numbers on top of each band.
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Table 5.2. The levels of free proline in leaf discs of wild type, nadp-mdh, vtcl
and aoxla mutants of Arabidopsis thaliana after treatment with dark,
moderate light (300 uE m™ s) and high light (1200 uE m™ s™') for 2 h. Data

represent mean values (+ SE) from at least four independent experiments.

Free Proline content (ug g'1 FW)

Treatment

WT %  nadp-mdh % vtcl % AOX la %
Dark 199+14 100 227+£19 100 143+£09 100 160 +22 100
ML 192 £13 96 261 £19 115 178+12 124 18013 113
HL 339+ 19*% 170 571 +18*% 251 200+18 146 258 +18* 161

*Asterisks indicate statistically significant differences (P< 0.05) between the
different light intensities, as determined by one way ANOVA (Student-

Newman-Keuls method).
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Figure 5.7. Expression of AP5CS] gene transcript in the leaf discs of wild
type, nadp-mdh, vtcl and aoxla mutants of Arabidopsis thaliana after
treatment with dark, moderate light (300 pE m? s') and high light
(1200 pE m* s™) for 2 h.
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DISCUSSION
The malate valve, AOX pathway and antioxidant defense systems: all play a major role in
protection of chloroplasts under stress conditions by dissipating excess reducing equivalents
from chloroplasts and thereby minimizing the excess ROS generation. The present chapter
deals with the comparative responses of nadp-mdh or vtcl or aoxIa mutants to supraoptimal
light. In our experiments, exposure to HL led to marked inhibition of photosynthesis, and
enhanced response of antioxidant defense systems in vfcl or aoxla mutants, while nadp-mdh
mutants exhibited sustained photosynthesis and least response of antioxidant defense
systems. Our results emphasize that, vtcl or aox/a mutants are unable to adapt and are highly
susceptible to photo-oxidative stress, while the nadp-mdh mutants are tolerant, due to
acclimatization.
Sustained response of photosynthesis to supraoptimal light in nadp-mdh and
susceptibility of vicl or aox1a mutants
The sensitivity of photosynthesis to photoinhibition in vfcl or aox/a mutants and is explained
to be due to lack of protective antioxidant components (Miiller-Moulé et al., 2004; Zhang
et al.,, 2010). Our results on photosynthesis also demonstrate that, vic/ or aoxla mutants
experienced high photo-oxidative stress, indicated by the reduced photosynthetic
performance at HL. Drastic inhibition of photosynthetic rates in vtc/ or aoxla mutants at HL
(Figure 5.1) emphasizes the importance of AsA or AOX in optimizing photosynthesis and
protecting against HL (Zhang et al., 2010; Talla et al., 2011).

Laisk et al. (2007) reported that the potato plants with minimal amounts of NADP-
MDH were able to keep up their rates of photosynthesis and CO, assimilation, probably by
employing the suitable energy-dissipating cycles at PSI and PSII. In the present study also,
the nadp-mdh mutants sustained their photosynthetic rates even at HL signifying their

tolerance to photo-oxidative stress (Figure 5.1). A recent report on photosynthesis in

64



Chapter 5 Effects of high light on......

nadp-mdh mutants described the possible existence of efficient compensatory mechanisms in
nadp-mdh mutants to protect its chloroplasts from excess reductants and subsequent oxidative
stress (Hebbelmann et al., 2012).
Low accumulation of ROS in nadp-mdh and enhanced accumulation of ROS in vicl,
aoxla mutants
The leaves of vfcl or aoxla mutants on exposure to HL intensities pre-treated with
3,3-diaminobenzidine (DAB, 1 mg/ml at pH 3.8) led to the enhanced accumulation of ROS,
visualized by brown color (Figure 5.2). Our findings correlate with the earlier reports, that the
vtcl and aoxla mutants are highly sensitive to photo-oxidative stress (Maruta et al., 2010;
Zhang et al., 2010). The low levels of ROS in nadp-mdh mutants even at HL condition
(Figure 5.2) suggests that this mutant was not proned to photo-oxidative stress. This point is
in agreement with the findings of Hebbelmann et al. (2012) that the nadp-mdh mutant
accumulated low levels of ROS even under HL.
Stimulation of AsA and GSH content in all three mutants and redox ratios dropped in
vtcl or aox1a mutants/ undisturbed in nadp-mdh mutants at supraoptimal light
AsA and glutathione (GSH) are the redox buffers which play a crucial role in protection of
plants under photo-oxidative stress conditions, through the Beck—Halliwell-Asada pathway
(Mullineaux and Rausch, 2005). There are convincing reports that, the pool sizes of
antioxidants increase at HL, along with that enhanced capacity of AOX (Bartoli et al., 2006;
Talla et al., 2011). In the present study, on exposure to HL the aoxl/a and vfcl mutants
exhibited slight stimulation in total AsA and total GSH levels followed by a drop in redox
ratios of AsA and GSH (Figure 5.3 and 5.4).

Exposure of nadp-mdh mutants to HL, led to slight stimulation in the total AsA or

total GSH levels but the redox ratios of AsA and GSH were not affected (Figure 5.3 and 5.4).
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An earlier report also observed that the AsA/GSH based ROS scavenging systems were
unaffected in nadp-mdh mutants even at HL (Hebbelmann et al., 2012).

Antioxidant enzymes: activities, protein and transcript levels

On exposure to HL stress, the activities as well as the expression of superoxide dismutase
(SOD), CAT, APX, GR, dehydroascorbate reductase (DHAR), and monodehydroascorbate
reductase (MDHAR) increase (Chen et al., 2011; Zhang et al., 2011). In conformity with
earlier observations, in the present study the activities of APX, GR and CAT enzymes
increased at HL. This increase was more prominent in aox/a and vtcl mutants (Table 5.1)
signifying the importance of antioxidant defense systems and AOX in minimizing the ROS,
while no significant change in the activities of APX, GR or CAT in nadp-mdh mutants
indicates that the antioxidant defense mechanisms have a least role to play in maintenance of
redox balance.

The HL conditions usually induced an increased accumulation of APX, GR and CAT
protein levels (Mullineaux et al., 2000; Oelze et al., 2011). In our case too, the aox/a and vtcl
mutants accumulated high levels of APX (especially cAPX), GR and CAT proteins (Figure
5.5) highlighting the sensitivity of these mutants towards photo-oxidative stress. While the
unaltered protein levels of antioxidant enzymes in nadp-mdh mutants signifies the least role
of antioxidant systems in protection.

Exposure to HL led to the upregulation in expression of APX, GR and catalase gene
transcripts (Chang et al., 2004; Herndndez et al., 2006). It is reported that cAPX induction is
high upon treatment with MV or high-light stress in several plants, including Arabidopsis
(Yoshimura et al., 2000; Li et al., 2009). It seems likely that the induction in cAPX expression
during an early stage of oxidative stress is important in removing H,O, and minimizing

photooxidative damage. The CAT-deficient mutants (cat2) upon prolonged irradiation
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exhibited severe oxidative stress underlining the importance of CAT in protection against
photo-oxidative stress (Queval et al., 2007).

Even in our experiments, HL conditions up-regulated the expression of CAT2, APX
isoforms and GR2 transcript levels, particularly in aox/a and vtcl mutants. Among APX
isoforms, the cAPX appears to be more up-regulated than the other isoforms (Figure 5.6). Our
results on aoxla and vtcl mutants, suggests that the upregulation of these antioxidant
enzymes is not sufficient to counteract the photo-oxidative stress. In contrast, unaltered
expression of transcript levels of CAT2, APX isoforms and GR2 of nadp-mdh mutants, this
indicates these mutants are not subjected to photo-oxidative stress (Hebbelmann et al., 2012).
Up-regulation of free proline content and the key gene involved in proline synthesis
Accumulation of proline in higher plants is considered as an indication of perturbed osmotic
environment, triggered by water/salinity stress. Exposure of plants to different environmental
stress conditions leads to increase in the free proline content and induction of transcript
levels of its related biosynthetic genes (Verbruggen and Hermans, 2008; Szabados and
Savouré, 2010). Of late, there have been suggestions that proline also can be an efficient
redox buffer (Hare and Cress, 1997; Moustakas et al., 2011). In the present experiments, the
HL enhanced the accumulation of free proline content and up-regulated AP5CS1 gene in all
the three mutants of Arabidopsis. These responses were more pronounced in nadp-mdh than
those in aoxla and vtcl mutants (Table 5.2; Figure 5.7). Our study therefore suggests that the
proline may act as an alternative protective mechanism to minimize the excess reducing
equivalents thereby offering protection to plants from photo-oxidative stress.

Conclusions:
1. The susceptibility of photosynthetic performance in vic/ or aoxla and sustained
photosynthesis of nadp-mdh in HL suggested that vfcl and aoxla mutants were quite

sensitive to photo-oxidative stress while nadp-mdh mutants were tolerant.
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2. Excess accumulation of ROS, despite enhanced activities of APX, GR and catalase in
vtcl or aoxla mutants imply that antioxidant defense mechanisms are not robust
enough to keep ROS levels low in these mutants.

3. The low levels of ROS and no significant change in CAT, APX and GR activity in
nadp-mdh mutants indicate that the AsA-glutathione cycle related enzymes may not
be crucial in their role in redox balance.

4. Increased levels of CAT, APX, GR proteins and upregulation of their respective gene
transcripts in vfcl or aoxla mutants indicate the requirement of these antioxidant
enzymes to scavenge the excess ROS generated in these mutants, while the
unchanged protein levels and unaltered gene expression of CAT, APX and GR
enzymes indicate that nadp-mdh mutants are not proned to photo-oxidative stress.

5. Enhanced accumulation of free proline content and upregulation of gene involved
proline synthesis, especially in nadp-mdh mutants, at HL suggest the operation of
alternative protective mechanisms in nadp-mdh mutants besides the well-known AsA
or glutathione based antioxidant defense systems in protection of plant against photo-

oxidative stress.
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Chapter 6
Importance of photorespiration and alternative oxidase in

nadp-mdh mutants

INTRODUCTION
Plants utilize multiple mechanisms to minimize the oxidative damage, which include: D1
protein turnover, non-photochemical energy quenching, xanthophyll cycle, chlororespiration,
cyclic electron transport, and the Mehler’s reaction. Besides these mechanisms located in
chloroplasts, there are additional extra-chloroplastic systems, such as alternative oxidase
(AOX) and photorespiration, to protect plant cells against oxidative stress. The mitochondrial
oxidative metabolism was important for neutralizing excess of photosynthetic reducing
power, preventing oxidative damage of thylakoid membranes and other cellular components
(Raghavendra and Padmasree, 2003; Yoshida and Noguchi, 2010; Xu et al., 2011).

Alternative oxidase (AOX) pathway play a major role in relieving the over-reduction
of chloroplasts. Several reports demonstrated that inhibition of AOX led to a decrease in the
photosynthetic rate and the over-reduction of the photosynthetic electron transport chain in
leaves and in protoplasts (Padmasree and Raghavendra, 1999; Bartoli et al., 2005). The
amount and activity of AOX dramatically increased in high-light (HL) conditions (Yoshida et
al., 2006; Noguchi and Yoshida, 2008). It is expected that AOX would function as a outlet for
excess reducing equivalents generated in the chloroplasts and serves as a protective
mechanism in dissipation of excess redox.

Photorespiration could also facilitate as an efficient outlet for dissipation excess
reducing equivalents from chloroplasts thereby optimizing the photosynthesis (Igamberdiev
et al, 2001; Foyer et al., 2009). In chloroplasts, photorespiration consumes reducing

equivalents for refixation of CO,. Additional chloroplastic ATP is consumed for
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phosphorylation of glycerate to 3-phosphoglycerate (PGA) in the glycolate cycle. During the
refixation of CO,, twice as much NADPH and ATP was consumed in the Calvin cycle, thus
photorespiration serves as an energy-dissipating mechanism which helps in protection of
chloroplasts from photoinhibition (Wingler et al., 2000; Bauwe et al., 2010; Takahashi and
Badger, 2011).

In the present study, we have chosen nadp-mdh mutants of Arabidopsis thaliana
lacking chloroplastic NADP-malate dehydrogenase. The aox/a mutants were not used,
because the response of aox/a mutant towards the photorespiratory inhibitors was studied
earlier. The aox/a mutants attempted to increase their capacity for photorespiration
(Strodtkotter et al., 2009), when the function of AOX was suppressed. In this study, we
examined the photosynthetic performance and antioxidant defense systems in mesophyll cell
protoplasts of nadp-mdh mutants under restricted conditions of photorespiration and
mitochondrial respiratory electron transport system. The photorespiration was decreased
either by lowering O, or by using photorespiratory inhibitors. The present findings with
nadp-mdh mutants suggests that when there is a suppressed function of malate valve or
photorespiration or AOX, the role of antioxidant defense systems get pronounced.

RESULTS

Effect of lowering O, on photosynthesis and sensitivity to photorespiratory inhibitors

Photosynthesis was monitored at either normal O, (~410 nmoles O, mI™") or low O,
(~85 nmoles O, ml™) levels in mesophyll cell protoplasts of WT and nadp-mdh mutants of
Arabidopsis. The photosynthetic rates in WT were not significantly changed at low O,
compared to ambient O, at an optimum bicarbonate level (1 mM) in the assay medium. While
in the mutants photosynthesis was significantly lowered at low O, (by > 40 %) compared to

normal air (Figure 6.1). This decrease in photosynthetic oxygen evolution was significant in
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nadp-mdh mutant compared to WT, particularly at high bicarbonate levels (10 mM) (Figure

6.1).

At normal O, the photorespiratory (aminoacetonitrile, AAN and glycine
hydroxamate, GHA) and mitochondrial respiratory inhibitors (antimycin A and salicyl
hydroxamate, SHAM) significantly decreased the photosynthetic rates of WT and nadp-mdh
mutants. This decrease in photosynthesis was higher in nadp-mdh mutants on exposure to
AAN or GHA (by >30 %) and SHAM (by >40 %) than that in WT. At low O,, exposure to
photorespiratory and mitochondrial respiratory inhibitors led to a marginal decrease in the
photosynthetic rates, but was not significant in WT and nadp-mdh mutants (Table 6.1).

Effect of photorespiratory inhibitors and mitochondrial respiratory inhibitors on
antioxidant content

Ascorbate (AsA): Exposure to AAN or GHA stimulated the total AsA both in WT and nadp-

mdh mutants, but this stimulation was not significant (Figure 6.2A). The redox ratios of AsA
(reduced AsA/total AsA) slightly dropped in both WT and nadp-mdh mutants on treatment
with AAN or GHA, this decrease in redox ratio of AsA was slightly high in nadp-mdh
mutants (from 0.9 to 0.7) compared to WT (Figure 6.2B).

The antimycin A or SHAM slightly stimulated the total AsA in WT and nadp-mdh
mutants (Figure 6.2A). The redox ratio of AsA decreased in WT and nadp-mdh mutants on
exposure to antimycin A or SHAM, this decrease was more pronounced in nadp-mdh mutants
particularly on exposure to SHAM (from 0.9 to 0.7) compared to WT (Figure 6.2B).

Glutathione (GSH): The AAN or GHA exposure marginally decreased the total GSH

contents, particularly in nadp-mdh mutants compared to WT, this decrease was not
significant (Figure 6.3A). Exposure to AAN or GHA led to decrease in the redox ratios of
GSH (reduced GSH/total GSH) in nadp-mdh mutants (from 0.9 to 0.7) compared to WT

(Figure 6.3B).
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The antimycin A or SHAM led to slight stimulation in the total GSH contents in both
WT and nadp-mdh mutants (Figure 6.3A). The redox ratios of GSH decreased marginally on
treatment with antimycin A or SHAM in both WT and nadp-mdh mutants, this decrease was
more pronounced in nadp-mdh mutants particularly upon treatment with SHAM (from 0.9 to
0.7) (Figure 6.3B).
Effect of photorespiratory inhibitors and mitochondrial respiratory inhibitors on
antioxidant enzyme activities

Exposure to AAN or GHA, enhanced the activities of three enzymes: ascorbate
peroxidase (APX) by >8-fold, glutathione peroxidase (GR) by >1-fold and catalase (CAT) by
>1-fold in nadp-mdh mutants compared to WT (Table 6.2 to 6.4). Similarly, SHAM also
enhanced these enzyme activities: ascorbate peroxidase (APX) by >4-fold, glutathione
peroxidase (GR) by >2-fold and catalase (CAT) by >2-fold in nadp-mdh mutants especially

on treatment with SHAM compared to WT (Table 6.2 to 6.4).
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Figure 6.1. Photosynthetic performance of protoplasts in relation to varying
bicarbonate and at normal (e) or low O, (©) in the reaction medium. The
measurements were made with protoplasts from leaves of WT (A) and of
nadp-mdh mutants (B). The level of O, in normal air-equilibrated reaction
medium was ~410 nmoles O, ml'l, in contrast to medium bubbled with N,
resulting in low O2 (~85 nmoles O, ml™"). The light intensity used was
700 pmol m” s, Data represent mean values (x SE) from at least four
independent experiments. Asterisks indicate statistically significant
differences (P< 0.05) between the WT and nadp-mdh mutants, as determined
by one way ANOVA (Student-Newman-Keuls method).

73

O3 evolution (upmol O3 mg'1 chl h'1)



Chapter 6 Importance of photorespiration....

Table 6.1. Rates of photosynthetic O, evolution by protoplasts from WT and
nadp-mdh knockout mutants at an optimal bicarbonate concentration (I mM)
under either normal O, (~410 nmoles O, ml') or low O, (~85 nmoles
O, ml"). Photosynthesis was determined in the absence or in presence of
photorespiratory and mitochondrial respiratory inhibitors (AAN, GHA,
Antimycin A and SHAM) for 5 min dark and 10 min light (700 uE m? s™)

incubation. Data represent mean values (+ SE) from at least four independent

experiments.
Treatment O; evolution (umol O, mg'1 chl h'l)
WT nadp-mdh
Rate % Rate %

Normal O, (~ 415 nmol O, ml)

None 135+5 100 146 + 4 100
AAN (8 mM) 63+1 47 55+3 38
GHA (10 mM) 63+3 47 44+ 6 30
Antimycin A (400 nM) 69 +6 51 85+4 58
SHAM (600 uM) 62+1 46 40 £ 8 27

Low O;(~ 85 nmol O, ml'l)

None 122 +3 100 84* +4 100
AAN (8 mM) 109 +4 89 79% +2 94
GHA (10 mM) 113+6 93 78% £2 93
Antimycin A (400 nM) 59+1 48 74+ 6 88
SHAM (600 uM) 75 +4 61 50%£5 60

*Asterisks indicate that the differences (P< 0.05) between the WT and nadp-
mdh mutants are statistically significant as determined by one way ANOVA

(Student-Newman-Keuls method).
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Figure 6.2. AsA content and its redox status determined in mesophyll cell
protoplasts of WT and, nadp-mdh knock out mutant of Arabidopsis thaliana
upon treatment with mitochondrial respiratory inhibitors (Antimycin A and
SHAM) and photorespiratory inhibitors (AAN and GHA) incubated at a 5 min
dark and 10 min light (700 LE m> s'l). Data represent mean values (£ SE)
from at least four independent experiments. Statistical analysis was performed
by one way ANOVA (Student-Newman-Keuls method), but none of the

changes were statistically significant.
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Figure 6.3. Glutathione content and its redox status determined in mesophyll
cell protoplasts of WT and nadp-mdh knock out mutant of Arabidopsis
thaliana upon treatment with mitochondrial respiratory inhibitors (Antimycin
A and SHAM) and photorespiratory inhibitors (AAN and GHA) incubated at
5 min dark and 10 min light (700 pE m™ s™). Data represent mean values
(+ SE) from at least four independent experiments. Statistical analysis was
performed by one way ANOVA (Student-Newman-Keuls method), but none

of the changes were statistically significant.
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Table 6.2. Ascorbate Peroxidase (APX) activity in mesophyll cell protoplasts
of wild type and nadp-mdh mutants of Arabidopsis thaliana on treatment with
photorespiratory inhibitors (8§ mM AAN, 10 mM GHA) and mitochondrial
respiratory inhibitors (400 nM antimycin A and 600 uM SHAM) for 5 min
dark and 10 min light (700 UE m™ s™). Data represent mean values (+ SE)

from at least four independent experiments.

Treatment APX activity

(umol H,O, mg’1 protein min'l)
1)

Wild type %  nadp-mdh %

None 0.75+0.1 100 0.64+0.4 100
+ 8 mM AAN 1.72+0.1 229 5.63*+0.3 880
+ 10 mM GHA 1.77+£03 236 545*+0.8 851

+ 400 nM Antimycin A 2.33+0.05 311 1.61*+0.2 252

+ 600 uM SHAM 1.66 £0.09 221 2.58*+0.2 403

*Asterisks indicate that the differences (P< 0.05) between the WT and nadp-
mdh mutants are statistically significant as determined by one way ANOVA

(Student-Newman-Keuls method).
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Table 6.3. Glutathione reductase (GR) activity in mesophyll cell protoplasts
of wild type and nadp-mdh mutants of Arabidopsis thaliana on treatment with
photorespiratory inhibitors (8§ mM AAN, 10 mM GHA) and mitochondrial
respiratory inhibitors (400 nM antimycin A and 600 uM SHAM) for 5 min
dark and 10 min light (700 LE m? s). Data represent mean values (+ SE)

from at least four independent experiments.

Treatment GR activity

(umol mg’1 protein min™)

Wild type % nadp-mdh %

None 0.368 £0.01 100 0.380+0.07 100
+ 8 mM AAN 0421 +£0.03 114 0.520£0.06 137
+ 10 mM GHA 0.452+£0.01 123 0.555+0.06 146

+ 400 nM Antimycin A 0.690 £0.05 188 0.634+0.04 167

+ 600 uM SHAM 0.503 £0.05 137 0.961* £0.06 252

*Asterisks indicate that the differences (P< 0.05) between the WT and nadp-
mdh mutants are statistically significant as determined by one way ANOVA

(Student-Newman-Keuls method).
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Table 6.4. Catalase activity in mesophyll cell protoplasts of wild type and
nadp-mdh mutants of Arabidopsis thaliana on treatment with photorespiratory
inhibitors (§ mM AAN, 10 mM GHA) and mitochondrial respiratory
inhibitors (400 nM antimycin A and 600 pM SHAM) for 5 min dark and 10
min light (700 uE m™ s). Data represent mean values (+ SE) from at least

four independent experiments.

Treatment Catalase activity

(umol mg’1 protein min™)

Wild type % nadp-mdh %

None 71+5 100 84 +£7 100
+ 8 mM AAN 727 101 113* + 10 135
+ 10 mM GHA 77+3 108 127% + 8 151
+ 400 nM Antimycin A 92+6 130 122% +3 145
+ 600 uM SHAM 67+4 94 193* £ 8 230

*Asterisks indicate that the differences (P< 0.05) between the WT and nadp-mdh
mutants are statistically significant as determined by one way ANOV A (Student-

Newman-Keuls method).
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DISCUSSION

Restriction of photorespiration and AQOX pathway increased the sensitivity of
photosynthesis in nadp-mdh mutants

Low O; levels or high CO; at the vicinity of Rubisco restrict the oxygenation reaction thereby
lowering the photorespiration (Wingler et al., 2000). Many researchers employed AAN or
GHA, the competitive inhibitors of glycine decarboxylase activity to inhibit the
photorespiration (Lawyer and Zelitch, 1979; Créach et al., 1982). The significant decrease in
photosynthesis in nadp-mdh mutants upon restricting photorespiration either by low O, or
presence of AAN or GHA (Figure 6.1 and Table 6.1) signifies the importance of
photorespiration in protection of nadp-mdh mutants when function of malate valve was
suppressed.

Earlier reports suggested that AOX can dissipate the excess reducing equivalents,
which are transported from the chloroplasts, and helps in optimizing photosynthesis against
photoinhibition (Yoshida et al., 2007; Strodtkétter et al., 2009; Talla et al., 2011). The greater
susceptibility of photosynthesis in nadp-mdh mutants towards the mitochondrial respiratory
inhibitors (Figure 6.1 and Table 6.1), especially SHAM, suggests the importance of
mitochondrial AOX in compensating the impaired function of chloroplastic NADP-MDH.
Inhibition of photorespiration and AOX pathway enhanced the accumulation of
antioxidants accompanied by low redox ratios in nadp-mdh mutants
The antioxidant metabolites such as AsA and GSH accumulate at greater extent in
chloroplasts under stressful conditions and considered to function together in the AsA-GSH
cycle to metabolize ROS and to dissipate excess excitation energy in chloroplasts (Asada,
2006; Foyer and Shigeoka, 2011). In this study, the restriction of photorespiration and AOX
pathway in nadp-mdh mutants led to slight stimulation in total AsA and GSH contents with a

slight decrease in the redox ratios signifying the sensitivity of nadp-mdh mutants to oxidative
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stress (Figure 6.2 and Figure 6.3). This sensitivity of nadp-mdh mutants to oxidative stress
and insignificant response of antioxidants and their redox ratios upon restriction of
photorespiration and AOX pathway mechanisms signifies the importance of photorespiration
and AOX pathway in counteracting oxidative stress (Hebbelmann et al., 2012) and there was
further requirement of antioxidants performance is necessary to minimize the oxidative stress.
Enhanced activities of APX, GR and CAT upon restriction of photorespiration and
AOX pathway in nadp-mdh mutants

The impairment in the function of photorespiration and AOX leads to enhancement of ROS
production (Queval et al., 2007; Zhang et al., 2010). The enhanced activity of antioxidant
enzymes can minimize such excess ROS. In the present study, there was a significant
increase in the activities of APX, GR and CAT in nadp-mdh mutants upon treatment with
AAN or GHA or SHAM (Table 6.2 to 6.4). The increased performance of antioxidant
defense systems in nadp-mdh mutant indicates that there is a high flexibility of antioxidant
defense systems to minimize oxidative stress. Our results emphasize that the role of
antioxidant defense systems gets pronounced in order to minimize the excess ROS when
function of malate valve or AOX or photorespiration is suppressed.

Conclusions:

1. Marked inhibition of the photosynthesis in mesophyll protoplasts of nadp-mdh
mutants by low O, or photorespiratory inhibitors and AOX pathway inhibitors
suggests that photorespiration and AOX pathway may play crucial role in optimizing
photosynthesis, when function of malate valve was compromised.

2. Enhanced antioxidant levels and activities of APX, GR and catalase in nadp-mdh
mutants upon treatment with photorespiratory inhibitors and mitochondrial respiratory
inhibitors especially SHAM suggest that the antioxidant defense systems are not able

to minimize oxidative stress.
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3. Our results emphasize that the plants which have suppressed function of malate valve
or photorespiration or AOX pathway, need to have a pronounced role of antioxidant

enzymes, rather than the levels of antioxidant in leaves.

skskoskoskokok
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Chapter 7
Effects of supraoptimal bicarbonate in nadp-mdh and vtcI mutants

of Arabidopsis

INTRODUCTION

Being a major metabolic process, photosynthesis responds to various environmental
conditions, which often cause over-reduction of the electron transport system, leading to
oxidative stress. Among the environmental conditions, elevated CO; levels could also induce
oxidative stress in plant cells (Kolla et al., 2007; Qiu et al., 2008). In long-term, exposure to
high CO; at the vicinity of Rubisco resulted in decline of its protein and transcript levels and
then decreased photosynthetic performance. High CO, conditions would also restrict the
photorespiratory pathway by limiting the oxygenation of Rubisco (Sheen, 1990; Stitt, 1991).

In order to combat oxidative stress, plants have developed several different protective
mechanisms, such as: antioxidants defense systems, D1 protein turnover, state transitions,
non-photochemical energy quenching, xanthophyll cycle, chlororespiration, cyclic electron
transport and Mehler’s reaction (Nunes-Nesi et al.,, 2008; Foyer and Noctor, 2009).
Additionally, extra-chloroplastic mechanisms operate to protect from oxidative stress which
include malate valve, alternative oxidase (AOX) and photorespiration (Scheibe et al., 2005;
Wilhelm and Selmar, 2010).

In the present study, we have chosen mesophyll protoplasts, as they allow free
diffusion of O, or CO,, and maintain closeness to the in vivo situation, unlike isolated
organelles. Qiu et al. (2008) suggested that, the elevated CO, would cause oxidative stress in
plants by increasing leaf protein carbonylation, leading to loss of leaf chlorophyll and
decrease in photosynthetic rate. Very little information is available on the exact role of

crucial redox components in response to elevated CO,. A recent report on aox/a mutant
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revealed that AOX could help in optimization of photosynthesis under high CO,
concentrations (Gandin et al., 2012). We have therefore chosen the mutants lacking or
deficient of crucial redox components to investigate the response of their redox components
towards elevated CO,. The nadp-mdh mutants lack chloroplastic NADP-malate
dehydrogenase (NADP-MDH) and vfc/ mutants are deficient of ascorbate (AsA) with 30 %
of AsA compared to wild type. During this study, the elevated CO, was mimicked by using
10 mM bicarbonate, which would be equivalent to 741 uM CO..

Our results emphasize the increased susceptibility of nadp-mdh mutants towards
oxidative stress caused by supra-optimal bicarbonates levels. This was indicated by an
imbalance inside the cell, one of them likely to be the redox state. Although there were
significant changes in photosynthesis, the antioxidant levels were not much altered.
RESULTS
Effect of varying bicarbonate on photosynthesis

In nadp-mdh and vtcl mutants, the photosynthetic oxygen evolution gradually
increased to reach maximum at bicarbonate level of 1 mM. Such increase was more
pronounced in nadp-mdh mutant. Further increase of bicarbonate 1 to 10 mM decreased the
photosynthetic rates in nadp-mdh mutants. The vtc/ mutants exhibited low photosynthetic
rates throughout, at all bicarbonate levels (Figure 7.1).

Effect of varying bicarbonate on antioxidant content

Ascorbate (AsA) and glutathione (GSH): Exposure to high bicarbonate levels did not alter the

total content and redox ratios of AsA (reduced AsA/total AsA) in both nadp-mdh and vtcl in
comparison to WT (Figure 7.2A, B). Even the total GSH and their redox ratios remained

unchanged in nadp-mdh or vtcl mutants compared to WT at high bicarbonate levels (Figure

7.3A, B).
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Effect of varying bicarbonate on antioxidant enzymes
Enzyme activities

At endogenous levels when no bicarbonate added, the activity of ascorbate peroxidase
(APX) was low in both nadp-mdh and vtcl mutants in comparison with WT. While exposure
to high bicarbonate levels (10 mM), the activity of APX significantly enhanced in nadp-mdh
(>3-fold) and vfcl mutant (>2-fold) (Table 7.1). The glutathione peroxidase (GR) activity
was decreased in nadp-mdh and remained unchanged in v#c/ mutants compared to WT plants
at endogenous bicarbonate levels. The GR activity was increased in nadp-mdh and vicl
mutants (<2-fold) at high bicarbonate levels (Table 7.1). Endogenous bicarbonate levels
decreased the activity of catalase (CAT) of nadp-mdh and enhanced the activity of CAT of
vtcl mutants in comparison to WT. At high bicarbonate levels, nadp-mdh mutants exhibited
enhanced CAT activity which was significant (<2-fold) (Table 7.1).
Protein levels

The high bicarbonate levels enhanced the accumulation CAT proteins in nadp-mdh
compared to WT. In vfc/ mutants, the accumulation CAT protein was unaltered at high
bicarbonate levels (Figure 7.4). Exposure to high bicarbonate enhanced the accumulation of
four isoforms of APX proteins (especially in chloroplast localized tAPX and sAPX proteins)
in nadp-mdh compared to WT (Figure 7.4). The vtcl mutants lower accumulation of APX
isoforms at high bicarbonate levels. At higher bicarbonate levels, the accumulation of GR
proteins enhanced in both nadp-mdh and vtcl mutants compared to WT (Figure 7.4).
mRNA transcript levels

Under endogenous bicarbonate levels, the expression of CAT2 gene was down-
regulated in nadp-mdh mutants and up-regulated in vfc/ mutants in comparison to WT. In
contrast, at higher bicarbonate levels (10 mM) the expression of CAT2 gene was up-regulated

in nadp-mdh mutant (>6-fold) and down-regulated in vtc/ mutants (Figure 7.5).
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At endogenous bicarbonate levels, the expression of all APX isoforms were down-
regulated in both nadp-mdh and vtcl mutants in comparison to WT. High bicarbonate levels,
induced up-regulation in the expression of all three isoforms APX, especially sSAPX and cAPX
(<5-fold) in nadp-mdh, without altering the expression of APX genes in vtcl mutant (Figure
7.5).

Down-regulation of expression GR2 gene was observed in nadp-mdh or vtcl mutants
in comparison with WT, at endogenous bicarbonate levels. While high bicarbonate levels, up-
regulated the expression of GR2 gene in nadp-mdh (>3-fold), without altering GR2 gene

expression of vic/ mutant (Figure 7.5).
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Figure 7.1. Photosynthetic performance of protoplasts in relation to varying
bicarbonate in WT, nadp-mdh and vtcl mutants. The light intensity used was
700 pmol m” s, Data represent mean values (x SE) from at least four
independent experiments. *Asterisks indicate statistically significant
differences (P< 0.05) in response to bicarbonate in WT and nadp-mdh or vtcl
mutants, as determined by one way ANOVA (Student-Newman-Keuls
method).
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Figure 7.2. AsA content (A) and its redox status (B) determined in mesophyll

cell protoplasts of WT, nadp-mdh and vtcl mutants of Arabidopsis thaliana

upon treatment with different bicarbonate levels incubated at a 5 min dark and

10 min light (700 pE m™” s™). Data represent mean values (+ SE) from at least

four independent experiments. Statistical analysis was performed by one way

ANOVA (Student-Newman-Keuls method), but none of the changes was

statistically significant.
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Figure 7.3. GSH content (A) and its redox status (B) determined in mesophyll

cell protoplasts of WT, nadp-mdh and vtcl mutants of Arabidopsis thaliana

upon treatment with different bicarbonate levels incubated at a 5 min dark and

10 min light (700 pE m™” s™). Data represent mean values (+ SE) from at least

four independent experiments. Statistical analysis was performed by one way

ANOVA (Student-Newman-Keuls method), but none of the changes was

statistically significant.
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Table 7.1. APX, GR and CAT activity in mesophyll cell protoplasts of WT,
nadp-mdh and vtcl mutants of Arabidopsis thaliana upon 5 min dark and
10 min light (700 uE m™ s') incubation upon treatments with varying
concentrations of bicarbonate. Data represent mean values (+ SE) from at least

four independent experiments.

Effects of supraoptimal......

Treatment CAT activity
(umol H>0, mg’1 protein min'l)
Wild type % nadp-mdh % vicl %
None 83+8 100 719 100 95+£5 100
+ 1 mM HCOs 703 84 84 +£6 118 75 +4 79
+ 10 mM HCO5 56+2 67 115%+7 162 60 +5 63
APX activity
(umol H>0, mg' protein min™")
None 1.53+0.2 100 1.21£0.2 79  035+£002 23
+ 1 mM HCOs 1.25+0.1 82 294403 243 0.60+0.04 171
+ 10 mM HCO5 1.02 £ 0.1 67 344%*+£0.7 284 0.85%*+0.04 243
GR activity
(umol mg’1 protein min™)
None 0.432+0.04 100 0.331+£0.05 100 0.433+£0.01 100
+ 1 mM HCOs 0.380 £ 0.01 88 0.380+£0.07 115 0.550+0.01 127
+ 10 mM HCOs5 0.340 £ 0.01 79 0.490+£0.04 148 0.570+0.01 132

* Asterisks indicate that the differences (P< 0.05) in response to bicarbonate in

WT and nadp-mdh or vtcl mutants are statistically significant as determined

by one way ANOVA (Student-Newman-Keuls method).
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Figure 7.4. Effect of bicarbonate on protein levels of CAT, sAPX, tAPX,

peroxisomal APX, cAPX and GR in mesophyll cell protoplasts of WT, nadp-

mdh and vtcl mutants of Arabidopsis thaliana after incubation with 5 min

dark and 10 min light (700 p.E m™ s™) exposure.
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Figure 7.5. Effect of bicarbonate on gene expression of CAT2, sAPX, tAPX,
cAPX and GR2 in mesophyll cell protoplasts of WT, nadp-mdh and vtcl
mutants of Arabidopsis thaliana after incubation with 5 min dark and 10 min
light (700 uE m™ s™) exposure. ACTIN 8 was used as a loading control.

Relative band intensities are indicated by the numbers on top of each band.
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DISCUSSION

Photosynthesis was inhibited in nadp-mdh and remained low in vic/ mutants at
supraoptimal bicarbonate

Studies on plants grown under elevated CO, concentrations revealed that, after an initial
stimulation of photosynthetic rates, the carboxylation capacity of plants stabilizes at lower
levels after long-term exposure (Ainsworth et al., 2007; Aranjuelo et al., 2008). The plants
appear to suffer from oxidative stress at high CO, levels and exhibit enhanced protein
carbonylation, loss of leaf chlorophyll and decrease of leaf photosynthetic rate (Qiu et al.,
2008). In our experiments too, the high bicarbonate levels inhibited the photosynthetic
performance in WT and nadp-mdh mutants (Figure 7.1).

At high CO; conditions, there would be higher requirement of NADPH so as to drive
CO, assimilation process. As per the suggestions of Scheibe et al. (2005), NADP-MDH plays
a key role in recycling NADPH, especially when the production of reducing equivalents was
in excess than required for the photosynthetic CO, assimilation. In nadp-mdh mutants, the
photorespiratory pathway may play a compensatory role in protecting plants, by dissipating
the excess reducing equivalents (Hebbelmann et al., 2012). Even aox/a mutant exhibited
reduced state of the chloroplasts and excitation pressure under high CO,, suggesting a need
for increased Mal-OAA shuttle activity compared to WT (Gandin et al., 2012).

Our data indicate that, supraoptimal levels of bicarbonate led to the decrease in the
photosynthetic rates of nadp-mdh mutants. Such decrease may be due to the disturbance in
the nadp-mdh-based mechanism of dissipating excess reducing equivalents and subsequent
oxidative stress (Figure 7.1). The combined effect of suppressed malate valve and restricted
photorespiration might be a cause for accumulation of excess reducing equivalents in nadp-
mdh mutants. In contrast, vfc/ mutant exhibited undisturbed photosynthetic rates on exposure

to elevated bicarbonate levels (Figure 7.1). We suggest that the restriction of photorespiration
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may possibly benefit the vic/ mutant as it was deficient of AsA which was a major ROS
scavenging antioxidant to minimize the photorespiratory H,O».
Low response of antioxidants towards supraoptimal bicarbonate in nadp-mdh and vtcl
mutants

The levels of antioxidants are usually enhanced under oxidative stress conditions.
However, the total content and redox ratios of AsA or GSH were not much changed in
response to high bicarbonate levels in both nadp-mdh and vtcl mutants (Figure 7.2A, B and
Figure 7.3A, B). Marginal decrease in the total GSH contents and their redox ratios at
elevated CO; in nadp-mdh may be due to suppression of the photorespiratory carbon cycle,
which helps in the synthesis of glutathione, by reduced availability of serine and glycine and
then glutathione (Noctor et al., 1999; Foyer and Noctor, 2000).
Activities of APX, GR and CAT enzymes enhanced in nadp-mdh and unchanged in vicl
mutants at supraoptimal bicarbonate levels

The upregulation in the activities of antioxidant defense systems in plants is common
under oxidative stress conditions, including even the elevated CO, (Qiu et al., 2008). In the
present study also, at supraoptimal bicarbonate, the nadp-mdh mutants exhibited enhanced
APX, GR and CAT enzyme activities, protein levels and gene expression (Table 7.1; Figure
7.4 & 7.5). Such enhanced activities of antioxidant enzymes in nadp-mdh mutants signify the
need for antioxidant systems to protect plants against oxidative stress caused by high
bicarbonate. No significant change in APX, GR and CAT activities towards high bicarbonate
in vtcl mutants signifies that these mutants exhibit the least response to oxidative stress.

Plants grown under elevated CO, concentrations exhibited lower activities of
superoxide dismutase or catalase than from plants grown under ambient CO, concentrations

(Schwanz et al., 1996; Queval et al., 2007). In our results too, at supraoptimal bicarbonate,
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the activities, protein levels and gene expression of APX, GR and CAT enzymes decreased in
WT plants.
Conclusions:

1. Supraoptimal bicarbonate levels decreased the photosynthetic performance of
mesophyll protoplasts of WT and nadp-mdh mutants, indicating that high bicarbonate
levels may cause some kind of stress in WT and nadp-mdh due to accumulation. This
could be, for example, due to imbalance in reducing equivalents in chloroplasts.

2. High bicarbonate levels elevated the antioxidant enzymes in nadp-mdh mutants
compared to WT and vtcl mutants suggesting adjust severity of oxidative stress and
the importance of malate valve in exporting excess reducing equivalents.

3. The vtcl mutants had already low rates of photosynthesis and were not affected by
oxidative stress caused by bicarbonate. The patterns of antioxidant enzyme activities
also did not exhibited much change in this mutant.

4. The decreased expression of catalase suggests that at high bicarbonate in vfc/ mutant

may be due to the restriction of photorespiration.
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General Discussion and Conclusions

When plants are exposed to varying environmental conditions in nature, there is often a
disturbance in their cellular redox balance. To maintain redox homeostasis, a delicate
metabolic equilibrium operates between the key compartments within plant cells including
chloroplasts, mitochondria and cytosol. This helps in optimizing photosynthesis as well as
protection against oxidative stress. A major factor in metabolic equilibrium between
intracellular organelles is the exchange of several metabolites. Besides metabolites,
ascorbate (AsA), nitric oxide and the cytosolic pH may also serve as signals (Raghavendra
and Padmasree, 2003; Noguchi and Yoshida, 2008; Nunes-Nesi et al., 2008). Adjustments in
extra-chloroplastic components such as malate valve, photorespiration and alternative
oxidase (AOX) pathway also help in optimizing the photosynthesis (Wingler et al., 2000;
Gardestrom et al., 2002; Scheibe, 2004; Yoshida and Noguchi, 2010). Despite their expected
importance, the detailed roles of several of these components have not been studied.

In the present study, we aimed at elucidating the role of AsA, malate valve,
photorespiration and AOX in optimizing photosynthesis under oxidative stress conditions.
We employed leaf discs or mesophyll protoplasts from mutants of Arabidopsis thaliana
deficient in crucial redox components: vtcl, deficient in AsA; nadp-mdh, lacking NADP-
malate dehydrogenase, a crucial enzyme of malate valve and aox/a, lacking the leaf form of
AOX]a.

Role of AsA during interorganelle interaction in optimizing photosynthesis against

photoinhibition in wild type and AsA-deficient mutants of Arabidopsis thaliana

In the first part of study, we investigated the possible role of L-ascorbate (AsA) as a

key component during the interorganelle interaction in leaf discs of Arabidopsis thaliana,
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particularly between mitochondria and chloroplasts. The leaf discs of vfc/ mutants when
exposed to mitochondrial respiratory inhibitors, exhibited enhanced sensitivity of
photosynthesis particularly at high light (HL). The effect of SHAM was more pronounced
than that of antimycin A (Figure 4.4A). These results support the previous findings in which
the AsA-deficient plants are hypersensitive to photoinhibition and oxidative damage
(Miiller-Moulé et al., 2003, 2004). The AOX pathway has been suggested to help in
photoprotection of Arabidopsis thaliana leaves (Bartoli et al., 2006).

The AOX pathway capacity was high in vfc/ mutants compared to WT, even in
normal conditions (Figure 4.2A). This might be due to severe oxidative stress in vtcl
mutants, due to deficiency in AsA. Our findings complement the observations of Yoshida et
al. (2007) and Bartoli et al. (2005), that the AOX capacity increases, when ROS levels are
high. In vtcl mutants, the total AsA levels were stimulated in presence of antimycin A or
SHAM (Figure 4.3A, B). This stimulation in total AsA signifies the attempt by the cell to
counter the oxidative stress, as a consequence of inhibition of mitochondrial electron
transport. Besides the increased levels of AsA, the redox status of AsA could also be crucial
in mediating the crosstalk between mitochondria and chloroplasts and thus protecting
photosynthesis from photoinhibition.

Our data indicate that the levels and redox state of AsA could modify the pattern of
modulation of photosynthesis by mitochondrial metabolism. The role of AsA becomes more
pronounced at HL, when the AOX pathway is inhibited. While not ignoring the importance
of the COX pathway, we hypothesize that AsA and the AOX pathway may complement each
other to protect photosynthesis against photoinhibition. The role of AOX pathway in redox

signaling has been pointed out (Nunes-Nesi et al., 2005; Vidal et al., 2007).
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Effect of high licht on ROS-levels and antioxidant enzymes in three mutants of Arabidopsis

(nadp-mdh, vtcl and aoxla mutants)

In the second part of study, we evaluated the response of three Arabidopsis mutants:
nadp-mdh or vtcl or aoxla mutants to HL conditions. Photosynthesis, on exposure to HL,
was quite susceptible in vfcl or aoxla mutants, while photosynthesis in nadp-mdh mutant
was sustained (Figure 5.1). Our results are similar to observations of Miiller-Moulé et al.
(2004) and Zhang et al. (2010) who found that, vtcl or aoxla mutants are quite sensitive to
photoinhibition. The vtcl or aoxla mutants on exposure to HL led to accumulation of ROS
(Figure 5.2) and enhanced activities of APX, GR and catalase (Table 5.1), while the nadp-
mdh mutants kept up the levels of ROS low, with no significant change in APX or GR
activity, even at HL. Laisk et al. (2007) suggested that plants with low amounts of NADP-
MDH could sustain photosynthesis possibly due to utilization of energy-dissipating cycles at
PSI and PSII.

Accumulation of free proline (Table 5.2) and upregulation of AP5CSI, were
noticeable, especially in nadp-mdh mutants at HL (Figure 5.7). Increase in proline appears to
be one of the strategies for protection of plant against photo-oxidative stress in nadp-mdh
mutants (Hebbelmann et al., 2012). Osmotic stress often results in induction of transcript
levels of proline biosynthetic genes (Verbruggen and Hermans, 2008; Szabados and
Savouré, 2009). There were suggestions that proline can be an efficient redox buffer (Hare
and Cress, 1997; Moustakas et al., 2011) and this must be the basis of proline increase in
stress.

Our findings reveal that, exposure to HL led to marked inhibition of photosynthesis
and the enhanced response of antioxidant defense systems in vtcl or aoxla mutants, while
nadp-mdh mutants exhibited sustained photosynthesis and least response of antioxidant

defense systems. This implies that antioxidant defense mechanisms are not robust enough to
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keep ROS levels low in vtcl or aoxla mutants and the AsA-glutathione cycle related
enzymes do not play a major role in redox balance in nadp-mdh mutants. We conclude that,
the vtcl or aoxla mutants are unable to adapt due to insufficient protective mechanisms to
combat against photo-oxidative stress and thus are highly susceptible. The nadp-mdh
mutants are tolerant, due to operation of efficient alternative protective mechanisms.

Importance of photorespiration and AOX in nadp-mdh mutants

In the third part of our study, we examined the photosynthetic performance and
antioxidant defense systems in mesophyll cell protoplasts of nadp-mdh mutants under
restricted conditions of photorespiration and mitochondrial respiratory electron transport
system. The inhibition of photosynthetic rates (Figure 6.1 and Table 6.1) and enhanced
activities of APX, GR and catalase enzymes in nadp-mdh mutants (Table 6.2 to 6.4), upon
exposure to low O, photorespiratory inhibitors and AOX pathway inhibitor, suggest that
there was a high flexibility of antioxidant defense systems to minimize oxidative stress.

Photorespiration and malate valve help in preventing the over-reduction of the
photosynthetic electron transport chain and photoinhibition thus serving as efficient
dissipatory mechanisms of excess reducing equivalents from the chloroplast (Wingler et al.,
2000; Scheibe, 2004; Wilhelm and Selmar, 2011). We assume that restriction of
photorespiration may lead to oxidative stress in plants. Inhibition of AOX pathway, would
lead to susceptibility of plant to oxidative stress due to failure of dissipating the excess
reducing equivalents from chloroplasts (Yoshida et al., 2007; Strodtkétter et al., 2009; Talla
et al., 2011).

Effects of supraoptimal bicarbonate in nadp-mdh and vtcl mutants of Arabidopsis

In last part of study, we examined the response of nadp-mdh or vtcl mutants, to
supra-optimal bicarbonate (elevated CO, was mimicked by using 10 mM bicarbonate).

Photosynthesis and the carboxylation capacity in plants grown under elevated CO;
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concentrations were stimulated initially but decreased during long-term exposure (Ainsworth
et al., 2007; Aranjuelo et al., 2008). High CO; levels can induce oxidative stress in plants
and show up protein carbonylation of leaf proteins (Qiu et al., 2008). In our experiments too,
the high bicarbonate levels inhibited the photosynthetic performance in WT and nadp-mdh
mutants, without disturbing the photosynthetic rates of vtc/ mutants which remain low
(Figure 7.1).

The decreased photosynthesis in nadp-mdh mutants may be due to their inability to
dissipate excess reducing equivalents in chloroplasts, leading to oxidative stress (Figure 7.1).
The combined effect of suppressed malate valve and restricted photorespiration might be a
cause for accumulation of excess reducing equivalents in nadp-mdh mutants. The
upregulation in the activities of antioxidant defense systems under oxidative stress
conditions is well known (Gill and Tuteja, 2010; Foyer and Shigeoka, 2011). In our study,
the nadp-mdh mutants had enhanced enzyme activities, protein levels and gene expression of
APX, GR and CAT (Table 7.1; Figure 7.4 & Figure 7.5) at supraoptimal bicarbonate. Such
enhanced responses of antioxidant enzymes in nadp-mdh mutant emphasize the requirement
of antioxidant defense systems, to protect plants even under high bicarbonate.

No significant change in photosynthesis and APX, GR and catalase activities (Figure
7.1 and Table 7.1) towards high bicarbonate in vfc/ mutants suggests that this mutant is
unable to respond to oxidative stress. Our experiments emphasize that the nadp-mdh mutants
are more sensitive to supra-optimal bicarbonate than the vsc/ mutant.

Varied response of nadp-mdh or vtcl or aoxla mutants towards stress conditions:

The responses of three mutants employed in this study, varied depending on the
cellular site of stress. The nadp-mdh mutant lacking NADP-MDH enzyme, a crucial enzyme
of malate valve localized in chloroplast exhibited tolerance on exposure to HL stress, while

exhibited sensitivity to supraoptimal bicarbonate levels. The vfc/ mutant carrying altered
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function of AsA biosynthesis localized mainly in cytosol and mitochondria exhibited high

sensitivity to HL stress and exhibited least response to supraoptimal bicarbonate levels. The

aoxla mutant lacking AOX1a which was localized in mitochondria exhibited high sensitivity
to HL stress.

On exposure to HL, the nadp-mdh mutants had adjustments in extra-chloroplastic
components, involving photorespiration and proline, which all help in dissipating the excess
reducing equivalents in chloroplasts. The reduction in photosynthetic rates of nadp-mdh at
supra-optimal bicarbonate might be due to the restriction of photorespiration, as
photorespiration was a major protection mechanism in nadp-mdh mutants. The
photorespiratory pathway was mainly localized in peroxisomes. The varied responses of
mutants towards stress conditions, such as HL or supra-optimal bicarbonate, suggest that
leaves employ multiple modes of adaptation, which may involve all cellular compartments,
namely chloroplasts, mitochondria, peroxisomes and cytosol.

The following conclusions can be derived from the present study.

1. Ascorbate is a key player in the inter-organelle interaction and may complement AOX in
optimizing photosynthesis against photoinhibition.

2. The enhanced activities of antioxidant enzymes are not sufficient enough to combat
against photo-oxidative stress in vtc/ and aoxla while efficient additional protective
mechanisms operate in nadp-mdh mutants.

3. The antioxidant defense systems become quite pronounced in terms of enzyme activity,
protein levels and transcription of antioxidant enzymes on restriction of malate valve or
photorespiration or alternative oxidase pathway.

4. The oxidative stress caused by supra-optimal bicarbonate leads to the enhanced

antioxidant activities in nadp-mdh mutants, while no significant changes occur in
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antioxidant activities in vtc/ mutants; all implying that vtc/ mutant is unable to respond
the oxidative stress caused by high bicarbonate.

5. The three mutants used in this study exhibited varied responses to stresses such as HL or
supra-optimal bicarbonate, suggesting that leaves employ multiple modes of adaptation,
which may involve all cellular compartments, namely chloroplasts, mitochondria,

peroxisomes and cytosol.
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