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Chapter 1 

Introduction and Review of Literature 

Higher plants are sessile in nature. Therefore, they are often challenged by several biotic 

and abiotic stresses, which may lead to oxidative stress due to an imbalance between 

production and detoxification of free radicals at the cellular level. On the other hand, 

being aerobic, plants are also prone to undergo oxidative stress. Mitochondria and 

chloroplasts are the main source of reactive oxygen species (ROS) generation, because 

any over reduction of ubiquinone (UQ)/plastoquinone (PQ) enhance the probability of 

electron leakage and once these leaky electrons react with O2, it leads to generation of 

ROS. Under such circumstances alternative oxidase (AOX) pathway has been found very 

promising enzyme as it catalyzes cyanide-resistant respiration and prevents over-

reduction of the cyanide-sensitive cytochrome oxidase (COX) pathway and thereby 

generation of ROS. During this process, AOX plays a significant role in oxidizing the UQ 

pool without ATP generation under several biotic/abiotic stresses. An analog of AOX 

called as plastid terminal oxidase (PTOX) has also been found in chloroplast, and it is 

known to oxidize the PQ pool. Thus, it is suggested that AOX plays an important role in 

energy balance, minimizing ROS levels and is also capable of playing various 

physiological roles under stress conditions. The present study is centered on AOX and its 

importance during oxidative stress caused by high light stress or restriction of electron 

transport through COX pathway. 

1. Alternative Oxidase  

AOX is not only confined to plant kingdom but also has been found in archaea, yeast, 

some protists and animals. Initially, it was identified in thermogenic plants of the Araceae 

family (Meeuse 1975). Due to higher AOX catalysed respiration these thermogenic plants 

are able to warm up their reproductive tissues independent from ambient temperature and 

thus provide the favorable conditions for floral development (Watling et al., 2006; 
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Wagner et al., 2008; Miller et al., 2011). Later, it was found in several lower organisms 

including yeasts studied till date, but exceptionally absent in Saccharomyces cerevisiae 

and Schizosaccharomyces pombe (McDonald et al., 2009; Neimanis et al., 2013; Rogov 

et al., 2014). 

1.1. Structure and regulation of AOX 

AOX is located in the inner membrane of mitochondria. Genome sequencing studies 

revealed that the position of four glutamate and two histidine residues were conserved in 

the amino acid sequence of AOX (Siedow et al., 1995). It was found that these residues 

act as ligands in the diiron active site. Therefore, the AOX was assigned to diiron 

carboxylate protein family (Moore et al., 1995; Berthold et al., 2002; Berthold and 

Stenmark, 2003). Site-directed mutagenesis studies further confirmed the essential nature 

of these amino acids as well as identifying other residues (e.g., tyrosine) essential for 

AOX activity (Albury et al., 2002; Moore and Albury, 2008). EPR spectroscopy studies 

revealed that the active site for the reduction of oxygen to water comprise a binuclear 

iron center (Berthold et al., 2002; Moore et al., 2008), while other studies have identified 

the residues important for ubiquinol binding (Moore and Albury, 2008; Albury et al., 

2010). A crystal structure of AOX from Trypanosome brucei revealed that the oxidase is 

an integral interfacial membrane protein with nonhaem diiron carboxylate active site 

buried within a four helix bundle and exists as a homodimer. The active site is ligated by 

four glutamate residues and a highly conserved Tyr220 is responsible for its catalytic 

activity.  Further, two hydrophobic cavities occur per monomer which bind with 

ubiquinol and Tyr220 for catalytic cycle and O2 reduction (Moore et al., 2013; Shiba et 

al., 2013; Young et al., 2013). 

Two types of AOX can be phylogenetically distinguished based on their 

regulatory mechanism. First, the plant-type AOX, which exist as a nonfunctional covalent 

homodimer and activated in the presence of soluble reductants (e.g. thioredoxin and 
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glutathione) and α-keto acids (Umbach and Siedow, 1993; Rhoads et al., 1998). Second, 

the fungi-type AOX, which exists as a monomer and regulated by nucleotide 

monophosphates (Sakajo et al., 1997; Rogov et al., 2014). The monomer structure of 

fungal AOX was first revealed by Joseph-Horne et al. (2000). They found that the 

conserved cysteine residues responsible for dimerization of AOX in plants were absent in 

fungal AOX. 

1.2. Composition of mitochondrial respiratory apparatus and role of AOX in 

oxidizing ubiquinol 

The respiratory apparatus of plant mitochondria is divided into four different 

components: (a) TCA cycle, responsible for oxidative decarboxylation of organic acids 

leading to reduction of NAD(P) and FAD, and substrate-level phosphorylation of ADP to 

ATP; (b) the classical oxidative phosphorylation coupled to NAD(P)H and FADH2 

oxidation; (c) rotenone-insensitive type-2 NAD(P)H dehydrogenases  and the non-energy 

conserving AOX; (d) the set of carriers and channels that provide the substrates and 

cofactors for these processes from the cytosol and those that facilitate release of the 

products of respiration to the rest of the cell (Millar et al., 2011). 

Mitochondrial electron transport chain (mETC) is composed of five complexes. 

Complex I (NADH dehydrogenase) catalyzes the oxidation of matrix NADH to reduce 

the UQ (Fig. 1.1). In plants, so far 49 subunits have been separated from Complex I by 

combinations of native and denaturing electrophoresis. However, 32 subunits showed 

high similarity to mammalian Complex I components while 17 subunits were found to be 

unique to plants (Heazlewood et al., 2003; Klodmann et al., 2010). The cytoplasmic 

male-sterile mutants (CMSII) impaired in Complex I function showed an increase in 

AOX catalysed respiration, antioxidant capacity and decrease in ROS levels, suggesting 

that plants can survive without Complex I (Dutilleul et al., 2003). In contrast, it was also 
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observed that CMSII mutants impair the AOX engagement and modulated redox 

homeostasis during elicitor (harpin) induced cell death in tobacco (Vidal et al., 2007).  

 

Fig.1.1. A diagrammatic representation of plant mitochondrial electron transport chain. The inner 

mitochondrial membrane houses the several Complexes (I, II, III, IV and V). The respective 

inhibitor has been shown below each complex. A continuous arrow shows the flow of electrons 

while dotted arrow indicates the flow of protons. Abbreviations: Q-ubiquinone, Cyt C-

cytochrome C, SHAM-salicylhydroxamic acid. 

 

Complex II (succinate dehydrogenase) oxidizes FADH with subsequent reduction of UQ. 

Complex II is composed of four core subunits i.e. SDH1, SDH2, SDH3 and SDH4 

(Figueroa et al., 2002). The essentiality of Complex II has been demonstrated in 

gametophyte development in Arabidopsis (Leόn et al., 2007). Complex III is UQ-

cytochrome c oxidoreductase. Using blue native/sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (BN/SDS-PAGE), ten subunits have been separated in 

Arabidopsis (Meyer et al., 2008). Complex IV (cytochrome c oxidase; COX) is a terminal 

oxidase, consisting of 14 subunits. Eight proteins were found to be homologous with 

other organisms, whereas six subunits represented the plant specific COX subunits 

(Millar et al., 2004). 

Electron transport via complexes I, III and IV is coupled with proton translocation 

(4, 4 and 2 H
+
, respectively) from mitochondrial matrix to the intermembrane space 

(IMS), resulting in generation of electrochemical proton gradient. Complex V (ATP 

synthase) catalyzes the oxidative phosphorylation where the energy stored in 
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electrochemical proton gradient is converted to ATP in the mitochondrial matrix. Plant 

mETC is specially featured with two dehydrogenases (external and internal) and cyanide-

insensitive terminal oxidase i.e. AOX (Schonbaum et al., 1971; Vanlerberghe and 

McIntosh 1997; Møller, 2001). The external and internal dehydrogenases are known to 

reduce the UQ. In contrast, both COX and AOX oxidize the UQ with simultaneous 

reduction of O2 to H2O. However, when the electrons flow through the AOX pathway 

that branches at the level of UQ, the proton pumping at Complex III and IV is avoided 

and energy is simply dissipated as heat (Millenaar and Lambers 2003). 

1.3. Capacity and activity of AOX 

As described above, AOX is non-proton pumping terminal oxidase and bypasses the 

proton-pumping complexes III and IV. Thus, electron flow through AOX dramatically 

decreases the energy yield of respiration. The maximum possible flux of electrons to 

AOX is known as AOX capacity, also considered as an analogous estimation of AOX 

enzyme activity. The AOX capacity of a tissue, isolated mitochondria or protoplasts can 

be estimated by the addition of a COX pathway inhibitor such as cyanide (CN), followed 

by addition of AOX inhibitor such as n-propyl gallate or salicylhydroxamic acid 

(SHAM). Thus, the capacity of AOX is generally measured in terms of O2 uptake 

resistant to the COX pathway inhibitor and sensitive to the AOX pathway inhibitor 

(Møller et al., 1988; McDonald et al., 2002). But, in this method AOX capacity cannot be 

measured in a steady state before the addition of inhibitors. Also, the actual flux of 

electrons to AOX remains unknown. However, actual electron flux depends upon the 

partitioning of electrons between AOX and complex III as both utilizes the common 

substrate (ubiquinol). Therefore, to understand the electron partitioning between AOX 

and COX, Guy et al. (1989) have used oxygen isotope discrimination technique, where 

AOX and COX discriminated heavy O2 (
18

O
16

O). This technique has been applied to 

measure the AOX activity in leaf tissue, isolated mitochondria as well as at field level 
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(Nagel et al., 2001; Kornfeld et al., 2012). However, one major limitation of the isotope 

discrimination method is that it can be executed only in dark conditions. Hence, this 

method is not applicable to measure the AOX activity during photosynthesis. These 

constraints can be eliminated by the usage of transgenic and mutant plants with modified 

AOX capacity as they provide an alternate and more reliable way to estimate the 

importance of AOX during photosynthetic metabolism (Florez-Sarasa et al., 2011; 

Yoshida et al., 2011b; Gandin et al., 2012; Zhang et al., 2014). 

1.4. Physiological role of AOX 

1.4.1. Role of AOX in minimizing ROS and RNS generation 

The generation of ROS is an inevitable consequence of aerobic respiration.  The 

mitochondrion is a major source of ROS generation and mainly depends on the reduction 

state of ETC components. Complexes I and III are the major sites of ROS generation in 

mETC (Møller, 2001; Murphy, 2009). In case of animals, the reduction state of mETC is 

mainly dependent upon the electron flow, membrane potential, and oxidative 

phosphorylation. Thus, when ADP is readily available and being phosphorylated to ATP, 

dissipation of the proton gradient decreases the membrane potential and consequently 

less O2
−
 is generated (Møller, 2001). Unlike animals, plants have much-complicated 

regulation of electron flow, oxidative phosphorylation, and ROS generation, since the 

electron flow through AOX does not contribute to a membrane potential. Thus, AOX is 

capable of preventing the over-reduction of the mETC and O2
−
 production by keeping the 

continuous electron flow, even when ADP is limiting (Purvis, 1997). 

Recent studies have shown the direct evidence of electron leakage and thereby 

increased ROS levels in AOX-deficient Arabidopsis and tobacco leaves (Strodtkötter et 

al., 2009; Cvetkovska and Vanlerberghe, 2012). Apart from limiting ROS, the role of 

AOX was also revealed in minimizing the RNS levels. In mitochondria, the single 

electron leaked from ETC reacts with NO2
−
, which leads to the generation of NO 
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(Planchet et al., 2005; Gupta et al., 2010, 2011). The transgenic tobacco lines deficient in 

AOX showed elevated O2
−
 and NO levels when compared to WT. Furthermore, in the 

presence of AA, WT plants exhibited dramatic increase in O2
−
 and NO levels in contrast 

to AOX overexpression lines (Cvetkovska and Vanlerberghe, 2013). 

1.4.2. Role of AOX in signaling 

In last one decade mitochondria are emerged as a signaling organelle due to its ability to 

influence cellular processes such as nuclear gene expression (retrograde regulation), 

cellular redox, ROS and programmed cell death in response to several stress and 

developmental stages (Clifton et al., 2006; Noctor et al., 2007; Rhoads et al., 2006; 

Rhoads and Subbaiah, 2007; Schwarzländer and Finkemeier, 2013). Unlike metabolic 

pathways, signaling pathways are often associated with an amplification of the signal by 

second messengers. Signaling molecules such as ROS, RNS, salicylic acid and ethylene 

are found to be strongly connected with mitochondrial metabolism (especially AOX), 

suggesting a link between AOX and signaling events (Clifton et al., 2006; Van Aken et 

al., 2009; Li et al., 2013b; Cvetkovska and Vanlerberghe, 2012; Vanlerberghe, 2013). 

Interestingly, knockdown of AOX in Nicotiana tabacum resulted in increased NO level, 

which in turn has altered the size of guard cell and stomatal movement (Cvetkovska et 

al., 2014). Furthermore, to maintain the oxygen homeostasis and ROS levels, the AOX 

activity was also found to be modulated according to the availability of cellular oxygen 

(Gupta et al., 2009). On the other hand, AOX catalyzed respiration and/or its activity are 

known to be induced against a wide range of abiotic and biotic stresses, suggesting that 

AOX can be used as a functional marker for yield stability and plant breeding studies 

under stress conditions (Arnholdt-Schmitt et al., 2006). 

1.4.3. Role of AOX in developmental growth and fruit ripening 

The role of AOX in the overall growth of plants and fruit ripening is poorly understood. 

On the one hand, theoretical views implicate that enhanced AOX catalyzed respiration 
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reduces the ATP levels, which is crucial for growth. On the other hand, few studies have 

demonstrated the AOX dependent increase in growth and yield under stress conditions. 

Perhaps, under such situations AOX allows efficient carbon use, total respiratory activity 

and maintenance of redox and ROS homeostasis (Fiorani et al., 2005; Sieger et al., 2005; 

Ho et al., 2007). 

The role of AOX in fruit ripening was proposed long ago on behalf of increased 

transcript levels of AOX during fruit ripening in mango (Considine et al., 2001). 

However, clear evidence is still lacking in this regard. Transgenic tomato plants with low 

AOX expression lines showed delayed ripening; reduced carotenoids, respiration, and 

ethylene production accompanied by down-regulation of ripening-associated genes (Xu 

et al., 2012a). Further, treatment of mature green tomatoes with n-propyl gallate (nPG; 

inhibitor of AOX pathway) resulted in delayed ripening by at least 7 days. Additionally, 

they also suggested nPG as a safe and potential inhibitor for climacteric fruits ripening 

like tomato (Xu et al., 2012b). More recently, Perotti et al. (2014) discussed the 

involvement of AOX and mitochondrial uncoupling protein in fruit ripening of both 

climacteric and non-climacteric type fruits. Climacteric and non-climacteric fruits are 

categorized based on the engagement of respiration and ethylene during the ripening 

process. Climacteric fruits show a sharp increase in respiration rate and ethylene content 

at the onset of ripening. Whereas ripening of non-climacteric fruits are independent of 

respiration and ethylene is not required. Further, engagement of AOX and uncoupling 

proteins (UCPs) were found in regulating the ethylene peak during different ripening 

stages of papaya fruit (Oliveira et al., 2015). 

1.5. Protective role of AOX during biotic and abiotic stress 

1.5.1. Biotic stress 

Since, plants are sessile and cannot escape from pathogen invasion, they possess several 

efficient defense mechanisms. Thus, despite the presence of several microorganisms such 
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as bacteria, nematodes, virus and fungi in the close vicinity, diseases occur rarely to 

plants as they activate separate defense mechanisms depending on the type of pathogen 

invaded (Garcia-Brugger et al., 2006). There are three major signaling pathways, which 

are involved in pathogen recognition and defense response, i.e. salicylic acid (SA), 

jasmonic acid (JA) and ethylene. The SA-dependent response is triggered by biotrophic 

pathogens, whereas JA/ethylene-dependent defense responses are activated on the 

invasion of necrotrophic pathogens (Thomma et al., 2001). 

An increase in the respiratory rates of a plant is a widespread phenomenon during 

plant-pathogen interaction. The AOX catalyzed respiration has been found to be 

frequently induced during plant-pathogen interaction (Simons et al., 1999; Hanqing et al., 

2010; Lee et al., 2011). Recent experiments of Garcia et al. (2013) demonstrated that 

infection of Arabidopsis with Botrytis cinerea leads to cyanide accumulation, which has 

further strengthened the reason behind AOX induction during plant-pathogen interaction. 

Beside, plant-pathogen interaction also leads to accumulation of O2
‒
, H2O2 and NO 

(oxidative burst) other than SA, JA, and ethylene. These signaling molecules and 

oxidative burst promote the hypersensitive response (HR), which enhances the induction 

of AOX (Alvarez, 2000; Delledonne, 2005; Amirsadeghi et al., 2007; Koornneef and 

Pieterse, 2008; Cvetkovska and Vanlerberghe, 2013). Earlier, Chivasa et al. (1997) 

demonstrated the AOX mediated induction of SA, which interferes with replication of 

tobacco mosaic virus (TMV) and thereby prevent from viral infection. But, transgenic 

tobacco plants with altered level of AOX did not show any difference in viral resistance 

and suggested that AOX is not a critical component in viral resistance, but may play a 

role in HR (Ordog et al., 2002). However, an increase in AOX transcript was observed in 

Nicotiana tabacum when infected with tobacco necrosis virus (TNV) or TMV (Künstler 

et al., 2007). Further, several studies have demonstrated that infection with bacterial 

pathogens and their elicitors can strongly induce the AOX at the protein or transcript 

level in leaf tissue and cell suspensions (Lacomme and Roby, 1999; Krause and Durner, 
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2004; Vidal et al., 2007; Kiba et al., 2008). Despite the several studies conducted to date, 

the shreds of evidence reported are not enough to establish a critical defensive role of 

AOX in response to biotic stress, particularly against viral pathogens. 

1.5.2. Abiotic stress 

(a) Light stress 

Plants are often encountered by high light stress, which is harmful to plants and lead to 

damage of the photosynthetic apparatus. In order to protect themselves from high light, 

plants have evolved several defense systems including water-water cycle, cyclic electron 

flow around photosystem I, thermal dissipation and antioxidant enzymes (Asada, 2000; 

Li et al., 2000; Müller et al., 2001; Ort and Baker, 2002; Raghavendra and Padmasree, 

2003; Kramer et al., 2004). Since the last decade, several studies have revealed the 

importance of respiratory components, particularly AOX as an extra-chloroplastic 

defense system against photoinhibitory light (Noguchi and Yoshida, 2008; Yoshida et al., 

2007, 2008, 2010; Zhang et al., 2010; Xu et al., 2011). High light stress causes an 

imbalance between production and utilization of NAD(P)H and over-reduction of 

chloroplastic electron transport chain that lead to the generation of ROS. In this 

connection, the role of AOX is well known in oxidising the excess reducing equivalents 

and minimizing the ROS levels in order to support the efficient photosynthesis 

(Raghavendra and Padmasree, 2003; Yoshida et al., 2008; Zhang et al., 2014). Several 

studies have demonstrated an increase in AOX catalyzed respiration, protein and 

transcript level on exposure to high light stress. On the other hand, plants deficient in 

AOX showed susceptibility against high light stress (Yoshida and Noguchi, 2009; Florez-

Sarasa et al., 2011; Yoshida et al., 2011a,b; Zhang et al., 2011; Garmash et al., 2015). 

(b) Temperature stress 

The role of AOX is vastly studied in response to temperature stress, particularly low 

temperature. Several studies have shown a remarkable increase in AOX transcript and/or 
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protein and ROS level, when plants are exposed to low temperature (Vanlerberghe and 

McIntosh, 1992; Djajanegara et al., 2002; Grabelnych et al., 2004; Fiorani et al., 2005; 

Sugie et al., 2006; Campbell et al., 2007; Armstrong et al., 2008; Watanabe et al., 2008; 

Umbach et al., 2009; Lei et al., 2010; Wang et al., 2011, 2012; Gandin et al., 2014b; 

Grabelnych et al., 2014; Tang et al., 2014). Using oxygen isotope fractionation technique, 

Ribas-Carbo et al. (2000) revealed a significant increase in electron partitioning towards 

AOX in chilling exposed maize cultivar Z7. However, this study suggested that increased 

AOX respiration acts as a marker for chilling stress rather than providing tolerance. 

Besides, AOX showed temperature-sensitive plasticity to floral reflectance in 

Plantago lanceolata. Genotypes grown at low temperature exhibited higher AOX content 

and floral reflectance plasticity than warm-grown plants (Umbach et al., 2009). Similarly, 

Searle et al. (2011a,b) demonstrated that field-grown alpine grasses had higher AOX 

protein levels during the cold season. The impact of AOX was also revealed in shoot 

acclimation in response to low temperature. In Arabidopsis, AOX overexpression lines 

showed a 30% increase in leaf area and 33% larger rosette size, whereas anti-sense lines 

showed a reduction in leaf area by 27% and 25% in rosette size when compared to wild-

type plants on exposure to 12 °C (Fiorani et al., 2005). In watermelon, inhibition of the 

AOX pathway during low temperature (10 °C ) resulted in down-regulation of several 

genes responsible for stress and defense response, signal transduction, protein fate and 

synthesis (Li et al., 2012). On the other hand, overexpression of AOX in Oryza sativa 

showed a significant decrease in lipid peroxidation and ion leakage in response to cold 

stress (Li et al., 2013a). 

In a recent study, the inhibition assay in coral symbiont culture showed a 

significant increase in AOX pathway in response to thermal stress (Oakley et al., 2014). 

Overexpression of AOX1a in rice showed a thermotolerance at both acute exposures (41-

45 °C for 10 min) and chronic exposure (37 °C for 8 d). In contrast, wild-type and 
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antisense lines showed a decrease in the root, shoot growth and phenotypic damage 

(Murakami and Toriyama, 2008). 

(c) Salt stress 

Salt stress is a widespread adverse condition, which leads to dysfunction of mETC 

resulting in increased mitochondrial ROS and lipid peroxidation, and the induction of 

mitochondrial and peroxisomal antioxidative defense systems in plants (Mittova et al., 

2003, 2004). The induction of AOX transcript and/or protein under salt stress is reported 

in several plant species suggesting its role in improving the tolerance against salinity 

(Hilal et al., 1998; Kreps et al., 2002; Seki et al., 2002; Andronis and Roubelakis-

Angelakis, 2010; Marti et al., 2011; Mhadhbi et al., 2013). In plants, during salt stress 

ethylene and NO are produced as a primary signal response, but they are also known as 

ROS inducers. In Arabidopsis callus, ethylene-mediated induction of the AOX pathway 

was hypothesized, which acts in the scavenging of H2O2 level in response to salt stress 

(Wang et al., 2010). In rice, on exposure to salt stress AOX catalyzed respiration was 

found to be increased by 50% of total respiration and also revealed the correlation 

between up-regulation of AOX1a and increasing H2O2 concentration (Feng et al., 2010). 

Furthermore, AOX overexpression lines in Arabidopsis ameliorated the growth inhibition 

as well as balanced the Na
+
 and K

+
 balance in response to salinity (Smith et al., 2009). 

(d) Drought stress 

Drought stress mainly affects the carbon balance, particularly, photosynthesis and 

respiration due to occurrence of stomatal and biochemical limitations (Flexas et al., 2006; 

Atkin and Macherel, 2009; Lawlor and Tezara, 2009). In this context, AOX has been 

recognized as safeguard against drought stress to optimize the photosynthesis and 

respiratory processes, which was evident through an increase in AOX catalyzed 

respiration or its protein/transcript level in response to drought stress (Seki et al., 2002; 

Bartoli et al., 2005; Giraud et al., 2008; Vassileva et al., 2009; Li et al., 2013b). During 
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combined stress of drought and heat, AOX induction was accompanied by an increase in 

the transcript level related to glycolysis and the pentose phosphate pathway, suggesting 

the utilization of sugars under such conditions (Rizhsky et al., 2002). Besides, on 

exposure to severe drought and high irradiance, knockdown of AOX in tobacco plants 

exhibited increase in ROS and cellular damage with concomitant decrease in ROS 

scavenging defense system. These results suggested that deficiency of AOX severely 

compromised the capacity of recovering compared to WT plants (Wang and 

Vanlerberghe, 2013). In Vigna unguiculata, the tolerant cultivar Vita 3 showed an 

increase in AOX protein and its respiratory capacity in the presence of polyethylene 

glycol (PEG) induced drought stress (Costa et al., 2007). Furthermore, AOX 

overexpression lines of Nicotiana tabacum showed better maintenance of photosynthesis 

and respiration against drought stress suggesting that AOX catalyzed respiration acts as 

an electron sink and prevents the loss of chloroplast ATP synthase for efficient 

photosynthetic performance (Dahal et al., 2014, 2015). These results suggest that AOX 

plays a protective role in response to drought stress, particularly to support metabolism in 

the light. 

(e) Metal stress 

Metals are essential micronutrients or macronutrients required for proper growth and 

metabolism of plants. A few of them (Cu, Zn, Mn and Fe) act as a cofactor for several 

proteins and enzymes such as superoxide dismutase, ascorbate oxidase, cytochrome 

oxidase, plastocyanin and polyphenol oxidase. But, their excess amount leads to the 

oxidative challenge that can be toxic to plants (Yruela, 2005; Sagardoy et al., 2009; Ravet 

and Pilon, 2013). Furthermore, heavy metals (e.g. Cd, As, Pb and Hg) are known as 

menacing phytotoxicant even at very low concentration. 

 Pádua et al. (1999) demonstrated that the exposure of sycamore cell suspension to 

Cu leads to induction of protein and enzymatic activity of AOX. Since, metals have a 
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property of donating/accepting the electrons, their abundance in cells often generates the 

ROS and lead to oxidative stress. Aluminum (Al) has been shown to repress 

mitochondrial respiration and induction of ROS generation, which was further validated 

by loss of complex I and complex III activities (Li and Xing, 2011; Panda et al., 2013). In 

this study, Al-dependent increase in AOX catalyzed respiration was revealed, perhaps a 

response by the cell to prevent mETC dysfunction (Li and Xing, 2011). Furthermore, 

AOX overexpression lines of tobacco cells showed the tolerance against Al mediated 

oxidative stress by altering the respiratory capacity (Panda et al., 2013). In addition, 

redox inactive heavy metal like Cd possesses strong affinity with oxygen, nitrogen and 

sulfur atoms, which in turn can inhibit the protein activity or displacement of natural 

metal centers (Cuypers et al., 2010). In recent years, AOX is introduced as a primary 

defense in response to Cd-induced oxidative challenge (Castro-Guerrero et al., 2008; 

Keunen et al., 2013, 2015). Upon Cr(VI) exposure, AOX involves in metabolic 

interconnectivity among respiration, carbohydrate and phenolics, which results in 

metabolic adaptation to support the tolerance of Salvinia minima against Cr(VI) stress 

(Prado et al., 2013). 

(f) Ozone stress 

Ozone is a well-known phytotoxic air pollutant, which causes the visual changes such as 

chlorosis, necrosis, biomass and yield including a decrease in the photosynthetic potential 

(Dizengremel et al., 2008; Bagard et al., 2008; Betzelberger et al., 2012). Further a 

significant reduction in the COX pathway capacity was observed in tobacco leaves on 

exposure to ozone (Ederli et al., 2006). The loss in the COX pathway activity was 

attributed to a transient increase of NO, a potential inhibitor of COX. Also, the loss in 

COX pathway capacity was accompanied by an increased AOX expression and capacity, 

which depends upon both the increase in NO (Ederli et al., 2006) and a protein 

phosphorylation event (Pasqualini et al., 2012). The increase in AOX expression and 



 

15 
 

respiration rate was also revealed in higher plants under acute ozone exposure 

(Dizengremel, 2001; Tosti et al., 2006). 

1.6. Role of AOX in optimizing photosynthesis 

Photosynthesis and respiration are the most crucial processes as they regulate the carbon 

and energy metabolism in the plants. Photosynthesis is a reductive process known to 

occur in chloroplasts, in which light energy is converted into carbohydrates in the 

presence of CO2 and water while oxygen is liberated concomitantly as a by-product. 

Respiration is an oxidation process occurring in the mitochondria, where carbohydrates 

are metabolized through glycolysis, oxidative pentose phosphate (OPP) pathway and 

tricarboxylic acid (TCA) cycle. These pathways generate reducing equivalents and ATP 

molecules. These reducing equivalents are then used to support biosynthetic reactions or 

can be oxidized by mETC. In last three decades, an intensive research on this 

fundamental connection between photosynthesis and respiration leads to the recognition 

of chloroplasts and mitochondria as interdependent organelles and the biochemical 

reactions were turned out to mutually beneficial to each other occur in these organelles 

(Raghavendra et al., 1994; Hoefnagel et al., 1998; Raghavendra and Padmasree, 2003; 

Noguchi and Yoshida, 2008; Dinakar et al., 2010a,b). During this interaction several 

crosstalk occurs between both organelles, in which cyclic electron transport, malate valve 

and mETC play a crucial role in maintaining the energy balance and redox homeostasis 

(Scheibe et al., 2005; Yoshida et al., 2007; Kramer and Evans, 2011; Talla et al., 2011; 

Hebbelmann et al., 2012; Bailleul et al., 2015). During light, the reducing power 

generated by chloroplasts is several magnitudes higher than its consumption by Calvin 

cycle. The over-accumulation of reducing power (NADPH/NADP
+
) causes inhibition of 

electron flow from PSII to PSI, which results in over reduction of PQ pool and 

consequently ROS generation. The excess ROS can damage the thylakoid membrane and 

photosynthetic apparatus. Malate dehydrogenases (MDHs) associated with malate valve 
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play an important role in preventing the over energization of chloroplast and ROS 

generation. In chloroplasts, MDH can convert the oxaloacetic acid (OAA) into malate at 

the expense of NADPH and malate can be transported to cytosol or 

mitochondria/peroxisomes through the operation of malate valve. During this process 

cytosolic/mitochondrial/peroxisomal MDH converts malate to OAA and NAD(P)H is 

produced, which is further oxidized by mETC components. Thus, mitochondria play a 

vital role in maintaining the energy balance and keeping photosynthesis active 

(Raghavendra and Padmasree 2003; Noguchi and Yoshida, 2008; Zhang et al., 2010; Xu 

et al., 2011; Yoshida et al., 2011b; Zhang et al., 2011; Gandin et al., 2012; Zhang et al., 

2014). In this connection, further experimental evidences of participation of malate valve 

and MDH in optimizing photosynthesis by AOX pathway during oxidative stress are 

discussed in chapter 4 and 5. Moreover, inhibition of the AOX pathway using 

mutant/transgenic or metabolic inhibitors (SHAM or propyl gallate) resulted in 

significant reduction in photosynthetic O2 evolution, photosynthetic yield, thermal 

dissipation and damage in the D1 protein in response to light stress. In contrast, AOX 

overexpression lines showed enhanced photosynthetic O2 evolution, yield and thermal 

dissipation when compared to wild-type plants during light stress (Giraud et al., 2008; 

Dinakar et al., 2010a; Florez-Sarasa et al., 2011; Zhang et al., 2011). 

1.6.1. Special features of photosystem I and photosystem II 

Photosynthesis is accomplished by a series of reactions that occurs mainly in the 

chloroplast.  During photosynthesis the oxidation of H2O, reduction of NADP
+
 in 

thylakoid membrane is catalyzed by photosystem II (PSII) and photosystem I (PSI), 

respectively (Nelson and Yocum 2006). PSI and PSII absorb the photons at a wavelength 

of 700 nm and 680 nm, respectively. The numbers associated with photosystems indicate 

the order in which they were discovered, not the order of electron transfer. A quantitative 

measurement of total number of chlorophyll associated with PSI and PSII revealed that 
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approximately 10-20% more chlorophyll was associated with PSI (in agreement of more 

number of quanta captured by PSI) when compared to PSII (Albertsson, 2001; Joliot and 

Joliot, 2002). 

 

 

Fig. 1.2. Diagrammatic representation of electron transport system in chloroplasts (adapted from 

Govindjee and Wilbert Veit 2010 available at http://www.life.illinois.edu/govindjee/Z-

Scheme.html). 

 

PSI and PSII are connected in series with cytochrome b6f complex (Cyt bf). The electron 

flow between PSI and PSII is recognized through two routes. First, linear electron flow 

(LEF) that starts from water and ends up at ferredoxin with ultimate reduction of NADP
+
. 

This route involves several components (P680, phaeophytin, QA, QB, PQ, Cyt bf, 

plastocyanin, P700 and Fd), which are arranged in Z-shape due to differences in their 

redox potential, hence it is also known as Z-Scheme (Hill and Bendall, 1960; Allen, 

2003; Govindjee and Wilbert Viet, 2010; Fig. 1.2). Second, cyclic electron flow around 
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PSI (CEF-PSI), which starts from PQ and recycled from Fd to PQ without NADPH 

formation. In both pathways, the electron transport is coupled to proton translocation that 

occurs across the thylakoid membrane and lead to generation of a proton gradient (ΔpH). 

This ΔpH is utilized in ATP synthesis (Shikanai, 2007, 2014). In addition to ATP 

synthesis, the increase in ΔpH during excess light leads to acidification of thylakoid 

lumen and thereby induces the thermal dissipation (Müller et al., 2001). 

CEF-PSI is consisted of two redundant pathways: the major pathway depends on 

proton gradient regulation 5 (PGR5) and PGR5-like photosynthetic phenotype 1 

(PGRL1) proteins, whereas the minor pathway is mediated by chloroplast NADH 

dehydrogenase (NDH) complex (Munekage et al., 2004; Peng et al., 2011). In higher 

plants, the main pathway of CEF-PSI depends on PGR5, which was identified in pgr5 

mutant of Arabidopsis. CEF-PSI is also essential for balancing the ATP/NADPH ratio, 

thermal dissipation and CO2 assimilation (Munekage et al., 2002; Shikanai, 2007; 

Munekage et al., 2008). Furthermore, the knockdown of PGR5 in rice caused a 50% 

decrease in PGRL1 protein level, which suggests the role of PGR5 in accumulation of 

PGRL1 (Nishikawa et al., 2012). In NDH-dependent pathway, NDH oxidizes NADPH 

and reduces the PQ pool like complex I does in mitochondria (Ogawa, 1991). This 

pathway is predominant in cyanobacteria and involved in multiple processes by 

modifying its subunit compositions (Zhang et al., 2004; Shikanai, 2007).  

1.6.2. Defense mechanism associated with chloroplasts and their relation with AOX 

a) Xanthophyll cycle and Non-photochemical quenching 

Under excess light, violaxanthin is converted to zeaxanthin via an intermediate 

antheraxanthin and this reaction is reversed during low light conditions. This reversible 

reaction of two xanthophylls is known as xanthophyll cycle and occurs throughout the 

plant kingdom (Demmig-Adams and Adams, 1996; Fig. 1.3). Using chlorophyll 

fluorescence approach, several studies demonstrated the zeaxanthin-dependent increase 
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in energy dissipation (Demmig et al., 1987; Demmig-Adams, 1990; Gilmore and 

Yamamoto, 1991). During high light exposure, chloroplasts are prone to photooxidative 

damage and accumulate ROS. In chloroplasts, ROS formation occurs via two pathways: 

(1) electron transfer to O2 at the acceptor side of PSI and PSII, resulting in formation of 

O2
‒
 and subsequently H2O2 by action of SOD (Mehler, 1951; Jahns and Holzwarth, 

2012); and (2) electron transfer from triplet chlorophyll (
3
Chl

*
) to O2, which leads to 

formation of 
1
O2

*
.  

 

Fig. 1.3. A scheme of the xanthophyll cycle in plants and its regulation during excess or low 

light. On exposure to high light, violaxanthin is converted to zeaxanthin by stepwise removal (de-

epoxidation) of two oxygen and this reaction is reversed (epoxidation) under low light. De-

epoxidation occurs within minutes, whereas epoxidation is a slow process and takes minutes to 

hours (adapted from Demmig-Adams and Adams 1996). 

 

Lutein is most abundant xanthophyll attached to light harvesting complex II (LHCII), and 

plays a crucial role in deactivating the 
3
Chl

*
 and 

1
O2

*
, and thereby the reduction of ROS 

formation (Krieger-Liszkay et al., 2008; Triantaphylidès and Havaux, 2009). Lutein-

deficient mutants (lut1 and lut2), epoxy xanthophyll-deficient (aba1) and lut2aba1 

double mutant showed a reduction in ΔpH-dependent non-photochemical quenching NPQ 

and altered the stoichiometry and antenna size of PSII (Lokstein et al., 2002). These 
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observations suggest the engagement of xanthophylls in modulating the NPQ of PSII 

during excess light energy (Lokstein et al., 2002; Jahns and Holzwarth, 2012). 

 

b) Plastid terminal oxidase 

PTOX is known as an analog of AOX which is localized in the thylakoid membrane of 

photosynthetic species including higher plants and algae (Carol and Kuntz, 2001; Joët et 

al., 2002). Similar to AOX (ubiquinol oxidase), PTOX transfers the electron from 

plastoquinol (PQH2) to molecular oxygen and thus prevent the over-reduction of the PQ 

pool (Aluru and Rodermel, 2004; Sun and Wen, 2011; McDonald et al., 2011). The 

engagement of PTOX is also suggested in chlororespiration and synthesis of 

photoprotective carotenoids, which prevents the over-reduction of chloroplastic ETC 

(Peltier and Cournac, 2002; Nawrocki et al., 2015). PTOX was found to be up-regulated 

in several higher plants and algae under various abiotic stress conditions such as heat, 

drought, cold, high light and salinity (Sun and Wen, 2011). 

c) Water-water cycle 

In 1951, Mehler discovered the photoreduction of O2 to H2O2 in thylakoids, which 

revealed that chloroplasts not only oxidize water to evolve O2 but also reduce O2 to H2O. 

Later, this cycling of water was termed as water-water cycle (WWC). In this cycle, O2
‒
 

was identified as the primary product of the photoreduction of O2, which was scavenged 

by chloroplastic Cu/Zn-superoxide dismutase (Cu/Zn-SOD) and thereby prevents the 

inactivation of PSI complex (Asada et al., 1974; Asada, 1999; Asada, 2000). Disorder of 

WWC leads to generation of •OH radical, which is unavoidable in aged leaves. Polyols 

and mannitol were found as efficient scavenger of •OH radicals (Shen et al., 1997). The 

knockdown of SOD (a key enzyme of WWC) in Arabidopsis caused a decrease in overall 

growth and development. Additionally, the chloroplast size, chlorophyll content and 

photosynthetic activity were also diminished (Rizhsky et al., 2003). The rbcS antisense 

lines of Oryza sativa showed a rapid increase in electron flux through WWC and NPQ at 
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20% O2. However, with increasing CO2 assimilation, the electron flow through WWC 

and NPQ was decreased. In 2% O2, CEF-PSI remained high and contributed to NPQ. 

These results suggest the physiological function of both WWC and CEF-PSI in 

maintaining the balance between Calvin cycle and energy dissipation for optimal 

photosynthesis (Makino et al., 2002; Miyake, 2010). 

1.7. Various roles of AOX in microbes and animals 

Due to its unique characteristic of performing cyanide-resistant respiration, the role of 

AOX is also studied in lower organisms, animals and human cell lines. The host cells, 

which do not possess native AOX like bacteria, viruses, animals and humans, were 

heterologously transformed to validate its function. Various physiological roles of AOX 

have been described below. 

1.7.1. Cyanide-insensitive respiration and cell growth 

Respiration is a crucial phenomenon known to enhance the chronological life span in 

yeast (Barros et al., 2004). Hemes are essential components for the activity of COX-

catalyzed respiration. A hemA E. coli strain (SASX41B) was incapable of performing 

COX-catalyzed aerobic respiration. But, when this strain was complemented with cDNA 

encoding AOX from A. thaliana resulted in aerobic respiration as well as cyanide-

insensitive respiration. Moreover, upon treatment with KCN or SHAM, cells transformed 

with AOX showed higher growth (OD600) in comparison to the empty vector (Kumar and 

Söll, 1992). Expression of AOX from Sauromatum guttatum to Schizosaccharomyces 

pombe resulted in increased AOX catalyzed respiration and overall growth. The possible 

reason behind this was suggested as the higher engagement of AOX (Affourtit et al., 

1999). Similarly, cloning of AOX (from Aspergillus niger) in the host strain Lactococcus 

lactis enhanced the biomass and nisin (an antibacterial peptide) production in response to 

oxidative stress (Papagianni and Avramidis, 2012). 
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Any defects in mETC lead to a large number of diseases (e.g. deafness, diabetes, 

epilepsy ischemia and Parkinson’s disease) in human. This could be due to lack of 

several redox-active proteins (e.g. AOX and rotenone-insensitive internal NADH 

dehydrogenase) in mETC (Rustin and Jacobs, 2009; Schiff et al., 2012). Interestingly, 

heterologous expression of AOX in human cells from skunk cabbage showed a 

significant decrease in ROS production and also AOX was induced by pyruvate. Hence, 

in this study functional expression of AOX was suggested as an artificial alternative 

respiration that can be used as a therapy for various mitochondrial diseases (Matsukawa 

et al., 2009). AOX expression from Ciona intestinalis compensate cytochrome c oxidase 

deficiency in human cells and mouse as well as enhanced the growth and tolerance level 

against viral infection (Dassa et al., 2009; El-Khoury et al., 2013, 2014). 

1.7.2. Defense response 

During plant-pathogen interactions cyanide is produced by plants as a defensive 

mechanism to inhibit the pathogen’s respiration and growth. In plants, cyanide can be 

detoxified by the enzyme β-cyanoalanine synthase (CYS). In Arabidopsis cys-c1 showed 

increased susceptibility to necrotrophic fungus Botrytis cinerea (Garcia et al., 2013). On 

the other hand, pathogens possessing AOX might be more offensive in nature. In 

pathogenic fungi, Aspergillus fumigatus and Sclerotinia sclerotiorum presence of AOX 

ensure their survival and growth inside the host in response to oxidative stress (Tudella et 

al., 2004; Xu et al., 2012c). 

The in vivo characterization of AOX in Histoplasma capsulatum (human 

pathogenic fungi) exhibited induction of AOX at both mRNA and protein level in 

response to H2O2 or antimycin. These results indicated that AOX can play an important 

role in the survival of this pathogen in humans (Johnson et al., 2003). Similarly, in 

Paracoccidioides brasiliensis AOX was found to handle its survival against oxidative 

stress imposed by immune cells in human (Ruiz et al., 2011). 
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The present study has been designed to unravel the physiological importance of AOX 

during various oxidative stresses in A. thaliana and S. cerevisiae. The approach and 

objectives of the present work are described in the forthcoming chapter. 

***  
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Chapter 2 

Approach and Objectives 

Photosynthesis and respiration are the most important metabolic processes known to 

modulate the carbon and energy metabolism of plants. Conventionally chloroplasts and 

mitochondria were considered as autonomous organelles as they possess their own 

genetic material. But, in the last two decades the interactions between chloroplasts and 

mitochondria have been extensively studied at physiological, biochemical and molecular 

level, which demonstrated that both organelles mutually benefit each other by exchanging 

the metabolites to maintain the cellular redox homeostasis under various abiotic stresses 

(Lambers, 1982; Saradadevi and Raghavendra, 1992; Raghavendra and Padmasree, 2003; 

Noctor et al., 2004; Yoshida et al., 2006; Xu et al., 2011). Though, chloroplasts and 

mitochondria have their own defense system such as antioxidative system and heat 

dissipation machinery, but any disturbance(s) in either organelle affect the metabolism of 

another one, indicating that self-defense systems and/or energy regulation machinery are 

not sufficient at individual level. 

The various components of mETC are regulated by complex mechanism during 

biotic/abiotic stress (depending on the type and strength of stress), which modulate the 

energy level and reduction state of the mETC. AOX has been found to be increased at the 

transcript or protein level compared to any mitochondrial genes during a wide range of 

stress conditions (Clifton et al., 2006). Several studies have demonstrated a simultaneous 

increase in malate valve related enzymes and AOX during high light, which indicates that 

the reducing equivalents generated in chloroplasts were efficiently transported by malate 

valve and subsequently oxidized by AOX to protect the thylakoid membrane from 

damage and to sustain photosynthesis (Yoshida et al., 2007; Dinakar et al,. 2010b; Zhang 

et al., 2010; Zhang et al., 2014). However, the biochemical or physiological interactions 
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that take place at the PSI and PSII level with AOX are either due to its induction or a 

direct role in oxidizing excess reducing equivalents is yet to be elucidated. 

In addition to plants, the role of AOX is also revealed in survival of pathogenic 

fungi such as Histoplasma capsulatum and Aspergillus fumigatus inside the host under 

stress conditions (Johnson et al., 2003; Tudella et al., 2004). Similar to plants, the AOX 

mutant of pathogenic yeast Cryptococcus neoformans showed susceptibility to oxidative 

stress (Akhter et al., 2003). Thus, AOX plays several roles inside and outside the 

mitochondria over a wide range of stress conditions including higher plants to microbes.  

The previous studies from our laboratory have demonstrated that AOX plays a 

significant role in optimizing photosynthesis under various abiotic stresses such as high 

light, osmotic and temperature stress using mesophyll cell protoplasts of Pisum sativum 

(Dr. Ch. Dinakar Thesis, 2008; Dinakar et al., 2010a,b). The present study is designed to 

investigate the role of AOX in optimizing photosynthesis including photochemical 

reactions at PSI and PSII as well as its impact on cellular redox homeostasis during 

oxidative stresses (photooxidative or chemically induced). To minimize the ambiguity of 

AOX pathway inhibitors, knockout mutant of aox1a and wild-type plants of Arabidopsis 

thaliana have been used in the present study. On the other hand, previous studies on 

Saccharomyces cerevisiae demonstrated that any increase in respiration and redox ratio 

of NAD
+
/NADH decreased the mitochondrial ROS and concomitantly increased its life 

span (Barros et al., 2004; Lin et al., 2002, 2004). Accordingly, Saccharomyces cerevisiae 

(devoid of AOX) is used in the present study to investigate the role of AtAOX1a in 

increasing the respiratory tolerance and its role in alleviating oxidative stress. 
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In context to the above scenario, the objectives of the present work are set as follows: 

1. To identify the physiological role of AOX1a in photosynthesis under high light 

stress in Arabidopsis thaliana. 

2. To examine the importance of AOX1a in optimizing photosynthesis during 

restriction of electron transport through cytochrome oxidase pathway in 

Arabidopsis thaliana. 

3. To validate the importance of AOX pathway in alleviating oxidative stress using 

Saccharomyces cerevisiae as a model organism. 

Rationale for Model plant (Arabidopsis thaliana) or organism (Saccharomyces 

cerevisiae) used in the present study 

Arabidopsis thaliana is a well-known model plant due to its unique features such as: 

small size (20 cm tall), short life cycle, grow successfully throughout the year without 

any seasonal hindrance, self-fertilization, diploid genome, small genome size (157 Mb), 

completely sequenced, availability of several T-DNA insertion mutants at Arabidopsis 

Resource Centre (Nottingham, UK) [Meinke et at., 1998; Bennett et al., 2003; Koornneef 

and Meinke, 2010]. In Arabidopsis, AOX is encoded by five genes namely AOX1a, 

AOX1b, AOX1c, AOX1d and AOX2. AOX1a transcript has been found to be dramatically 

induced under several stress conditions compared to other AOX genes (Saisho et al., 

1997; Clifton et al., 2006). Therefore, in the present study, we used T-DNA insertion line 

of aox1a (Fig. 2.1). 

 

Fig. 2.1. A schematic diagram demonstrating the T-DNA insert in aox1a, Salk_084897 (Line 53) 

of A. thaliana. The insertion of T-DNA is localized in third exon. Seeds were obtained from 

Arabidopsis Biological Resource Centre (www.arabidopsis.org/abrc) and homozygous lines for 

aox1a mutant were characterized by Strodtkötter et al., 2009. 

http://www.arabidopsis.org/abrc
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Leaves were plucked from 10-12 weeks old plants and cut into 0.25 cm
2
 leaf 

discs. Leaf discs offer an easy and suitable material for exposing to several stresses under 

laboratory conditions and allow conducting the physiological, biochemical and molecular 

experiments as they closely mimic the in vivo environment of higher plants. Further, leaf 

discs are more suitable than whole leaf for the following reasons: (i) maintenance of 

constant leaf area, particularly in oxygraph and chlorophyll fluorescent studies; (ii) 

permeability or uptake of chemicals (inhibitors) through symplast is much easier and 

efficient through cut edges; (iii) low amount of inhibitors are economic and sufficient for 

effective results. To study the role of AOX1a in sustaining photosynthesis under 

photooxidative stress or chemically induced oxidative stress, the leaf discs from WT and 

aox1a were exposed to 700 µmoles m
-2

 s
-1

 and 20 µM antimycin A (AA; inhibitor of 

COX pathway at complex III), respectively. The impact of AOX1a was assessed through 

comparison of several physiological and biochemical parameters between WT and aox1a. 

S. cerevisiae is another model organism that was used in the present study to 

assess the role of AOX1a in alleviating oxidative stress. S. cerevisiae contains some 

unique features such as single cell eukaryotic organism, rapid cell cycle (90 min at 30 

°C), hence can be cultured easily, small genome size (12.1 Mb), completely sequenced, 

can be transformed that allows the addition or deletion of genes through homologous 

recombination (Botstein et al., 1997; Carmona-Gutierrez et al., 2010). In spite of having 

well-developed respiratory system, S. cerevisiae does not contain AOX homolog. The 

absence of AOX in S. cerevisiae offers to study the in vivo role of AOX. In the present 

study, S. cerevisiae has been transformed with AtAOX1a to characterize the function of 

AtAOX1a in alleviating oxidative stress. The S. cerevisiae cells transformed with empty 

vector were taken as control. The oxidative stress was generated through the external 

addition of H2O2 and tertiary-butyl hydroperoxide (t-BOOH). 

***  
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Chapter 3 

Materials and methods 

3.1 Plant materials and growth conditions 

Arabidopsis thaliana L. Heynh ecotype Columbia, Col-0 (WT) and aox1a 

(SALK_084897) were grown in soilrite mix. The seeds were sown on soil with 

Murashige and Skoog medium (Table 3.1) followed by stratification at 2-4 °C in dark for 

3-4 d before transferring them to growth chamber. The plants were grown in an air-

conditioned room at 22-24 °C with photosynthetic photon flux density (PPFD) of 50-60 

µmol photons m
-2

 s
-1 

under light and dark cycles of 8 and 16 h, respectively. Leaves from 

10 to 12 week-old plants (Fig. 3.1) were used for preparing leaf discs. 

3.2 Light treatment 

Leaf discs (ca. 0.25 cm
2
) prepared from leaves with a sharp paper punch under water 

from either sides of the midrib, were placed in a petri dish containing distilled water. Leaf 

discs were subjected to 50, 250, 500 and 700 µmol photons m
-2

s
-1

 for 6 h at 25 °C. The 

illumination was provided by halogen lamps (230 V/150 W; Philips Comptalux). A water 

jacket was used between the light source and the sample to prevent heating. A small fan 

was also used to blow air over the petri dishes and thereby dissipate the heat generated by 

lamps, and prevent any increase of temperature due to heat. 

3.3 Antimycin A treatment 

Leaf discs (ca. 0.25 cm
2
) prepared from leaves as described above, were placed in a petri 

dish containing 0, 5, 10, 20, 30 and 40 µM antimycin A (AA) in distilled water with 0.01 

% Tween-20 and exposed to 50 µmol photons m
-2 

s
-1

 for 6 h at 25 °C. 
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Table 3.1. The composition of nutrient solution used for growing Arabidopsis plants. 

Macronutrients Concentration 

(mM) 

Micronutrients Concentration (µM) 

KNO3 5.0 FeSO4.7H2O 50 (in 50 mM Na2EDTA) 

KH2PO4 2.5 MnSO4.4H2O 60 

MgSO4 2.0 ZnSO4.4H2O 7 

Ca(NO3)2 2.0 CuSO4.5H2O 0.1 

  H3BO3 49 

  KI 4.5 

  Na2MoO4.2H2O 1 

  CoCl2 0.1 

 

 

 

Fig.3.1. Phenotypic appearance of 12-week-old plants of wild type (cv. Columbia) and aox1a 

mutant of Arabidopsis thaliana grown in a controlled growth chamber at a photoperiod of 8 h 

light (50 μmol photons m
-2

 s
-1

) and 16 h dark at 22-24 °C . 

  

WT aox1a mutant 
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3.4 Measurement of respiration and photosynthesis in leaf discs 

The rates of respiratory O2 uptake and photosynthetic O2 evolution of leaf discs were 

monitored using a Clark-type oxygen electrode (LD-2, Hansatech Instruments Ltd., 

King’s Lynn, UK). Leaf discs were kept on the topmost capillary nylon mesh and 200 µl 

of 1.0 M bicarbonate buffer (pH 9.0) was sprinkled homogeneously, which generates ca. 

5% (v/v) CO2 in the electrode chamber (Walker, 1988). Oxygen level in electrode 

chamber was calibrated each time as per manufacturer’s instructions before measurement 

of respiratory and photosynthetic rates. Soon after calibration, the traces of O2 uptake 

were monitored for 5 min in dark and subsequently the traces of O2 evolution were 

monitored for 10 min (Fig. 3.2). 

 

Fig. 3.2. A typical recorder trace of respiratory O2 uptake and photosynthetic O2 evolution by leaf 

discs of A. thaliana. 
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3.5 Chlorophyll fluorescence and P700 measurement 

Chlorophyll fluorescence and P700 were measured at 25 °C using a Dual-PAM-100 

fluorometer (Heinz Walz GmbH, Germany). After AA treatment leaf discs were 

incubated in dark for 30 min. The minimum fluorescence (Fo) and maximum 

fluorescence (Fm) were measured in a dark-adapted sample with a saturation pulse (SP) 

of 3000 µmol photons m
-2

s
-1

 for 800 ms. After a delay of 40 s, actinic light (AL) of 126 

µmol photons m
-2

s
-1

 was switched on along with SP of 3000 µmol photons m
-2

s
-1

 for 800 

ms, followed by repetitive application of SPs at every 20 s for 5 min. With each SP the 

relative changes in yield, photochemical and non-photochemical quenching and electron 

transport rate were recorded (Fig. 3.3). The changes in chlorophyll fluorescence 

parameters were monitored using automated induction curve for 5 min. Based on Fo, Fm, 

F' and Fm' the chlorophyll fluorescence parameters were automatically calculated by 

Dual-PAM-100 software. 

P700 was measured using dual wavelength (difference of intensities of 875 nm 

and 830 nm pulse-modulated measuring light reaching photodetector) as described in 

Klughammer and Schreiber (2008). The maximum P700 signal (Pm) was determined by 

application of SP in presence of Far-Red light and zero P700 signal (Po) was determined 

after complete reduction of P700, induced by cessation of SP and Far-Red light (Fig. 

3.4). Pm' is maximum P700 signal in presence of AL and SP. Based on Po, Pm and Pm' 

values, yield of PSI [Y(I)] and reduction state of P700 were automatically calculated by 

Dual-PAM-100 software. 

3.6 Measurement of pyridine nucleotides from leaf tissue 

The total cellular pools of NAD(H) and NADP(H) were measured according to Queval 

and Noctor (2007). The reduced and oxidized forms of pyridine nucleotides are 

distinguished by preferential destruction in acid/base. 
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Fig. 3.3. A typical induction curve recording depicts the pattern of chlorophyll fluorescence 

versus time. Fo - minimal fluorescence from dark adapted samples; Fm - maximal fluorescence 

from dark adapted samples; F' - minimal fluorescence from light adapted samples and Fm' - 

maximal fluorescence from light adapted samples. During each application of SP, a new Fo' and 

Fm' were obtained. 

 

 

Fig. 3.4. A typical induction curve recording depicts the pattern of P700 versus time. Po - 

minimal P700 signal from dark adapted samples; Pm - maximal P700 signal from dark adapted 

samples and Pm' - maximal P700 signal from light adapted samples. During each application of 

SP, a new Pm' were obtained. 

 



 

33 
 

Therefore, leaf discs (100 mg) were finely ground in liquid nitrogen and extracted either 

into 1.0 ml of 0.2 N HCl for measuring NAD
+
 and NADP

+
 or 0.2 M NaOH for measuring 

NADH and NADPH. Pyridine nucleotides were quantified by monitoring phenazine 

methosulfate-catalyzed reduction of dichlorophenolindophenol (Fig. 3.5). 

For assay of NAD
+
 and NADH, the reaction was started by the addition of ethanol 

in presence of alcohol dehydrogenase. The reaction medium contains 20 µl neutralized 

supernatants, 0.1 ml of 100 mM HEPES (pH 7.5) containing 2 mM EDTA, 20 µl of  

1.2 mM DCPIP, 10 µl of 20 mM PMS, 25 µl double distilled water and 10 µl of ADH 

(2500 U ml
-1

). The reaction was started by the addition of 15 µl of absolute ethanol and 

decrease in absorbance was read at 600 nm for 3 min. 

 

Fig.3.5. A model describing the reaction mechanism during estimation of NADP(H) and NAD(H) 

content. Abbreviations: ADH ‒ alcohol dehydrogenase; DCPIP ‒ dichlorophenolindophenol; G6P 

‒ glucose-6-phosphate; G6PDH ‒ glucose-6-phosphate dehydrogenase; ox. ‒ oxidized; PMS ‒ 

phenazine methosulphate; red. ‒ reduced. 

For assay of NADP
+
 and NADPH, G6PDH was freshly prepared by centrifugation of an 

(NH4)2SO4 suspension and resuspension of the pellet to 200 Uml
-1

 in 100 mM HEPES 

(pH 7.5) containing 2 mM EDTA. Aliquots of 30 µl neutralized supernatant were 

introduced into plate wells containing 0.1 ml of 100 mM HEPES (pH 7.5) containing  

2 mM EDTA, 20 µl of 1.2 mM DCPIP, 10 µl of 20 mM PMS, 10 µl of 10 mM glucose 6-

phosphate, and 30 µl water. The reaction was started by the addition of 10 µl G6PDH and 
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decrease in absorbance was read at 600 nm for 3 min. The concentrations of 

corresponding pyridine nucleotides were calculated using relevant standard curve as 

shown in Fig. 3.6 (0-40 pmole). 

 

Fig.3.6. Typical standard curve for plate reader assay of pyridine nucleotides. Rates of 

absorbance change at 600 nm versus concentration of NAD
+
 (A), NADH (B), NADP

+
 (C) and 

NADPH (D). 

3.7 Measurement of ascorbate and dehydroascorbate levels in leaf tissue 

The ascorbate (Asc) and dehydroascorbate (DHA) contents were measured according to 

Foyer et al. (1983). Leaf discs (150 mg) were ground on ice bath using a mortar and 

pestle in 3 ml of 2.5 M HClO4. The extract was adjusted to pH 5.6 by stepwise addition 

of 1.25 M K2CO3. The resulted precipitate was removed by centrifugation at 10,000 rpm 

for 10 min at 4 °C. The supernatant was used to estimate the Asc, DHA and Asc/DHA. 
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An aliquot of 100 μl of supernatant was added to 900 μl of 0.1 M sodium phosphate 

buffer (pH 5.6) and absorbance was read at 265 nm (A). Ascorbate oxidase (2.5 U, Roche 

Applied Science, Mannheim, Germany) was added to the above mixture and absorbance 

at 265 nm was measured (B). A fresh aliquot containing 100 μl of supernatant was 

incubated with 15 mM reduced glutathione prepared in 150 µl of 0.1 M Tricine–KOH 

buffer pH 8.5 for 15 min at room temperature. The volume was then made upto 1 ml with 

0.1 M sodium phosphate buffer (pH 5.6) and the absorbance was read at 265 nm (C). Asc 

was measured as the difference of A-B, while DHA was measured as the difference of  

C-A. 

3.8 Estimation of adenylate content 

ATP and ADP content were estimated according to Padmasree and Raghavendra (1999a). 

Leaf tissue (100 mg) was homogenized in liquid nitrogen and extracted in 3% HClO4. 

The samples were centrifuged at 10,000 rpm for 10 min at 4 °C and resulting 

supernatants were neutralized with KOH and left on ice for 30 min. The neutralized 

samples were further centrifuged as described above and the cleared supernatant was 

used for estimation of ATP and ADP. The levels of ATP were measured using enzymatic 

assays coupled to NADPH formation, while ADP levels were measured by coupling to 

NADH utilization, respectively. 

3.9 Detection of ROS in leaf tissue 

Total cellular ROS levels in leaf discs were monitored using a fluorescent dye, 2, 7- 

dichlorofluorescein diacetate (H2DCF-DA). This non-polar compound is converted to 

membrane-impermeable polar derivative H2DCF by cellular esterases and is rapidly 

oxidized to highly fluorescent DCF by intracellular H2O2 and other peroxides. Stocks of 

H2DCF-DA (1 mM) were made in ethanol and stored in the dark at –20 °C. After the 

treatment with high light or AA, leaf discs were vacuum-infiltrated using a needle-less 
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plastic syringe with 25 µM H2DCF-DA in 10 mM Tris-HCl (pH 7.4). Excess dye was 

removed with repeated washings, and the samples were immediately observed under a 

laser-scanning confocal microscope (TCSSP-2, AOBS 4 channel UV and visible; Leica, 

Germany) at λex 488 nm and λem 525 nm (Dinakar et al., 2010a). 

3.10 H2O2 measurement in leaf tissue 

Estimation of H2O2 content was done according to Velikova et al. (2000). Leaf tissue 

(100 mg) was homogenized in 0.1% TCA over an ice bath. Homogenate was centrifuged 

at 12,000 rpm for 15 min, 4 °C and supernatant was used for assay. The assay reaction 

contain 250 µl of supernatant, 250 µl of 10 mM potassium phosphate buffer (pH 7.0) and 

500 µl of 1.0 M KI. The absorbance was read at 390 nm and the concentration of H2O2 

was calculated using relevant standard as shown in Fig. 3.7 (0-100 µmol H2O2). 

 

Fig.3.7. Typical standard curve for H2O2 demonstrate the absorbance at 390 nm versus 

concentration of H2O2. 

3.11 Lipid peroxidation assay in leaf tissue 

The thiobarbituric acid test, that quantifies malondialdehyde (MDA) as an end product 

was used to determine lipid peroxidation according to Heath and Packer (1968). Briefly, 

100 mg of leaf tissue was homogenized in 500 µl of 0.1% trichloroacetic acid (TCA) 

solution on ice. The homogenate was centrifuged at 12,000 rpm for 10 min at 4 °C and 
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the supernatant was collected. Subsequently, 1.5 ml of 20% TCA containing 0.5% TBA 

was added to 500 µl of supernatant and boiled in a water bath for 30 min. The reaction 

was stopped by cooling on ice and centrifuged for 5 min at 12,000 rpm at 4 °C. The 

absorbance of the supernatant was measured at 532 nm and corrected for non-specific 

absorbance at 600 nm. The MDA content was calculated using the extinction coefficient 

of MDA-thiobarbituric acid complex (ɛ = 155 mM
-1

 cm
-1

). 

3.12 Total RNA isolation and cDNA synthesis from leaf tissue 

Total RNA was extracted from leaf tissue using TRI Reagent (Sigma-Aldrich, USA) 

according to manufacturer’s instructions. Approximately 100 mg leaf tissue was ground 

in liquid nitrogen as fine powder and 1.0 ml of TRI reagent was added. Subsequently, the 

mixture was vortexed and incubated for 15 min at 25 °C. Thereafter, 200 µl of 

chloroform were added and incubated for 15 min at 25 °C. After vortexing, samples were 

centrifuged at 13,000 rpm for 15 min at 4 °C. The uppermost aqueous phase containing 

total RNA was transferred into a fresh tube containing an equal volume of isopropanol. 

Mixtures were thoroughly vortexed and further centrifuged as described above. 

Supernatants were discarded and the precipitated RNA pellets were washed at 4 °C using 

1 ml of 75% ethanol for 5 min at 8,000 rpm. Resulting pellets were allowed to air-dry for 

10-15 min, then resuspended in sterile DEPC-treated water. Concentration and quality of 

each RNA sample was analyzed using NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies). One g of total RNA with an A260/A280 ratio of 1.9 – 2.0 was 

used for first-strand cDNA synthesis using iScript™ cDNA synthesis kit (BioRad, USA) 

according to the manufacturer’s instructions. 

3.13 Quantitative reverse transcriptase PCR (qRT-PCR) analysis from leaf tissue 

Primers for real-time PCR were designed using Primer Express software (Applied 

Biosystems) such that at least one of the primers spanned the junction of two exons or 

intron-exon boundary, giving a single cDNA PCR product precluding amplification of 
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genomic DNA (Table 3.2). The PCR mixture contained 5 l of diluted cDNA, 10 l of 

2x SYBR Green PCR Master Mix (Takara bio Inc., Shiga, Japan), and 1.0 pmole of 

specific primers (synthesized by Eurofins Pvt. Ltd., India) in a final volume of 20 l. 

Real-time PCR was carried out after pre-incubation at 95 °C for 10 min followed by 40 

cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min using 

7500 Fast Real-Time PCR machine (Applied Biosystems, USA). UBQ5 was used as 

housekeeping gene. Cycle threshold (CT) values were obtained from the exponential 

phase of PCR amplification. Comparative CT method was used to analyze the results 

(Livak and Schmittgen 2001). In this method, genes of interest (GOI) were normalized 

against UBQ5 (housekeeping gene) expression, generating a ΔCT value (ΔCT = GOI 

CT−UBQ5 CT). The relative expression was then calculated according to the equation 

2
−ΔΔCT

 and WT was used as a calibrator. 

Table 3.2 A list of primers corresponding to A. thaliana used for real-time PCR study. 

Gene 

name 

Accession 

no. 

Primer sequence (5' > 3') Amplicon 

length 

(bp) 

UBQ5 AT3G62250 F-   CCAAGCCGAAGAAGATCAAG 

R-   ATGACTCGCCATGAAAGTCC 

149 

CSD1 AT1G08830 F-   TGAACTCAGCCTGGCTACTGG 

R-  AGCCACACACCAGAAGATACACAC 

164 

CAT1 AT1G20630 F-   TGGGATTCAGACAGGCAAGAACG 

R-  GTTTGGCCTCACGTTAAGACGAGT 

162 

CAT2 AT4G35090 F-   CGAGGTATGACCAGGTTCGT 

R-   AGGGCATCAATCCATCTCTG 

178 

sAPX AT4G08390 F-   CCTCCGGAGGGTATCGTTATCTA 

R-  ACAGCCAGAAACATTGTCCAAAAGG 

162 

tAPX AT1G77490 F-  TGGAGAAGCAGGAGGACAGT 

R-  GCAGCCACATCTTCAGCATA 

177 
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cAPX AT1G07890 F-  GCATGGACATCAAACCCTCT 

R-  AGCAAACCCAAGCTCAGAAA 

213 

ChlMDH AT5G58330 F-  ACCTCACTGGAGAGGGCATTG  

R-  AATGTGGCTGTGCTCTGTACAGC 

135 

MMDH1 AT1G53240 F-  TTGCCTCGAAGGTGAGGTTGG 

R-  GAGGTGGCAACTCTAGCTGGA 

204 

ICDH AT1G54340 F-  TGATCCACGGAGCCAAGGTTAG 

R-  CATGCAATAGCCCCTTTTCAGGCT 

221 

COX15 AT5G56090 F-  AGTGGTTTAGAGGGCCACCG  

R-  TCAGCTGGTGGTTCAGGCAT 

146 

AOX1A AT3G22370 F-  CTTCCAGAGGAGATATGGATGTCGA 

R-  TGCATTCTCTCATTCTCTGCTTCCTC 

165 

PFK4 AT5G61580 F-  GAGCAATACCGAGTAACGCATCAG  

R-  TTGTCACTTCCGTCACCTGAG  

156 

UGP1 AT3G03250 F-  GCCGTGGTCGAGAACAAGAACAT 

R-  CTTGCTTTGCTGTGCCACTTGT 

144 

G6PD6 AT5G40760 F-  AAGGTTGCGTGGGAGATCTTCAC  

R-  GGAGGGATCCAGATATAGCCGTGAG 

161 

GDCH AT2G35370 F-   GCTCACAGAATCACCTGGCTTGATC 

R-  AGAGAAACCCTCCTAGTGAGCAGC 

163 

GOX1 AT3G14420 F-   ACAGGAGAGGATGCAAGGATAGCG 

R-   CCAATGAGAATACCACTGGTCTTC 

247 

 

3.14 Bacterial and yeast strains 

Escherichia coli DH5α cells were grown at 37 °C in 2% Luria Bertani media and were 

used for the maintenance of cloned plasmids. Saccharomyces cerevisiae cells were grown 

either in YPD medium (1% w/v yeast extract, 2% w/v peptone and 2% w/v dextrose) or 

SC-URA¯ minimal medium (0.67% w/v yeast nitrogen base without amino acids, 2% 
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w/v glucose as carbon source and amino acids) at 30 °C. Protein expression was induced 

using 2% galactose as sole carbon source. 

3.15 Plasmid DNA vectors 

pET28a(+) (Novagen, USA) 

pET28a(+) is a bacterial expression vector which carries T7 lac promoter, N-terminal His 

tag, thrombin cleavage site and C-terminal His tag. In the present study, pET-28a(+) is 

used for expressing AtAOX1a. This vector has a bacterial selectable marker for 

kanamycin. 

pYES2 (Invitrogen
TM

, USA) 

pYES2 is a S. cerevisiae expression vector used for expressing AtAOX1a recombinant 

proteins. It has β - lactamase gene for ampicillin based bacterial selection and URA3 gene 

for selection in S. cerevisiae. 

3.16 Cloning of AtAOX1a in E. coli 

a) PCR amplification of AtAOX1a 

Total RNA isolation from Arabidopsis WT leaves and cDNA synthesis was done as 

described in section 3.12. The cDNA encoding for AtAOX1a mature protein comprising 

of 297 amino acid residues was amplified using Phusion DNA polymerase (Clontech) 

with forward primer: 5'-GAGAATTCGCTAGCACGATCACTCTGG-3' and reverse 

primer: 5'-GGCTCGAGTCAATGATACCCAATTGGAG-3'. The underlined nucleotides 

indicate EcoRI and XhoI restriction sites in forward and reverse primers, respectively. 

PCR thermal cyclic condition includes initial denaturation at 98 °C for 3 min, followed 

by 30 cycles of 98 °C for 10s, 60 °C for 30s, 72 °C for 30s and a final extension at 72 °C 

for 5 min. An aliquot (10-20 µl) from the amplified mix was run on 1% agarose gel to 

check for amplification. 

b) Purification of DNA fragments from the agarose gel 
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After PCR amplification or restriction digestion, DNA bands were excised from the 

agarose gel and purification was done using QIAquick Gel Extraction Kit according to 

manufacturer’s instructions (QIAGEN). 

c) Restriction digestion 

DNA digestion was carried out in a reaction volume of 20 μl at 37 °C for 3 h. The 

reaction mixtures contains 300-400 ng of plasmid DNA (pET28a vector) or insert DNA 

(amplified AtAOX1a), 2X reaction buffer, 5 U of restriction enzyme (New England 

Biolabs) per 1μg of DNA to be digested and sterile water. 

d) Ligation 

For plasmid DNA constructs, DNA insert was ligated using T4 DNA Ligase (Takara). 

The reaction mixture was made in a total volume of 20 μl comprising 1X of ligation 

buffer, linear digested plasmid DNA and insert DNA (1:3 ratio) and 1 U of T4 DNA 

Ligase. The reaction mixture was incubated in a water bath at 16 °C for 16 h. 

e) Preparation of E. coli competent cells and transformation 

A single colony of E. coli DH5α or BL21(DE3)pLysS cells was inoculated into 5 ml of 

LB broth and incubated overnight with constant shaking at 37 °C. One ml of the 

overnight culture was further grown in 50 ml of 2% LB broth with constant shaking until 

OD600 = 0.5. The cells were then cooled on ice for 10 min and centrifuged at 4,000 rpm 

for 5 min at 4 °C. The resulting pellet was suspended in 40 ml ice-cold 100 mM CaCl2 

and incubated on ice for 20 min and further centrifuged as described above. Finally, the 

pellet was resuspended in 2 ml ice-cold 100 mM CaCl2 and 15% (v/v) sterile glycerol 

followed by immediate freezing in liquid nitrogen and finally stored at –80 °C in aliquots 

of 200 μl. 

One μl of the plasmid DNA (10–50 ng/μl) or the ligated plasmid DNA construct 

(ligation mixture) was added to competent cells, gently mixed and incubated on ice for 30 

min. The cells were subjected to heat shock at 42 °C for 90 s followed by immediate 
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incubation in ice for 1 min. LB broth (0.8 ml) was added to the treated cells and further 

incubated at 37 °C with shaking at 200 rpm for 1 h. Aliquots (100–200 μl) of the 

transformed cells were spread on LB agar plates (2% Luria Bertani and 1% Agar powder) 

containing 50 µg/ml kanamycin followed by incubated at 37 °C for overnight. 

f) Plasmid DNA isolation from E. coli 

For plasmid isolation, transformed E. coli colonies (DH5α/pLysS) were inoculated in 5 

ml of LB broth in presence of 50 µg/ml kanamycin antibiotic and allowed to grow 

overnight with shaking at 200 rpm at 37 °C. The culture was harvested by centrifugation 

at 8,000 rpm at room temperature for 3 min and plasmid isolation was done using 

QIAprep® Spin Miniprep kit (QIAGEN) according to the manufacturer’s protocol. 

g) DNA sequencing 

Positive clones having desired inserts were sent for sequencing to Eurofins Genomics 

Pvt. Ltd., India. Forward sequencing was done using T7 primer  

(5'-TAATACGACTCACTATAGGG-3'), whereas reverse sequencing was done using 

AtAOX1a reverse primer (5'-GGCTCGAGTCAATGATACCCAATTGGAG-3'). 

Sequencing was based on Sanger’s sequencing method i.e. dideoxy chain termination 

method. The obtained sequences were matched by aligning with AtAOX1a DNA 

sequence (AT3G22370) using ClustalW2 multiple sequence alignment tool. 

3.17 Expression, purification and confirmation of recombinant protein 

(pETAtAOX1a) 

The expression of AtAOX1a in E. coli BL21(DE3)pLysS was induced by the addition of 

0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 28 °C for 4 h in LB medium 

supplemented with 50 µg/ml kanamycin. The culture was harvested by centrifugation and 

subjected to the lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 15 mM Imidazole 

and 1 mM PMSF) for protein extraction. 
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Protein was separated on 12.5% sodiumdodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) according to Laemmli (1970). The resolving gel was 

polymerized using 375 mM Tris-HCl buffer pH 8.8, 10% or 12.5% acrylamide, 0.1% 

SDS, 0.05% ammonium per sulphate (APS) and N,N,N',N'-tetramethylethylenediamine 

(TEMED). The stacking gel was made of 125 mM Tris-HCl (pH 6.8), 4% acrylamide, 

0.1% SDS, 0.04% APS and TEMED. The crude protein was mixed with sample buffer 

(250 mM Tris-HCl pH 6.8, 8% SDS, 50% glycerol, 10% β-mercaptoethanol and 0.04% 

bromophenol blue) and boiled at 100 °C for 3 min followed by loading on to gel. 

Electrophoresis was performed initially at 60V (until the dye migrates into the resolving 

gel) and then at run at 120 V. The protein expression was visualized by coomassie 

staining of gel. 

After expression, recombinant AtAOX1a protein was purified under denaturing 

conditions using Ni-NTA column. Protein extract was loaded on to a Ni-NTA column 

equilibrated with lysis buffer pH 8.0 (8 M Urea, 10 mM Imidazole, 0.1 M NaH2PO4 and 

0.01 M Tris base) followed by reloading of flow through to allow for sufficient binding 

of His6-tagged AtAOX1a to Ni-NTA. The column was washed twice with 10 ml of wash 

buffer pH 6.3 (8 M Urea, 50 mM Imidazole, 0.1 M NaH2PO4 and 0.01 M Tris base) and 

finally eluted in 5 ml of elution buffer pH 4.5 (8 M Urea, 250 mM Imidazole, 0.1 M 

NaH2PO4 and 0.01 M Tris base). Flow through, wash and elution fractions were run on 

12.5% SDS-PAGE and visualized by coomassie stain. The purified protein was cut out of 

the gel with a sharp, sterile surgical blade and eluted in Milli-Q water and subjected to 

tryptic digestion, followed by matrix assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF/TOF) analysis for further confirmation as AtAOX1a. 

3.18 Antibody generation 

The purified pET/AtAOX1a protein band (equivalent to one milligram) was cut out of the 

gel and lysed into 0.5 ml of phosphate buffered saline pH 7.4 (137 mM NaCl, 2.7 mM 



 

44 
 

KCl, 10 mM Na2HPO4 and 2 mM KH2PO4). The solution was mixed with 0.5 ml of 

Freund’s incomplete/complete adjuvant at a protein concentration of 1 mg/ml. The first 

dose of protein with Freund’s incomplete adjuvant was injected subcutaneously to an 

adult rabbit (Newzealand white male rabbit) followed by three subsequent doses of 

protein with Freund’s complete adjuvant given at regular interval of 10 days. After 40 

days, the blood was collected from a rabbit’s ear vein and resulting serum was used as 

polyclonal antibody. Animal ethics approval number is UH/IAEC/KPMS/2014-1/24. 

3.19 Cloning and of AtAOX1a in yeast 

a) PCR amplification of AtAOX1a and DNA purification 

Total RNA isolation from Arabidopsis WT leaves and cDNA synthesis was done as 

described in section 3.12. The cDNA encoding for AtAOX1a mature protein comprising 

of 354 amino acid residues, was amplified using Phusion DNA polymerase (Clontech) 

with forward primer: 5'-GGGAATTCTGATGATGATAACTCGCGGTGG-3' and 

reverse primer: 5'-GGCTCGAGTCAATGATACCCAATTGGAG-3'. The underlined 

nucleotides indicate EcoRI and XhoI restriction sites in forward and reverse primers, 

respectively. PCR thermal cyclic condition includes initial denaturation at 98 °C for 3 

min, followed by 30 cycles of 98 °C for 10s, 60 °C for 30s, 72 °C for 30s and a final 

extension at 72 °C for 5 min. An aliquot from the amplified mix was run on 1% agarose 

gel to check for amplification. The amplified DNA bands were excised from gel and 

purified as described in section 3.16b. 

b) Restriction digestion and ligation 

DNA digestion was carried out in a reaction volume of 20 μl at 37 °C for 3 h. The 

reaction mixtures contains 300-400 ng of plasmid DNA (pYES2 vector) or insert DNA 

(amplified AtAOX1a), 2X reaction buffer, 5 U of restriction enzyme (New England 

Biolabs) per 1μg of DNA to be digested and sterile water. For plasmid DNA constructs, 

DNA insert was ligated as described in section 3.16d. 
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c) Transformation in DH5α cells and plasmid isolation 

The ligated product was transformed in DH5α cells as described in section 3.16e. Further 

plasmid isolation was performed as described in section 3.16f. However, in this case 

ampicillin (100µg/ml) antibiotic was used in place of kanamycin, as pYES2 vector has 

ampicillin resistant gene. 

d) DNA sequencing 

Positive clones having desired inserts were sent for sequencing to Eurofins Genomics 

Pvt. Ltd., India. Forward sequencing was done using T7 primer (5'-

TAATACGACTCACTATAGGG-3'), whereas reverse sequencing was done using CYC1 

primer (5'-GTCACGCTTACATTCACGC-3'). Sequencing was based on Sanger’s 

sequencing method i.e. dideoxy chain termination method. The obtained sequences were 

matched by aligning with AtAOX1a DNA sequence (AT3G22370) using ClustalW2 

multiple sequence alignment tool. 

e) Preparation of S. cerevisiae competent cells and transformation 

A single colony of yeast (INVSc1) was inoculated in 5 ml of YPD broth and was 

incubated overnight at 30 °C with shaking at 200 rpm. Secondary inoculation was done in 

40 ml of YPD broth so that the final required OD600 after two generation (3h) reaches 0.5. 

The following equation was used to calculate the volume of overnight culture to be used 

for inoculation: 

V1 × OD600 of overnight culture × (2)
2
 
(generations)

 = Final Volume × Final OD600 (required) 

V1 × 2.5 × 4 = 40 ml × 0.5 

V1= 2.0 ml. 

Thus, 2 ml of the primary inoculum was added to 40 ml of YPD broth. The culture was 

incubated at 30 °C (200 rpm) for 3 h or more until OD600 reaches 0.5 to 0.7. Immediately 

the culture was placed in ice and then centrifuged at 3500 rpm for 5 min at 4 °C. The 

harvested cells were resuspended in 10 ml of ice-cold sterile water followed by further 
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centrifugation at 3500 rpm for 5 min at 4 °C. The pellet was finally resuspended in 300µl 

of ice-cold freshly prepared lithium solution (10 mM Tris-HCl ph7.5, 1.0 mM EDTA and 

100 mM lithium acetate pH7.5) to make the cells competent, and kept on ice. 

Cloned plasmid DNA sample (5–10 μg) was mixed with 10 μg of carrier i.e. 

Salmon Sperm DNA (Sigma-Aldrich, USA) to make a final volume not exceeding 20 μl. 

Later, 200 μl of freshly prepared competent cells were added to the above mixture 

followed by immediate addition of 1.2 ml of freshly prepared PEG 2000 (Sigma-Aldrich, 

USA) solution. The mixture was incubated at 30 °C for 30 min at 200 rpm. Thereafter, 

cells were subjected to heat shock at 42 °C for 15 min followed by centrifuged at 14,000 

rpm for 6 s. The PEG supernatant was then removed carefully and the pellet was 

resuspended in 200 μl of 1X TE buffer followed by spreading on SC-URA¯ agar plates 

containing 2% glucose and 100 µg/ml ampicillin. 

3.20 Recombinant protein (pYES2AtAOX1a) expression in S. cerevisiae 

For protein expression, liquid cultures were grown overnight in 5 ml of SC-URA¯ 

medium containing 2% galactose. Protein extraction was done according to Laskar et al. 

(2011). The culture was further inoculated in same medium until the OD600 reaches 0.5. 

The culture pellet was washed with distilled water followed by 500 µl of 20% TCA. The 

pellet was resuspended in 200 µl of 20% TCA containing 100 mg acid washed glass 

beads and vortexed at 4 °C for 30 min. The TCA precipitated proteins were further 

washed with 5% TCA and dissolved in 60 µl of 1× sample buffer along with 6.66 µl of 

1.0 M DTT and 33 µl of 1.0 M Tris HCl (pH 9.0). The protein samples were boiled for 3-

5 min followed by centrifugation at 13,000 rpm for 5 min at 25 °C and resulting 

supernatant was subjected to 12% SDS-PAGE (as described in section 3.17). 

For immunodetection, proteins were transferred from gel to polyvinylidene 

difluoride (PVDF) membrane under semi-dry conditions (Towbin et al., 1979). PVDF 

membrane was cut equivalent to size of gel and activated by sequential incubation in 



 

47 
 

methanol, water and transfer buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine and 20% 

methanol). Gel and PVDF membrane were sandwiched by three layers of Whatman No. 3 

chromatography papers (presoaked with transfer buffer). The entire sandwich was kept 

on semi-dry western blot unit and a power supply was given at 0.8 mA per cm
2
 area (TE 

77 PWR, Semi-dry transfer unit, Amersham Biosciences). The transfer of protein was 

confirmed by Ponceau S staining (0.2% Ponceau S stain prepared in 3% trichloroacetic 

acid). The PVDF membrane was blocked with 5% non-fat milk powder prepared in Tris-

Buffered Saline (TBS) containing 25 mM Tris-HCl pH 7.5 and 150 mM NaCl. The 

blocking was allowed for 1 hr at room temperature. The membrane was washed with 

TBS-Tween (25 mM Tris-HCl pH 7.5, 150 mM NaCl, and freshly added 0.2% Tween 20) 

for 30 min (3 x 10 min). PVDF membrane was treated for 1 h with a polyclonal antibody 

against AOX1a (1:1000 dilution) followed by washing with TBS-Tween (3 x 10 min) and 

treated with goat anti-Rabbit IgG alkaline phosphatase conjugate (1:3000) for 1-2 h. The 

membrane was finally washed with TBS-Tween and blot was developed using 

BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro-blue-tetrazolium chloride) 

solution (Bangalore Genei, India). 

3.21 Respiration measurement in S. cerevisiae cells 

The respiratory oxygen uptake measurements were performed using a Hansatech 

oxygraph (Hansatech Instruments Ltd., United Kingdom). A total of 30 ml of cells was 

harvested from exponentially grown cultures (OD600 = 0.7 to 1.0) by centrifuging at 5000 

rpm for 5 min at 4 °C. The cell pellet was resuspended in SC-URA¯ minimal medium at 

a density of approximately 20 OD600 units. An aliquot of 25 µl of this cell suspension was 

added to the oxygraph chamber and brought to final reaction volume of 1 ml with SC-

URA¯ minimal medium and subsequently, O2 consumption was measured for 10 min at 

25 °C (Agrimi et al., 2011; Dalal et al., 2014). 
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3.22 Growth of S. cerevisiae in liquid media and phenotypical analysis  

From the overnight grown primary culture, secondary inoculation was given and the 

cultures were grown in SC-URA¯ minimal medium containing 2% galactose up to an 

OD600 of 0.5 and subsequently diluted to an OD600 of 0.2 with the same media. Cells were 

treated with 1 mM KCN and change in growth was recorded up to 6 h by monitoring the 

OD600 at an interval of 2 h duration. 

Further, diluted culture (OD600 = 0.2) was incubated with 2 mM H2O2 or  

0.25 mM tertiary-butyl hydroperoxide (t-BOOH) for 4 h at 30 °C. Thereafter, 2.5 µl of 

control (without inhibitor) and treated (H2O2/t-BOOH) cultures were spotted on YPD 

plates at different dilutions (10
-1

, 10
-1.5

, 10
-2

, 10
-2.5

 and 10
-3

). Plates were incubated at 30 

°C and photographed after 48 h. Similarly, viability of cells was examined with 

fluctuation assay by plating 500 numbers of controls/treated cells (1.0 OD600 = 3×10
7
 

cells) on YPD plates. After 48 h of growth, colonies were counted manually and cell 

survival rate in treated samples was determined as a percent of respective controls (Dalal 

et al., 2014). 

3.23 Measurement of pyridine nucleotide content in S. cerevisiae cells 

The extraction and estimation of NAD and NADH were done according to Queval and 

Noctor (2007) with minor modifications. Cultures grown in 10 ml of SC-URA¯ minimal 

medium (OD600 = 0.5 to 0.7) were exposed to oxidative stress by incubating with 2 mM 

H2O2 or 0.25 mM t-BOOH for 75 min at 30 °C in dark. Cells were centrifuged and 

resuspended in 0.2 N HCl for NAD
+
 extraction and 0.2 M NaOH for NADH extraction, 

respectively. Subsequently, 100 mg of acid washed glass beads (Sigma, USA) were 

added to each sample and vortexed for 5 min with intermittent cooling. Finally, the 

samples were centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant was boiled 

for 1 min and rapidly cooled on ice. For measurement of NAD, the pH of supernatant was 

set between 5.0 and 6.0 using 0.2 M NaH2PO4 and 0.2 M NaOH. For measurement of 
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NADH the final pH of supernatant was set between 7.0 and 8.0 by the addition of 0.2 N 

HCl as described in Queval and Noctor (2007). The assay involves phenazine 

methosulfate (PMS) catalysed reduction of dichlorophenolindophenol (DCPIP) in the 

presence of alcohol dehydrogenase (ADH) and ethanol as described in section 3.6. 

3.24 Detection of ROS in S. cerevisiae cells 

The intracellular ROS level was measured according to Jang et al. (2004). The cultures 

were grown in SC-URA¯ minimal medium containing 2% galactose. Cells were 

harvested from cultures showing OD600 between 0.5 and 0.7 by centrifugation at 5000 

rpm for 10 min at 4 °C. The pellet was washed twice with fresh SC-URA¯ minimal 

medium and resuspended in the same medium to attain a final OD600 of 10. The cells 

were treated with 2 mM H2O2 or 0.25 mM t-BOOH for 10 min followed by incubation 

with 100 μM 2′, 7′- dichlorodihydrofluorescein diacetate (H2DCF-DA, Sigma) for 5 min 

in the dark at 25 °C. After treatment, the cells were washed twice with SC-URA¯ 

minimal medium to remove the excess dye. Thereafter, 10 μl of cell suspension were 

added onto a glass slide and imaged immediately under a laser-scanning confocal 

fluorescence microscope (LSM 710 NLO ConfoCor 3; Carl Zeiss, Germany). The 

excitation and emission wavelengths used for DCF fluorescence were 488 nm and 530 

nm, respectively. 

3.25 RNA isolation and cDNA synthesis from S. cerevisiae cells 

Cultures were grown in 10 ml of SC-URA¯ minimal medium upto an OD600 = 1.0 and 

subsequently exposed to oxidative stress using 2 mM H2O2 or 0.25 mM t-BOOH for 75 

min at 30 °C. Total RNA was isolated using acid phenol method (Schmitt et al., 1990). 

Briefly, cells were harvested by centrifugation at 10,000 rpm (4 °C) for 5 min and 

resuspended in 400 µl of 50 mM sodium acetate (pH 5.3) and 10 mM EDTA. Supernatant 

was transferred to 1.5 ml tube and 40 µl of 10% SDS was added. Mixture was vortexed 

and equal volume of phenol was added, vortexed and incubated at 65 °C for 4 min. The 
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mixture was rapidly cooled on ice for 5 min followed by centrifugation at 12,000 rpm for 

10 min at 4 °C. The aqueous layer was mixed with 400 μl chloroform, vortexed and 

further centrifuged as described above. The extracted aqueous phase was precipitated by 

adding 1/10
th

 volume of 3 M sodium acetate (pH 5.2) and 2.2 volume of chilled ethanol. 

The RNA pellet was washed with 70% ethanol and dissolved in 30 μl DEPC treated 

water. First strand cDNA was synthesized with 2 µg of total RNA using SuperScript
®
 III 

(Invitrogen) according to manufacturer’s instructions. 

3.26 Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 

analysis from S. cerevisiae cells 

Changes in transcript levels were measured using Mastercycler
®
 ep realplex4 (Eppendorf, 

Germany). Primers used in the present study are listed in Table 3.3. Reaction mixture 

contains 2 µl of cDNA (50 ng), 10 μl of 2x SYBR Green PCR Master Mix (Takara Bio 

Inc., Shiga, Japan), 0.5 μl of specific primers (0.1 pmole) and 7.0 μl of sterilized water. 

The thermal cycling conditions were 95 °C for 10 min, followed by 40 cycles at 95 °C for 

20 s and 59 °C for 35 s.  

Table 3.3 A list of primers corresponding to S. cerevisiae used for real time PCR study. 

Gene Accession no. Primer Sequence (5'>3') Amplicon length 

(bp) 

SOD1 YJR104C F-  TGGTTGTGTCTCTGCTGGTC 

R- TAACGACGCTTCTGCCTACA 

191 

SOD2 YHR008C F-  CAAGCTGGACGTTGTTCAAA 

R- AGATCTTGCCAGCATCGAAT 

191 

GPX2 YBR244W F-  TTTGGGGTTCCCATGTAATC 

R- ACCTGCTTTTTGGCTTTTCA 

172 

TSA2 YDR453C F-  TTTGTCCCATTGGCTTTTTC 

R- ACCGTCTTTTCTGGGAAGGT 

159 

ACT1 YFL039C F-  CGTTCCAATTTACGCTGGTT 

R- GAAGTCCAAGGCGACGTAAC 

184 
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Cycle threshold (CT) values were obtained from the exponential phase of PCR 

amplification. Comparative CT method was used to analyze the relative gene expression 

levels (Livak and Schmittgen, 2001). In this method, the gene of interest (GOI) was 

normalized against actin (ACT1) expression, generating a ΔCT value (ΔCT = GOI CT − 

ACT1 CT). Relative expression was then calculated according to the equation 2
−ΔΔCT

 

where pYES2 was used as a calibrator. 

3.27 Statistical analysis 

The data presented are the average values of results (±SE) from three to four independent 

experiments conducted on different days. Triplicates were run in each independent 

experiment. The differences between treatments were analyzed by one-way ANOVA, 

Tukey test of multiple comparison analysis using Sigma Plot 11.0 software (San Jose, 

CA, USA). 

*** 
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Chapter 4 

Physiological role of AOX1a in optimizing photosynthesis  

under high light stress in Arabidopsis thaliana 

4.1 Introduction 

Light is an essential component for photosynthesis and thereby determines plant growth. 

But, excess light leads to over-reduction of the chloroplastic electron transport carriers, 

which results in the generation of ROS and thereby serious damage of the photosynthetic 

machinery. Since, plants are sessile in nature, and therefore to cope with excess light, 

they evolved multiple direct or indirect strategies such as (i) thermal dissipation of light 

energy brought about by the conformational changes in PSII, (ii) operation of the 

xanthophyll cycle, (iii) dissipation of excess chloroplastic reducing equivalents through 

operation of malate-oxaloacetate (malate-OAA) shuttle and involvement of 

external/internal mitochondrial NAD(P)H dehydrogenases, AOX and uncoupling proteins 

of mitochondrial respiratory chain, and (iv) photorespiration (Vanlerberghe, 2013; 

Raghavendra and Padmasree, 2003; Noguchi and Yoshida, 2008; Yoshida and Noguchi, 

2009; Voss et al., 2013). 

The importance of AOX in dissipating excess chloroplastic reducing equivalents 

to optimize and protect photosynthesis from photoinhibition has gained much interest and 

attention since past two decades (Dinakar et al., 2010a; Raghavendra and Padmasree, 

2003; Noguchi and Yoshida, 2008; Padmasree and Raghavendra, 1999b; Zhang et al., 

2010; Dinakar et al., 2010b; Yoshida et al., 2011b; Florez-Sarasa et al., 2011; Xu et al., 

2011). The role of AOX in optimizing photosynthesis was demonstrated either by 

restricting the electron transport through the AOX pathway using specific metabolic 

inhibitors such as SHAM and propyl gallate (Dinakar et al., 2010a; Padmasree and 

Raghavendra, 1999a,b; Yoshida et al., 2006; Zhang et al., 2011), or using 

overexpression/antisense or mutant lines of AOX and monitoring photosynthetic 
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metabolism (Zhang et al., 2010; Florez-Sarasa et al., 2011; Strodtkötter et al., 2009;  

Chai et al., 2010). In these studies, the involvement of the malate-OAA shuttle to transfer 

reducing equivalents from the chloroplast to mitochondrial AOX was demonstrated 

indirectly by increased levels of NADP-malate dehydrogenase (NADP-MDH), NAD-

malate dehydrogenase (NADMDH), citrate synthase (CS), NAD-malic enzyme (NAD-

ME) and NADP-isocitrate dehydrogenase (NADP-ICDH) activities and increase in redox 

ratios of malate and OAA (Zhang et al., 2010; Hebbelmann et al., 2012; Padmasree and 

Raghavendra, 1999c; Yoshida et al., 2007). Further, an increase in pyruvate and malate 

levels parallel to AOX catalyzed respiration under high light in presence of SHAM 

indicated the role of these metabolites in dissipating excess chloroplastic reducing 

equivalents through AOX pathway (Dinakar et al., 2010a). Most of these experiments 

also revealed the importance of AOX in preventing ROS formation which is generated on 

exposure to light due to over-excitation/over-reduction of chloroplastic electron transport 

carriers (Giraud et al., 2008; Dinakar et al., 2010b; Xu et al., 2011; Zhang et al., 2011; 

Strodtkötter et al., 2009). 

In the present study, we used aox1a mutant of A. thaliana to gain further insight 

into the physiological role of AOX under photoinhibitory conditions. Here we monitored 

the following parameters which are essential for efficient photosynthesis and cellular 

redox homeostasis under HL stress: (i) heat dissipation from over-energized chloroplasts 

(ii) changes in redox balance by direct measurement of NAD(P) and NAD(P)H pools and 

ratios, and (iii) possible alternate sinks for utilization of excess chloroplastic reducing 

equivalents. 
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4.2 Results 

4.2.1 Confirmation of T-DNA insertion in aox1a mutant 

T-DNA insertion within the AOX1A gene (SALK_084897 T-DNA insertion line) was 

verified by a genomic PCR with T-DNA-specific primers. A homozygous T-DNA 

insertion line was identified from the next generation by a genomic PCR, RT-PCR and 

northern blot analysis (Strodtkötter et al., 2009). The same homozygous line was used in 

the present study. However, aox1a mutant line was further confirmed through RT-PCR 

analysis using AOX1A gene specific primers, which showed an amplification of 165 bp 

PCR product from WT, but not in case of aox1a mutant (Fig. 4.1). 

 

Fig.4.1. Characterization of T-DNA insertion line for AOX1a (SALK_084897) using reverse 

transcriptase PCR analysis. A 165 bp PCR product was amplified from the WT cDNA, but not 

from aox1a cDNA. 

4.2.2 Determination of photoinhibitory light intensity and effect of AOX1a 

deficiency on O2 uptake and O2 evolution  

To examine the role of AOX under HL stress, different groups used different light 

intensities in A. thaliana like 320-450 µmol photons m
-2

s
-1

 (Yoshida et al., 2008; Yoshida 

and Noguchi, 2009; Rosso et al., 2009), 800-1000 µmol photons m
-2

s
-1

 (Zhang et al., 

2010; Florez-Sarasa et al., 2011; Gandin et al., 2012) and 1800 µmol photons m
-2

s
-1

 

(Talla et al., 2011). In order to avoid too much light that can cause permanent damage to 

the photosynthetic machinery and ascertain the photoinhibitory light intensity, we pre-

illuminated the leaf discs to a range of light intensities starting from 50 µmol photons  
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m
-2

s
-1

 (growth light, GL, which is given to plants used in the present study) to 700 µmol 

photons m
-2

s
-1

 (HL, maximum light emitted by the LEDs of the leaf disc oxygen 

electrode chamber) and monitored the rates of respiratory O2 uptake and photosynthetic 

O2 evolution. 

At GL, the rates of respiratory O2 uptake in WT and aox1a were similar with  

2.40 ± 0.11 and 2.37 ± 0.13 µmol O2 m
-2

 s
-1

, respectively. After pre-illumination, the 

respiratory O2 uptake increased at all light intensities in both WT and aox1a as compared 

to GL. However, the increase in O2 uptake at 250 µmol photons m
-2

s
-1 

was more 

pronounced in aox1a than WT (Fig. 4.2A).  

Similar to respiration, rates of photosynthesis were maximal (5.67 ± 0.13 and  

5.07 ± 0.09 µmol O2 m
-2

 s
-1

) at 250 µmol photons m
-2

s
-1

, but minimal (2.12 ± 0.12 and 

1.16 ± 0.02 µmol O2 m
-2

 s
-1

) at 700 µmol photons m
-2

s
-1

 in both, WT and aox1a, 

respectively. On the other hand, the rates of O2 evolution were significantly decreased at 

500 µmol photons m
-2

s
-1

 when compared to 250 µmol photons m
-2

s
-1

 light intensity, but 

with no significant difference between WT and aox1a (Fig. 4.2B). Thus, these results 

suggest that 700 µmol photons m
-2

s
-1

 can be applied as the photoinhibitory light to reveal 

the importance of AOX1a in sustaining photosynthesis. 

4.2.3 Effect of AOX1a deficiency on chlorophyll fluorescence and P700 parameters 

under HL stress 

To evaluate further the role of AOX1a in keeping up photochemical reactions and 

providing photoprotection against HL, we measured the maximum quantum yield of PSII 

(Fv/Fm) after initial saturation pulse (SP). Both WT and aox1a showed no significant 

difference in Fv/Fm under GL which was > 0.8. In contrast, under HL, Fv/Fm decreased 

from 0.82 ± 0.003 to 0.62 ± 0.03 in WT and from 0.82 ± 0.004 to 0.51 ± 0.02 in aox1a, 

respectively (Fig. 4.3A). 
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Fig. 4.2. The rates of (A) respiratory O2 uptake and (B) photosynthetic O2 evolution in leaf discs 

of WT and aox1a after pre-illuminating (6 h) at different light intensities: 50, 250, 500 and 700 

µmol photons m
-2 

s
-1

 at 25 °C. After pre-illumination, leaf discs were in dark for 10-15 during 

electrode calibration before measuring the respiration rates. Respiration was measured for 5 min 

followed by photosynthesis measured for 10 min as NaHCO3-dependent (ca. 5% v/v) O2 

evolution at light intensities given during pre-illumination. Different lowercase alphabetical 

letters indicate statistically significant difference (P < 0.05). 
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After measurement of Fv/Fm, actinic light (AL) was switched off for 40 s to allow the 

complete reoxidation of PSII reaction centres. Further, we recorded quantum yield 

[Y(II)], photochemical quenching (qP), non-photochemical quenching (NPQ), electron 

transport rate of PSII [ETR(II)], quantum yield of PSI [Y(I)] and reduced state of P700 

(P700 red.) with every SP given up to 260 s at regular intervals of 20 s. Under GL, a very 

similar pattern of Y(II), qP, NPQ, ETR(II), Y(I) and P700 red. was observed between 

WT and aox1a (Fig. 4.3B-E and 4.4A,B). On exposure to HL, a drastic decrease in both 

Y(II) and qP was observed in both WT and aox1a. However, this decrease was more 

pronounced in aox1a (Fig. 4.3B,C). Under HL, NPQ was higher in WT when compared 

to aox1a (Fig. 4.3D). Further, under HL, ETR(II) was more inhibited in case of aox1a 

compared with WT (Fig. 4.3E). On the other hand, Y(I) was less affected compared to 

Y(II) and decreased similarly in both WT and aox1a, while P700 reduction was more 

evident in aox1a (Fig. 4.4A,B). Thus, these results indicate the role of AOX1a in keeping 

up the photosynthetic quantum yield, particularly of PSII. 

4.2.4 Effects of AOX1a deficiency on redox ratio under HL stress 

The changes in the cellular redox status on exposure to HL were monitored by direct 

quantification of NAD
+
, NADH, NADP

+
 and NADPH. Under GL, the total cellular levels 

of NAD
+
 and NADH were similar in both WT and aox1a (Fig. 4.5A,B). But, when 

exposed to HL, NAD
+
 levels increased in WT from 256.66 ± 3.22 nmoles g

-1
 FW at GL 

to 277.44 ± 7.37 nmoles g
-1

 FW at HL and decreased in aox1a from 253.88 ± 4.69 

nmoles g
-1

 FW at GL to 236.77 ± 9.34 nmoles g
-1

 FW at HL (Fig. 4.5A). On the other 

hand, NADH levels were increased in both genotypes, namely in WT from 36.50 ± 1.54 

nmoles g
-1

 FW at GL to 41.44 ± 2.05 nmoles g
-1

 FW and in aox1a from 37.25 ± 1.76 

nmoles g
-1

 FW at GL to 42.87 ± 1.71 nmoles g
-1

 FW at HL (Fig. 4.5B). However, the 

ratio of NADH to the total cellular NAD
+
 + NADH pool increased significantly from  

 



 

58 
 

 

Fig.4.3. Characteristics of chlorophyll fluorescence parameters in WT and aox1a after pre-

illumination (6 h) in GL (50 µmol photons m
-2 

s
-1

) and HL (700 µmol photons m
-2 

s
-1

) at 25 °C: 

(A) maximum quantum yield of PSII (Fv/Fm); (B) relative quantum yield of PSII [Y(II)]; (C) 

photochemical quenching (qP); (D) non-photochemical quenching (NPQ); (E) electron transport 

rate of PSII [ETR(II)]. Details for measurement of chlorophyll fluorescence parameters were as 

described in materials and methods. Different lowercase alphabetical letters indicate statistically 

significant difference (P < 0.05). 
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Fig.4.4. Characteristics of P700 parameters in WT and aox1a after pre-illumination (6 h) in GL 

(50 µmol photons m
-2 

s
-1

) and HL (700 µmol photons m
-2 

s
-1

) 25 °C: (A) quantum yield of PSI 

[Y(I)]; (B) reduced P700 (P700 red). Details for measurement of P700 parameters were as 

described in materials and methods. Different lowercase alphabetical letters indicate statistically 

significant difference (P < 0.05). 
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0.129 ± 0.006 at GL to 0.156 ± 0.007 at HL in aox1a when compared to WT where the 

increase in ratio was marginal from 0.125 ± 0.005 to 0.130 ± 0.008 (Fig. 4.5C).  

Under GL, the total cellular levels of NADP
+
 and NADPH did not change 

significantly between WT and aox1a (Fig. 4.5D,E). But upon exposure to HL, NADP
+
 

levels decreased while NADPH levels increased in both WT and aox1a. The levels of 

NADP
+ 

decreased in WT from 434 ± 5.29 at GL to 391.66 ± 4.36 nmoles g
-1

 FW at HL 

and in aox1a from 414.16 ± 10.33 nmoles g
-1

 FW at GL to 367 ± 1.77 nmoles g
-1

 FW at 

HL (Fig. 4.5D). The levels of NADPH increased in WT from 270.18 ± 2.02 nmoles g
-1

 

FW at GL to 278.92 ± 2.19 nmoles g
-1

 FW at HL and in aox1a from 255.95 ± 4.05 

nmoles g
-1

 FW at GL to 282.62 ± 2.61 nmoles g
-1

 FW at HL (Fig. 4.5E). Furthermore, 

the redox ratio of NADPH to the total cellular NADP
+
 + NADPH pools increased 

significantly in aox1a from 0.379 ± 0.009 at GL to 0.447 ± 0.010 at HL when compared 

to WT which increased from 0.383 ± 0.004 at GL to 0.415 ± 0.002 at HL (Fig. 4.5F). 

These results suggest the importance of AOX1a in dissipating the excess reducing 

equivalents under HL. 

4.2.5 Effect of AOX1a deficiency on intracellular ROS production and 

malondialdehyde content under HL stress 

The changes in ROS levels were monitored as dichlorofluorescein (DCF) fluorescence in 

mesophyll cells of leaf discs. Under GL, DCF fluorescence was marginally high in aox1a 

when compared to WT (Fig. 4.6A,B). On illumination of leaf discs with HL, DCF 

fluorescence increased significantly in aox1a when compared to WT (Fig. 4.6C,D). 

Further, malondialdehyde (MDA) which is considered as an indicator of stress induced 

cell damage increased significantly at HL by 24% in aox1a when compared to WT which 

showed an increase of MDA by 12% (Fig. 4.7).  These results indicate the role of AOX1a 

in preventing intracellular ROS generation under HL and thereby membrane damage. 
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Fig.4.5. Changes in total cellular levels of oxidized and reduced forms of pyridine nucleotides 

and their redox ratios in leaf discs of WT and aox1a after pre-illumination (6 h) in GL (50 µmol 

photons m
-2 

s
-1

) and HL (700 µmol photons m
-2 

s
-1

) at 25 °C: (A) NAD
+
; (B) NADH; (C) 

NADH/NAD
+ 

+ NADH ratio; (D) NADP
+
; (E) NADPH and (F) NADPH/NADP

+ 
+NADPH ratio. 

Pyridine nucleotide contents were calculated with their corresponding standards. Different 

lowercase alphabetical letters indicate statistically significant difference (P < 0.05). 
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Fig.4.6. Measurement of ROS formation after pre-illuminating leaf discs of WT and aox1a in GL 

(A,B) and under HL (C,D) for 6 h at 25 °C. Leaf discs of WT and aox1a were immediately 

infiltrated with fluorescent probe (25 µM H2DCF-DA) after pre-illumination in GL or HL and 

DCF fluorescence was measured under confocal laser scanning microscopy at 488 nm 

(excitation) and 525 nm (emission) wavelengths as described in materials and methods. 

 

 
Fig.4.7. Lipid peroxidation measured as MDA levels in leaf discs of WT and aox1a pre-

illuminated (6 h) in GL (50 µmol photons m
-2 

s
-1

) and HL (700 µmol photons m
-2 

s
-1

) 25 °C. 

Further details were as described in materials and methods. Different lowercase alphabetical 

letters indicate statistically significant difference (P < 0.05). 
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4.2.6 Changes in expression of genes encoding antioxidant, malate-OAA shuttle, 

respiratory and photorespiratory enzymes under HL stress 

The relative changes in the transcript levels of genes related to (i) antioxidant enzymes: 

cytosolic superoxide dismutase (CSD1), peroxisomal/chloroplastic catalase (CAT1), 

peroxisomal catalase (CAT2), stromal ascorbate peroxidase (sAPX), thylakoid ascorbate 

peroxidase (tAPX) and cytosolic ascorbate peroxidase (cAPX); (ii) malate-OAA shuttle: 

NADP-dependent chloroplastic malate dehydrogenase (ChlMDH), NAD-dependent 

mitochondrial malate dehydrogenase (MMDH1) and NADP-dependent isocitrate 

dehydrogenase (ICDH); (iii) respiratory metabolism: mitochondrial cytochrome c oxidase 

(COX15), mitochondrial alternative oxidase (AOX1a), cytosolic phosphofructokinase 

(PFK4), cytosolic UDP-glucose pyrophosphorylase (UGP1) and cytosolic glucose-6-

phosphate dehydrogenase (G6PD6); (iv) photorespiratory metabolism: mitochondrial 

glycine decarboxylase (GDCH) and chloroplastic/peroxisomal glycolate oxidase (GOX1), 

were examined in GL versus HL (Fig. 4.8). 

Under GL, expression of all the genes examined in the aox1a was either similar to 

WT or increased marginally compared to WT except for cAPX and GOX1 (Fig. 4.8A-D). 

Under HL, among the antioxidant genes examined, the expression of CSD1, CAT1 and 

sAPX in aox1a increased significantly up to ~16.7 fold when compared to WT, which 

showed an increase up to ~12.5 fold (Fig. 4.8A). On the other hand, tAPX remained 

unchanged while CAT2 (~ 4.5 fold) and cAPX (~ 1.5 fold) were increased to similar 

extent in both WT and aox1a under HL stress (Fig. 4.8A). 

Under HL, the expression of genes MMDH1 and ICDH related to malate-OAA 

shuttle was significantly increased up to ~18.9 fold in aox1a as compared to WT, which 

showed an increase up to ~10.2 fold. On the other hand, ChlMDH was equally increased 

in both WT and aox1a (Fig. 4.8B). 
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Fig.4.8. Gene expression profiles under GL (50 µmol photons m
-2 

s
-1

)  and HL (700 µmol photons  

m
-2 

s
-1

)  in the leaf discs of WT and aox1a related to (A) antioxidant enzymes (CSD1, CAT1, 

CAT2, sAPX, tAPX and cAPX); (B) malate-OAA shuttle enzymes (ChlMDH, MMDH1, and 

NADP-ICDH); (C) respiratory enzymes (COX15, AOX1a, PFK4, G6PD6 and UGP1) where N.D. 

denotes not detected; (D) photorespiratory enzymes (GDCH and GOX1). The transcript 

abundance was quantified by ∆∆CT method by using UBQ5 as a reference gene. Further details 

were as described in materials and methods. Different lowercase alphabetical letters indicate 

statistically significant difference (P < 0.05). 
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The expression of genes such as PFK4, UGP1, GDCH, and GOX1 related to respiratory 

and photorespiratory metabolism was increased significantly in aox1a up to ~3.34 fold as 

compared to WT which showed an increase up to ~2.11 fold (Fig. 4.8C,D). The 

transcripts of AOX1A increased significantly in WT under GL or HL while no expression 

was apparent in aox1a as expected. Both COX15 and G6PD6 were marginally increased 

in aox1a when compared to WT under HL (Fig. 4.8C). 

4.3 Discussion 

In the present study, we investigated the role of AOX pathway, particularly AOX1a in 

sustaining photosynthesis by maintaining cellular redox homeostasis under HL stress. All 

physiological and biochemical parameters were compared between WT (control) and 

aox1a. The results obtained from present study further corroborated the physiological 

importance of AOX pathway in optimizing photosynthesis against photoinhibitory light 

as discussed below. 

4.3.1 Essentiality of AOX1a in maintaining redox status of photosynthetic electron 

transport chain and sustaining photosynthetic carbon assimilation under HL 

Under GL conditions, there was no difference between WT and aox1a in phenotype as 

well as respiratory O2 uptake, photosynthetic O2 evolution, chlorophyll fluorescence and 

P700 parameters (Figs. 4.2, 4.3 and 4.4). These observations are in agreement with 

earlier findings. Moreover, there was similarity in other parameters such as leaf area, 

rosette size and number of leaves between WT and aox1a (Zhang et al., 2010; 

Strodtkötter et al., 2009; Gandin et al., 2012). Taken together, the above information 

suggests that deficiency in AOX1a does not affect either the leaf morphology or 

developmental growth or the essential basic metabolism like photosynthesis and 

respiration as long as plants are maintained under non-limiting growth conditions. But, 

the role of AOX in all these processes was exemplified whenever the plants are exposed 

to various abiotic stresses such as HL, cold, drought etc. (Dinakar at al., 2010a; Giraud et 
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al., 2008; Watanabe et al., 2008; Armstrong et al., 2008). Furthermore, the importance of 

AOX in photosynthetic metabolism under all light intensities was evident when the AOX 

pathway was inhibited by SHAM (Dinakar at al., 2010a; Padmasree and Raghavendra 

1999a; Yoshida et al., 2006) or in the aox1a mutant exposed to oxidative stress 

conditions caused by inhibition of the cytochrome pathway with AA (Zhang et al., 2010; 

Strodtkötter et al., 2009). 

In the present study, the remarkable increase in respiratory O2 uptake in leaf discs 

of WT after exposure to increasing light intensities (250, 500 and 700 µmol photons m
-2

 

s
-1

) perhaps could be due to the phenomenon of light enhanced dark respiration, where 

photorespiratory intermediates and organic acids which accumulated in presence of light 

are oxidized by mitochondria in the subsequent dark period (Fig. 4.2A). But, we 

observed persistence of either similar respiratory O2 uptake rates in both aox1a and WT 

or even more than WT in aox1a under all given light intensities. These results suggest 

that in the absence of AOX1a, the COX pathway should be responsible to maintain 

cellular respiration. Nevertheless, it is also possible that other isoforms of AOX are 

expressed to maintain cellular respiration in cooperation with COX pathway (Strodtkötter 

et al., 2009). These studies demonstrated that the knockout mutants for AOX1a enhanced 

the transcript level of AOX1d upon treatment with AA in the light. However, irrespective 

of the maintenance of cellular respiration, the NaHCO3-dependent photosynthetic O2 

evolution rates which indicate the efficiency of photosynthetic carbon assimilation did 

not change significantly between WT and aox1a at 50, 250 and 500 µmol photons m
-2

 s
-1

. 

But, the rates of photosynthetic O2 evolution decreased significantly at 700 µmol photons 

m
-2

 s
-1

 in aox1a as compared to WT emphasizing the importance of AOX1a in sustaining 

photosynthetic carbon assimilation at high light intensities (Fig. 4.2B). Therefore, to 

compare the effects of HL on all other parameters examined in the present study, we  

pre-illuminated the leaf discs at 700 µmol photons m
-2

 s
-1

.  
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The changes observed in chlorophyll fluorescence and P700 parameters indicate 

the role of AOX1a in the regulation of PSII and PSI under HL. On exposure to HL, the 

significant decrease in Fv/Fm and Y(II) in aox1a compared to WT reveal that AOX1a 

helps to sustain higher quantum yield of PSII by keeping up high ratio of open PSII 

reaction centres as evident by higher level of qP (puddle model) in WT (Fig. 4.3A,B,C). 

Further qL, a parameter that indicate the openness of PSII reaction centres according to 

Lake Model (Kramer et al., 2004) also showed a similar pattern as qP (data not shown). 

On the other hand, HL caused over reduction of P700 in aox1a compared to WT 

(Fig. 4.4B). In this situation over-reduction of P700 may in turn lead to over reduction of 

PQ pool and subsequently QA as PSI reaction centres cannot take further electrons from 

PSII as evidenced by decrease in ETR(II) in aox1a compared to WT (Fig. 4.3E). The 

over-reduction of the PQ pool in aox1a compared to WT under short-term HL treatment 

was shown in a previous study through direct measurement of PQ pool by HPLC analysis 

(Yoshida et al., 2010, 2011a). These results suggest that AOX1a plays a significant role 

in maintaining the redox status of the photosynthetic electron transport chain under HL 

by preventing over-reduction of photosynthetic electron transport carriers. Further, NPQ 

was inhibited in aox1a in contrast to WT after HL treatment indicating the possible role 

of AOX1a in thermal dissipation (Fig. 4.3D). In contrast, AOX1 over expressing lines of 

tobacco showed that AOX act as an active sink for excess NAD(P)H generated in 

chloroplasts, thus allowing the ATP synthesis and NPQ generation by maintaining the 

electron flow between PSI and PSII, and redox state of pETC (Dahal et al., 2015). 

4.3.2 AOX1a sustains photosynthesis under HL by oxidizing excess chloroplastic 

reducing equivalents and preventing cellular ROS generation 

Under HL, the reducing equivalents (NADPH) generated in excess of the requirement of 

the Calvin cycle and other reductive anabolic processes by photosynthetic electron 

transport are exported indirectly in the form of malate from chloroplasts to other 
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organelles including mitochondria through operation of malate-OAA shuttle, where they 

are released as NADH during oxidation of malate to OAA and used in different metabolic 

pathways (Dinakar et al., 2010a; Noguchi and Yoshida 2008; Zhang et al., 2010). In the 

earlier studies, the importance of the AOX pathway in dissipating the reducing 

equivalents that entered the mitochondrial electron transport chain through malate-OAA 

shuttle was evaluated by monitoring the changes in the activity of following cytosolic and 

mitochondrial enzymes, namely NADP-MDH, NAD-MDH, CS, NAD-ME and NADP-

ICDH in aox1a, as also in pgr5 deficient in cyclic electron transport (Zhang et al., 2010; 

Xu et al., 2011; Yoshida et al., 2007). Three significant observations made in the present 

study complement the role of AOX1a in dissipating the excess reducing equivalents 

accumulated in chloroplasts under HL to maintain the photosynthetic electron transport 

carriers in the oxidized state: (i) increase in cellular redox ratios of pyridine nucleotides 

NADH and NADPH corresponding to their total oxidized and reduced pools; (ii) up-

regulation in transcript levels of MMDH1 and ICDH and (iii) correlation between the 

increase in NADH and NADPH levels and the up-regulation of  transcript levels of 

MMDH1 and ICDH in aox1a when compared to WT under HL (Figs. 4.5B,C,E,F and 

4.8B). We suggest that the WT is more successful in sustaining photosynthesis under HL 

than aox1a perhaps by keeping up the recycling rates of NAD
+
 and NADP

+
, respectively, 

at higher levels (Fig. 4.5A,D). Further, the rise in the cellular redox ratios of both NADH 

and NADPH observed in the present study might add to the positive impact on the 

activation of AOX protein and thereby AOX pathway capacity possibly by acting through 

the disulfide/sulfhydryl system (Arnholdt-Schmitt et al., 2006). Further, the role of AOX 

in re-oxidizing the UQ pool and at the same time of the PQ pool for keeping up efficient 

photosynthetic performance was demonstrated during short-term treatments with HL 

(Yoshida et al., 2011a). 

ROS generated under biotic or abiotic stress conditions are scavenged by non-

enzymatic (ascorbate, glutathione, tocopherol, flavonoids, alkaloids and carotenoids) or 
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enzymatic (superoxide dismutase, ascorbate peroxidase, glutathione peroxidase and 

catalase) mechanisms (Apel and Hirt, 2004). In the present study, transcript levels of 

genes related to enzymatic antioxidant systems such as CSD1, CAT1 and sAPX were 

increased significantly correlating to the higher ROS level under HL in aox1a (Figs. 4.6 

and 4.8A). These results indicate that in absence of AOX1a, antioxidant systems work 

more efficiently to minimize the ROS generated from photosynthetic electron transport 

carriers as well as mitochondrial electron transport carriers (Fig. 4.8A; Amirsadeghi et 

al., 2006). The importance of AOX in ROS alleviation has been shown before under 

various stresses such as light, drought and AA treatment. The results from these studies 

indicated that ROS accumulation was low in AOX over-expression lines and high in low-

expression or mutant lines compared to WT plants (Giraud et al., 2008; Strodtkötter et al., 

2009; Maxwell et al., 1999). 

4.3.3 Inefficiency of photorespiration to function as an alternative sink for 

dissipation of reducing power in aox1a 

Studies using metabolic inhibitors or transgenic/reverse genetic approaches indicated that 

any interference in electron transport through the following components of mitochondrial 

respiratory chain: complex I, COX pathway, AOX pathway, oxidative phosphorylation or 

TCA cycle caused a significant decrease in CO2 assimilation (Bartoli et al., 2005; 

Dinakar et al., 2010a; Padmasree and Raghavendra 1999a; Yoshida et al., 2011b; Florez-

Sarasa et al., 2011; Yoshida et al., 2006; Krömer et al., 1993; Juszczuk et al., 2007; 

Nunes-Nesi et al., 2010). The importance of both COX and AOX pathways in protecting 

the photosynthetic machinery from photoinhibition under HL was revealed in mesophyll 

protoplasts of pea and Rumex K-1 leaves (Dinakar et al., 2010b; Zhang et al., 2010). 

Further, HL caused a shift in AOX protein from its oxidized inactive to reduced active 

form (Noguchi et al., 2005). In the present study, the AOX1a transcript level was 

significantly increased in WT under HL. On other hand, after HL treatment an increase in 
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COX15 in both WT and aox1a suggest that the COX pathway attempt to keep the pace of 

photosynthesis along with AOX pathway (Fig. 4.8C). 

UGP1 synthesizes UDP-glucose from glucose-1-phosphate. UDP-glucose is the 

precursor in cell wall biosynthesis and its overexpression in tobacco enhanced the plant 

growth (Coleman et al., 2006). PFK plays an important role in converting the hexose-

phosphate pool into a triose-phosphate pool that in turn provides precursors for the 

synthesis of glycerol and membrane lipids. Thus, up-regulation in transcript level of 

UGP1 and PFK4 in aox1a caused by HL may account for synthesis of cell wall or 

cellular membranes to compensate for the membrane damage (indicated by MDA 

content) caused by ROS (Figs. 4.6,4.7 and 4.8C). 

Photorespiration is known as alternate sink for excess reducing equivalents and 

energy in order to regenerate free acceptor molecules such as ADP, Fdox and NADP
+
 via 

glycine oxidation, ammonium reassimilation, glycolate detoxification and 

hydroxypyruvate reduction (Voss et al., 2013). Thus increased GOX1 and GDCH gene 

expression in aox1a indicate that photorespiration might serve as an alternate sink for 

excess reducing equivalents under HL compensating the role of AOX1a (Fig. 4.8D). 

Taken together, these results suggest that under HL, aox1a plants attempt to 

decrease the ROS level by increasing the transcript level of antioxidant genes. 

Respiration, malate-OAA shuttle and photorespiration mutually interact to maintain 

cellular redox homeostasis. In spite of these metabolic interactions, they could not fully 

compensate the role of AOX1a, when it was completely lacking in the knockout line, and 

therefore aox1a plants showed inefficient redox dissipation and low photosynthetic 

performance under HL. 

***  
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Chapter 5 

Importance of AOX1a in optimizing photosynthesis during  

restriction of electron transport through  

cytochrome oxidase pathway in Arabidopsis thaliana 

5.1 Introduction 

Several studies have demonstrated that any interference in the COX or AOX pathway 

(using mutants or chemicals) caused a significant decrease in photosynthetic O2 evolution 

in mesophyll protoplasts or leaf tissue (Padmasree and Raghavendra, 1999a; Yoshida et 

al., 2006; Strodtkötter et al., 2009; Dinakar et al., 2010a,b; Zhang et al., 2012). However, 

during stress conditions (drought, high light, high CO2 and temperature) the engagement 

of the AOX pathway was found to be much higher compared with the COX pathway. It 

dissipates excess energy in the form of heat and thereby prevents the over-reduction of 

the UQ pool, which in turn mitigates the ROS generation (Vassileva et al., 2009; Dinakar 

et al., 2010b; Yoshida et al., 2011a; Gandin et al., 2012; Gandin et al., 2014b; Zhang et 

al., 2014). The role of AOX is also recognized in alleviation of reactive nitrogen species, 

particularly of NO levels in mitochondria, which are induced by reducing equivalents 

(Gupta et al., 2012; Cvetkovska et al., 2014; Igamberdiev et al., 2014). 

The chloroplastic NADP-MDH uses excess NADPH generated via the 

photosynthetic electron transport chain to convert OAA to malate, regenerating the 

electron acceptor NADP
+
 (Scheibe, 2004). This malate is subsequently translocated to the 

cytosol via the malate-OAA shuttle, where the interconversion of malate to OAA takes 

place by cytosolic NAD-MDH activity (Hara et al., 2006). This mechanism allows 

chloroplastic reducing equivalents to be indirectly transferred to the cytosol and other 

sub-cellular compartments, for instance mitochondria, to avoid (i) imbalances in the 

generation and utilization of reducing equivalents by photochemical reactions and the 

Calvin cycle and (ii) depletion of chloroplast energy carriers which would lead to 
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oxidative stress. A concomitant rise in AOX protein and its respiratory capacity in 

parallel to an increase in the activity of various enzymes (NADP-MDH, NAD-MDH, 

NAD-ME, NADP-ICDH) involved in the transport of these reducing equivalents suggests 

a role of AOX in modulating the cellular redox state to sustain the photosynthesis under 

HL conditions (Fernie et al., 2004; Scheibe et al., 2005; Yoshida et al., 2007, 2008; Xu et 

al., 2011). The rise in cellular levels of pyruvate under HL conditions further emphasized 

the role of AOX in dissipating excess chloroplastic reducing equivalents (Dinakar et al., 

2010b). Thus, the function of AOX is tightly coupled with photosynthesis, as it has a 

direct impact on the supply and demand of ATP, NAD(P)H and carbon intermediates 

(Vanlerberghe, 2013). The co-expression of AOX with other non-phosphorylating genes 

of the mitochondrial electron transport chain such as NDB2, UCP1 and UCP2 is well 

known under HL treatment to prevent an over-reduction of the (PQ) and UQ pools 

(Yoshida et al., 2008; Yoshida et al., 2011a). 

 Apart from mitochondrial respiration, plants possess several other defense 

strategies such as photorespiration and antioxidative systems to cope with stress 

conditions. Interestingly, these metabolic pathways were found to be modulated by any 

constraint in AOX (Strodtkötter et al., 2009; Voss et al., 2013). Ascorbate (Asc) is an 

antioxidant molecule that is abundantly present in all sub-cellular compartments of plant 

tissues and occur at as high as 20 mM in chloroplasts (Smirnoff and Wheeler, 2000). It 

plays an important role in the detoxification of H2O2 during stress conditions. 

Furthermore, AOX1A overexpression lines showed higher rates of Asc production when 

compared with WT in Arabidopsis leaves (Bartoli et al., 2006). Various mitochondrial 

retrograde regulation (MRR) signals are shown to stimulate the expression of AOX1A 

(Rhoads and Subbaiah, 2007; Suzuki et al., 2012). In rice, AOX1A and AOX1B were 

expressed during abiotic stress conditions through MRR signaling mediated by O2
-
 

radicals (Li et al., 2013b). The deficiency of AOX1A during the restriction of the COX 

pathway caused a significant reduction in photosynthesis, increase in ion leakage and 
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ROS generation which ultimately led to wilting and necrosis of the plant in spite of the 

increase in photorespiration (Strodtkötter et al., 2009; Voss et al., 2013). 

In the present study, we employed both chemical and reverse genetic approaches 

together to examine (i) the physiological importance of AOX1A in modulating the redox 

state of chloroplastic electron transport carriers and non-photochemical quenching to 

sustain photosynthesis, and (ii) the impact of AOX1A in regulating the malate valve and 

the antioxidative systems to maintain the cellular redox state and ROS for optimal 

photosynthetic performance when the COX pathway is restricted at Complex III. 

5.2 Results 

5.2.1 Effect of AA on total respiratory O2 uptake and photosynthetic O2 evolution 

in wild-type plants and AOX1A T-DNA mutants (aox1a) 

The rates of total respiratory O2 uptake and bicarbonate-dependent photosynthetic O2 

evolution, the latter an indicator of photosynthetic carbon assimilation (Calvin cycle 

activity), were monitored in leaf discs of WT and aox1a mutants in the presence of AA, a 

metabolic inhibitor of complex III, to examine the significance of the AOX pathway in 

optimizing photosynthesis. The inhibition of electron transport through the COX pathway 

simulates a metabolic state of oxidative stress. In the controls, the rates of respiratory O2 

uptake and photosynthetic O2 evolution varied marginally between WT and aox1a 

mutants. However, the rates of respiratory O2 uptake and photosynthetic O2 evolution 

varied significantly between WT and aox1a plants when the leaf discs were exposed to 

increasing concentrations of AA (Fig. 5.1A, B). When the concentration of AA was 

increased from zero to 40 µM, WT leaf discs showed 54% inhibition in rates of 

respiratory O2 uptake and 60% inhibition in rates of photosynthetic O2 evolution when 

compared with their controls without AA. In contrast to WT, in the presence of 40 µM 

AA, aox1a mutants showed 84% inhibition in rates of respiratory O2 uptake and 81% 
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inhibition in rates of photosynthetic O2 evolution. Thus, these results suggest that 

disturbances in the mitochondrial electron transport through the COX pathway 

compromised the photosynthetic carbon assimilation of chloroplasts more seriously in 

aox1a than in WT. As AA is also known to inhibit cyclic electron transport, a low 

concentration of AA (20 µM) was used in further experiments. At this concentration, AA 

caused marginal decreases in rates of respiration and photosynthesis in WT, while the 

rates of respiration and photosynthesis were drastically reduced in aox1a mutants (Fig. 

5.1A, B). 

 

Fig. 5.1. The rates of respiratory O2 uptake (A) and photosynthetic O2 evolution (B) in leaf discs 

of WT  and aox1a mutants after pre-illumination (6 h) at PPFD of 50 µmoles m
-2

 s
-1

 at 25°C in 

the absence and presence of AA. After pre-illumination, leaf discs were incubated in the dark for 

10-15 min during electrode calibration. Subsequently, respiration was measured in the dark for 5 

min followed by photosynthesis measured in the light for 10 min at 250 µmoles m
-2

 s
-1

 as 

NaHCO3-dependent (ca. 5% v/v) O2 evolution. 
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These results suggest that 20 µM AA can be applied for the restriction of the COX 

pathway to reveal the importance of AOX1A in optimizing photosynthetic carbon 

assimilation. 

5.2.2 Effect of AOX1A deficiency on chlorophyll fluorescence and P700 

parameters in the presence of AA 

The changes occurring in chloroplastic reaction centres and the electron transport chain 

were monitored to examine the importance of AOX1A in keeping up photochemical 

reactions and thermal dissipation, which play significant roles in photoprotection and 

meeting the energy demands of the photosynthetic carbon reduction cycle during 

oxidative stress due to the restriction of electron transport through the COX pathway. The 

maximum quantum yield of PSII (Fv/Fm) which indicates the maximum efficiency of PSII 

was measured after applying the initial saturation pulse (SP). In the absence of AA, both 

WT and aox1a knock-out plants showed no significant differences in their Fv/Fm ratio. 

After AA treatment, the Fv/Fm ratio decreased in both genotypes but to a larger extent in 

aox1a mutants than in WT (Fig. 5.2A). These results suggest the importance of the AOX 

pathway in maintaining PSII efficiency at their maximum levels. After measurement of 

the Fv/Fm ratio, the AL was switched off (40 s) to allow the reaction centers of PSII to 

attain their oxidized state. Subsequently, various parameters related to chlorophyll 

fluorescence and P700 were recorded with every SP given up to 260 s at regular intervals 

of 20 s. In the absence of AA, a similar pattern of Y(II), ETR(II), qP, NPQ, Y(I), Y(ND), 

Y(NA) and P700red was observed for WT and aox1a plants (Fig. 5.2B-E and 5.3A-D). 

However, after AA treatment Y(II), ETR(II) and qP were significantly decreased in 

aox1a compared with WT (Fig. 5.2B-D). 
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Fig. 5.2. Characteristics of chlorophyll fluorescence parameters in WT and aox1a from control 

(Tween-20) and treated (20 µM AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 

µmoles m
-2

 s
-1

 at 25 °C: (A) maximum quantum yield of PSII (Fv/Fm), (B) relative quantum yield 

of PSII [Y(II)], (C) electron transport rate of photosystem II (ETR II), (D) photochemical 

quenching (qP), (E) non-photochemical quenching (NPQ). Other details for measurement of 

chlorophyll fluorescence parameters were as described in materials and methods. Different 

lowercase alphabetical letters indicate statistically significant differences (P < 0.05). 
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On the other hand, NPQ, an indicator of thermal dissipation was increased in WT but 

remained unchanged in aox1a mutants (Fig. 5.2E). Similarly, Y(I) and the reduction state 

of P700 decreased drastically in aox1a compared with WT upon AA treatment (Fig. 

5.3A, B). Y(ND) increased in both genotypes but to a larger extent in aox1a mutants. 

However, such increase in Y(NA) was not observed in both WT and aox1a plants, 

irrespective of AA treatment (Fig. 5.3C, D). These results indicate that AOX1A plays a 

crucial role in maintaining the electron flow between PSII to PSI, consequently ΔpH and 

thereby NPQ to dissipate excess energy in form of heat. 

 

Fig. 5.3. Characteristics of P700 parameters in WT and aox1a mutants from control (Tween-20) 

and treated (20 µM AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 µmoles m
-2

 

s
-1

 at 25 °C: (A) quantum yield of PSI [Y(I)], (B) reduced P700 (P700red), (C) limitation at the 

acceptor side of PSI [Y(NA)], (D) limitation at the donor side of PSI [Y(ND)]. Other details for 

measurement of P700 parameters were as described in materials and methods. Different 

lowercase alphabetical letters indicate statistically significant differences (P < 0.05). 
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5.2.3 Effect of AOX1A deficiency on cellular redox couples in the presence of AA 

The role of the AOX pathway in regulating cellular redox homeostasis to optimize 

photosynthesis during oxidative stress was determined by monitoring changes in total 

cellular oxidized and reduced pools of redox couples related to NAD(H), NADP(H) and 

Asc (Figs. 5.4 and 5.5). In control samples, the levels of NAD(P)
+
, NAD(P)H and the 

ratio of NAD(P)H to the total cellular pools of NAD(P)
+
 plus NAD(P)H were similar in 

both WT and aox1a mutants (Fig. 5.4). Upon AA treatment, the increase in the ratio of 

NADH to the total cellular NAD
+
 plus NADH pool was significant in aox1a mutants 

when compared with WT plants (Fig. 5.4C). In contrast, the redox ratio of NADPH to the 

total cellular NADP
+
 plus NADPH pools increased significantly in both genotypes (Fig. 

5.4F). 

In control samples, the cellular levels of Asc and its oxidized form 

dehydroascorbate (DHA) did not vary between WT and aox1a, while the redox ratios 

(Asc/DHA) were modulated marginally (Fig. 5.5). Upon AA treatment, the Asc levels 

increased in WT but decreased in aox1a plants compared with their respective controls 

(Fig. 5.5A). By contrast, the levels of DHA increased in both genotypes compared with 

their respective controls (Fig. 5.5B). Also, Asc/DHA ratio decreased significantly in both 

genotypes in the presence, but not in the absence of AA (Fig. 5.5C). 

These results suggest that the deficiency of AOX1A did not alter the cellular 

redox state under control conditions. However, upon restriction of the COX pathway, the 

cellular redox homeostasis was disturbed in both WT and aox1a genotypes. The 

imbalance in the cellular redox state was more prominent in aox1a compared with WT 

indicating the important role of AOX1A in regulating cellular redox homeostasis and 

thereby photosynthetic performance. 
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Fig. 5.4. Changes in total cellular oxidized and reduced pools of redox couples related to 

NAD(H) and NADP(H) and their redox ratio in WT and aox1a mutants from control (Tween-20) 

and treated (20 µM AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 µmoles m
-2

 

s
-1

 at 25°C: (A) NAD
+
, (B) NADH, (C) NADH/NAD

+
+NADH ratio, (D) NADP

+
,
 
(E) NADPH 

and (F) NADPH/NADP
+
+NADPH ratio. Pyridine nucleotide contents were calculated with their 

corresponding standards. Other details for measurement of NAD(P) and NAD(P)H were as 

described in materials and methods. Different lowercase alphabetical letters indicate statistically 

significant differences (P < 0.05). 
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Fig.5.5. Changes in total cellular oxidized and reduced pools of Asc redox couple in WT and 

aox1a mutants from control (Tween-20) and treated (20 µM AA in Tween-20) leaf discs pre-

illuminated (6 h) at a PPFD of 50 µmoles m
-2

 s
-1

 at 25 °C: (A) Asc, (B) DHA and (C) Asc/DHA 

ratio. Other details for measurement of Asc were as described in materials and methods. Different 

lowercase alphabetical letters indicate statistically significant differences (P < 0.05). 
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5.2.4 Effect of AOX1A deficiency on adenylate status in the presence of AA 

The role AOX1a in modulating the energy status was studied by measurement of total 

adenylate content in the presence or absence of AA. Under control conditions, ATP was 

approximately 1.5 fold higher in aox1a than WT. By contrast, upon AA treatment, a 

significant decrease in ATP levels was seen in aox1a when compared with WT (Fig. 

5.6A). However, ADP levels remained similar in both plants under all conditions (Fig. 

5.6B). Consequently, aox1a showed a lower ATP/ADP ratio compared with WT (Fig. 

5.6C). 

5.2.5 Effect of AOX1A deficiency on intracellular ROS accumulation and 

membrane damage in the presence of AA 

The role of AOX1A in alleviating cellular ROS and minimizing membrane damage as 

well as the optimization of photosynthetic performance of leaves during oxidative stress 

was evaluated by monitoring changes in cellular ROS levels as DCF fluorescence as well 

as H2O2 and MDA content (Figs. 5.7 and 5.8). Furthermore, changes in chloroplastic 

ROS were differentiated from other cellular ROS by monitoring the pseudo 

orange/yellow color formed due to superimposition of chlorophyll autofluorescence and 

DCF fluorescence. In control leaf discs, DCF fluorescence and orange/yellow 

fluorescence was marginally higher in aox1a mutants compared with WT (Fig. 5.7A). In 

contrast, after AA treatment, DCF as well as orange/yellow fluorescence increased 

significantly in aox1a mutants (Fig. 5.7B). Besides, both genotypes showed an increase 

in H2O2 levels and the MDA content in the presence of AA (Fig. 5.8). The increase in 

H2O2 was more pronounced in aox1a than in WT compared with their respective controls 

(Fig. 5.8A). These results suggest that the deficiency of AOX1A caused an accumulation 

of total cellular as well as chloroplastic ROS. 
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Fig.5.6. Changes in total adenylate content in WT and aox1a mutants from control (Tween-20) 

and treated (20 µM AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 µmoles m
-2

 

s
-1

 at 25 °C: (A) ATP, (B) ADP and (C) ATP/ADP ratio. Other details for measurement of 

adenylate content were as described in materials and methods. Different lowercase alphabetical 

letters indicate statistically significant differences (P < 0.05). 
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Fig. 5.7. Measurement of ROS formation in WT and aox1a from (A) control (Tween-20) and (B) 

treated (20 µM AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 µmoles m
-2

 s
-1

 

at 25°C using confocal laser scanning microscopy. Chlorophyll autofluorescence is shown in red, 

DCF fluorescence represents cellular ROS, is shown in green color and superimposed images 

representing chloroplastic ROS in pseudo orange/yellow. All scale bar=100 µm. 
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Fig. 5.8. Quantification of H2O2 formation (A) and lipid peroxidation as MDA content (B) in WT 

and aox1a from control (Tween-20) and treated (20 µM AA in Tween-20) leaf discs pre-

illuminated (6 h) at a PPFD of 50 µmoles m
-2

 s
-1

 at 25°C. Further details were as described in 

materials and methods. Different lowercase alphabetical letters indicate statistically significant 

differences (P < 0.05). 
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5.2.6 Effect of AOX1A deficiency on gene expression of antioxidants, the malate-

OAA shuttle and respiratory enzymes in the presence of AA 

The role of AOX1A in regulating the malate-OAA shuttle and the antioxidative system 

during oxidative stress was monitored by evaluating changes in transcript levels of genes 

related to (i) respiratory metabolism: PFK4 - phosphofructokinase, AOX1A - alternative 

oxidase, COX15 - cytochrome oxidase; (ii) malate-OAA shuttle: chlMDH - NADP-

dependent chloroplastic malate dehydrogenase, MMDH1 - NAD-dependent 

mitochondrial malate dehydrogenase, ICDH  NADP-dependent 

chloroplastic/peroxisomal isocitrate dehydrogenase and (iii) antioxidative enzymes: 

CSD1 - cytosolic superoxide dismutase, CAT1 - peroxisomal/chloroplastic catalase and 

sAPX - stromal ascorbate peroxidase (Fig. 5.9). The expression of AOX1A was notably 

increased in WT (18-fold) in the presence of AA, whereas no transcript could be detected 

in aox1a plants as expected for this knock-out mutant (Fig. 5.9A). In the absence of AA, 

the expression of all genes examined in aox1a knock-out mutants was mostly similar to 

WT except sAPX, which is increased in aox1a compared with WT. Upon AA treatment, 

the expression of the glycolytic enzyme PFK4 decreased in both genotypes compared 

with controls without AA. In contrast, the expression of COX15 increased in WT, while it 

remained unchanged in aox1a (Fig. 5.9A). Similar to PFK4, in the presence of AA, the 

expression of chlMDH, MMDH1 and ICDH genes related to the malate-OAA shuttle 

decreased in both genotypes (Fig. 5.9B). However, the decrease in the expression of 

MMDH1 and ICDH were more pronounced in aox1a than in WT. By contrast, in the 

presence of AA, the expression of the antioxidative genes CSD1, CAT1 and sAPX 

increased in WT. In contrast, these genes showed differential expression in aox1a. 

Transcript levels of CSD1 increased while sAPX decreased in leaf discs treated with AA, 

whereas CAT1 expression was unchanged (Fig. 5.9C). These results suggest that during 

COX pathway inhibition, the deficiency of AOX1A not only perturbs respiratory  
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Fig. 5.9. Gene expression profiles in WT and aox1a from control (Tween-20) and treated (20 µM 

AA in Tween-20) leaf discs pre-illuminated (6 h) at a PPFD of 50 µmoles m
-2

 s
-1

 at 25°C: (A) 

Respiratory enzymes (PFK4, COX15 and AOX1A), (B) Malate-OAA shuttle enzymes (MMDH1, 

chlMDH and ICDH) and (C) Antioxidative enzymes (CSD1, CAT1 and sAPX). N.D. denotes 

expression of gene was not detected (A). Transcript abundance was quantified by the ∆∆CT 

method using UBQ5 as a reference gene. Further details were as described in materials and 

methods. Different lowercase alphabetical letters indicate statistically significant differences (P < 

0.05). 
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metabolism, but also modulates the antioxidative system to balance ROS generation and 

detoxification. 

 Overall, the results of the present study revealed the impact of deficiency of 

AOX1A on mitochondrial respiration and chloroplastic photosynthesis when electron 

transport through the COX pathway is restricted, which is schematically represented in 

Fig. 5.10. 

5.3 Discussion 

The dependence of chloroplastic photosynthesis on mitochondrial respiration is well 

documented (Raghavendra et al., 1994; Krömer, 1995; Padmasree et al., 2002; Fernie et 

al., 2004; Raghavendra and Padmasree 2003; Noguchi and Yoshida 2008; Vanlerberghe, 

2013). Different components of mitochondrial respiration, including Krebs cycle, 

electron transport, oxidative phosphorylation and UCP were found to be important to 

sustain photosynthetic performance during normal growth or under various biotic/abiotic 

stress conditions (Krömer et al., 1993; Padmasree 1999a; Sweetlove et al., 2006; Dinakar 

et al., 2010b; Yoshida et al., 2011a; Araújo et al., 2012; Araújo et al., 2014; Gandin et al., 

2014a). The relative importance and contribution of the COX and AOX pathways in 

benefitting different components of photosynthesis such as carbon assimilation, 

photochemical reactions, photosynthetic induction and light activation of Calvin cycle 

enzymes was revealed in several model plants using specific metabolic inhibitors as well 

as transgenic/reverse genetic approaches (Padmasree and Raghavendra, 1999a,b; 

Padmasree and Raghavendra, 2001; Yoshida et al., 2006; Dinakar et al., 2010a; Zhang et 

al., 2011; Zhang et al., 2014). Further, the significant role of the AOX1A isoform over 

AOX1D in coordinating the COX pathway to optimize photosynthesis was established in 

our previous studies (Strodtkötter et al., 2009). In the present study, we investigated the 

physiological role of AOX1A in regulating cellular redox homeostasis and ROS  
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Fig. 5.10. A simple scheme illustrating the impact of AOX1A deficiency on mitochondrial 

respiration and chloroplastic photosynthesis, when electron transport through the COX pathway is 

restricted at complex III using AA in leaf discs of Arabidopsis under growth light conditions: (1) 

over-reduction of mETC and ROS accumulation due to restricted COX and AOX pathways; (2) 

decrease in Ascorbate biosynthesis; (3) low thylakoid energization; (4) acceptor limitation at PSI; 

(5) decrease in photosynthetic carbon assimilation; (6) lack of electron sink in mitochondria leads 

to impairment of photosynthesis. The broken lined arrows indicate a reduction in utilization of 

reducing equivalents. AA ‒ antimycin A; AOX1A ‒ alternative oxidase 1a; Asc ‒ ascorbate; CI ‒ 

complex I; CIII‒ complex III; CIV‒complex IV; mETC ‒ mitochondrial electron transport chain; 

GL ‒ L-galactono-1,4-lactone; GLDH ‒ L-galactono-1,4-lactone dehydrogenase; NPQ ‒ non-

photochemical quenching; PSI ‒ Photosystem I; PSII ‒ photosystem II; ROS ‒ reactive oxygen 

species; UQ ‒ ubiquinone. 
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generation to benefit different components of photosynthesis when the electron transport 

through the COX pathway of the mETC is restricted at complex III. 

5.3.1 Essentiality of AOX1A for optimal photosynthetic performance and 

chloroplastic heat dissipation 

The use of aox1a mutants along with AA treatment allowed us to analyse the state of 

COX pathway restriction in the background of an impaired AOX pathway, whereas the 

treatment of WT with AA resulted only in COX pathway restriction. The restriction of 

the electron transport through complex III was ascertained by monitoring the decrease in 

rates of respiratory O2 uptake with increasing concentrations of AA (Fig. 5.1A). The 

interference of the mETC through complex III caused a drastic reduction in both 

photosynthetic carbon assimilation and photochemical reactions in aox1a mutants 

compared with WT (Figs. 5.1B, 5.2 and 5.3). The studies of Strodtkötter et al. (2009) 

showed the induction of AOX1D to compromise the function of AOX1A in T-DNA 

insertion mutants of aox1a. However, in spite of the expression of AOX1D, aox1a 

mutants could neither maintain respiration nor their photosynthetic performance as WT 

plants when electron transport through the COX pathway is inhibited. 

AA is well known to bind to the Qi site of the cytbc1 complex in mETC (Xia et al., 

1997). However, its effect on cyclic electron flow around PSI (CEF-PSI) was also 

reported (Endo et al., 1998; Munekage et al., 2004). Such interference of AA on CEF-PSI 

might be small or negligible in the present study for the following reasons: (i) the 

concentration of AA required to inhibit CEF-PSI is 10-100 times higher than that 

required to inhibit the COX pathway (Taira et al., 2013); (ii) the effects of AA on 

respiration and photosynthesis were found to be biphasic in the present study. For 

instance, the treatment of WT leaf discs with concentrations ≤ 20 µM AA, caused only 

< 18% decrease in rates of both respiration and photosynthesis, while a treatment with ≥ 

20 µM AA caused a drastic decrease up to ≤ 70% in their rates (Fig. 5.1A, B); (iii) the 
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total cellular levels of ATP as well as the ATP/ADP ratio were higher in aox1a plants 

(with and without AA treatment) compared with WT (without AA) in both protoplasts 

and leaf discs (Fig. 5.6 and Strodtkötter et al., 2009); and (iv) the effects of AA on most 

of the parameters examined in the present study were always less pronounced in WT than 

in aox1a plants (Figs. 5.1-5.9). Unlike the protoplasts or cyanobacteria (Yeremenko et 

al., 2005) where AA is easily permeable through plasma/cell membranes, leaf discs are 

less permeable to AA. Hence, effective concentrations of AA that ultimately reach 

chloroplasts at the cellular level are expected to be much less than 20 µM. Moreover, the 

effect of 20 µM AA observed in respiratory and photosynthetic rates of aox1a leaf discs 

in the present study corroborated well with the effects examined on mesophyll protoplasts 

of aox1a mutants (Fig. 5.1A, B; Strodtkötter et al., 2009). Thus, AA was used at 20 µM 

in all further studies to exemplify the physiological role of AOX1A in optimizing 

photosynthesis. 

Linear electron flow and CEF-PSI are coupled to proton pumping across the 

thylakoid membrane resulting in the acidification of the thylakoid lumen, thereby 

generating a proton gradient (ΔpH). This ΔpH is utilized for ATP synthesis and NPQ 

induction (Shikanai, 2007, 2014). The impact of the proton gradient on NPQ induction 

was evident through an Arabidopsis pgr5 (proton gradient regulation) mutant (defective 

in CEF), which showed a lower NPQ at high irradiance (Yoshida et al., 2011b). Although 

the role of AOX1A in modulating NPQ was not shown in their study, several other 

studies have demonstrated that the lack of AOX caused a significant decrease in quantum 

yield of PSII, ETR and NPQ under HL conditions (Zhang et al., 2010; Zhang et al., 

2012). Further, aox1a pgr5 double mutants showed a significant decrease in CEF-PSI 

compared with pgr5 indicating the synergetic function of AOX1A and CEF-PSI (Yoshida 

et al., 2011b). In Arabidopsis, the targeting of AOX1A and AOX2 into chloroplasts using 

its own transpepetide resulted in induction of NPQ and also suggested that these isoforms 

have the ability to substitute the function of PTOX, which mediates the electron flow 
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from PQ to O2 and thus, prevent the over reduction of PQ during excess light (Mc Donald 

et al., 2011; Fu et al., 2012). In the present study, although the activity of PTOX was not 

measured directly, a significant decrease in ETR(II) and NPQ in aox1a mutants 

compared with WT plants suggest that PTOX could not compensate for the lack of 

AOX1A. Further, an increase in Y(ND) in aox1a mutants indicates the down-regulation 

of PSII due to donor-side limitation of PSI, as evident by a decrease in ETR(II), Y(II) and 

qP (Fig. 5.2B-D and 5.3C). Taken together, these results demonstrate that AOX1A plays 

a crucial role in maintaining the balanced electron flow between PSI and PSII, thereby 

ΔpH and NPQ induction, which protect photosynthesis from photoinhibition when 

electron flow through the COX pathway was restricted. 

5.3.2 AOX1A maintains the redox balance between photochemical reactions and 

the Calvin cycle by regulating the malate valve to dissipate excess chloroplastic 

reducing equivalents  

During active photosynthesis, photochemical reactions generate reducing equivalents at 

much higher magnitudes than their demands in the Calvin cycle. Under such conditions, 

excess reducing equivalents are transported to peroxisomes or mitochondria via the 

cytosol through the malate valve which allows the exchange of malate for OAA across 

the chloroplast membrane via specific transporters (Noguchi and Yoshida, 2008; Weber 

and Linka, 2011). The mitochondrial electron transport chain oxidizes these reducing 

equivalents by external/internal NAD(P)H dehydrogenases and AOX (Rasmusson et al., 

2004; Noguchi and Yoshida, 2008). The activity of the enzymes NADP-MDH, NAD-

MDH, citrate synthase (CS), NADP-ICDH and NAD-ME, which are known to actively 

coordinate the malate-OAA shuttle were significantly increased in aox1a knock-out 

plants compared with WT under HL conditions in order to prevent an over-reduction of 

chloroplastic electron transport carriers (Zhang et al., 2010; Xu et al., 2011). Further, the 

aox1a mutants exhibited an increase in NAD(P)H levels and redox ratios of their 
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corresponding redox couples under HL conditions when compared with WT plants. This 

indicates the significance of AOX1A in oxidizing excess reducing equivalents (Chapter 

4). Similarly, aox1a plants showed an excess NADH level compared with WT when the 

COX pathway is restricted (Fig. 5.4B). By contrast, NADPH levels did not further 

increase in aox1a mutants compared with WT plants as expected (Fig. 5.4E). This is 

because, as aox1a is more prone to oxidative damage caused by AA compared with WT, 

which is evident by increase in H2O2 and MDA content (Fig. 5.8), it might exhibit 

metabolic adjustments to oxidize/utilize excess NADPH in the following reactions: (i) 

generation of O2
-
 by NADPH oxidase (Sagi and Fluhr, 2006; Andronis et al., 2014), (ii) 

photorespiration, as evident by an increase in the glycine decarboxylase P- protein in 

aox1a plants after treatment with AA (Strodtkötter et al., 2009; Voss et al., 2013) and (iii) 

ascorbate-glutathione cycle or glutathione cycle to scavenge H2O2 by ascorbate 

peroxidase or glutathione peroxidase (Foyer and Noctor, 2011; Gill et al., 2013). 

However, a pronounced increase in the ratio of the NADH redox couple as well as the 

decrease in transcript levels of MMDH1 and ICDH in aox1a mutants implicated the 

importance of AOX1A in relieving excess reductive pressure on chloroplastic redox 

carriers by regulating the malate valve particularly when the COX pathway is 

compromised (Figs. 5.4C and 5.9B). 

5.3.3 Significance of AOX1A in regulating cellular ROS and antioxidative system  

The AOX pathway plays a significant role in the dissipation of chloroplastic reducing 

equivalents through the malate valve and prevents the over-reduction of mETC carriers. 

Such a role was hypothesized earlier by using SHAM, an inhibitor of the AOX pathway, 

and was further confirmed in the present study by using aox1a mutants (Padmasree and 

Raghavendra, 1999c; Yoshida et al., 2006; Figs. 5.4 and 5.8B). Therefore, the likelihood 

of electron leakage from mETC is expected to be higher in AA treated aox1a mutants 

(Møller, 2001; Strodtkötter et al., 2009; Yoshida et al., 2011a). When single electrons 
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react with molecular oxygen, ROS (OH
-
, O2

-
 and H2O2) are generated which can 

influence the expression of the genes related to antioxidative strategies by modifying 

transcription factors through retrograde regulatory mechanisms (Apel and Hirt, 2004; 

Choudhury et al., 2013; Li et al., 2013b). These include biosynthesis of carotenoids and 

flavonoids, the xanthophyll cycle, water-water cycle, NPQ, photorespiration and ROS 

scavenging enzymes (Niyogi, 2000; Murchie and Niyogi, 2011). If cellular ROS 

generation exceeds the scavenging capacity of the above-mentioned defense strategies, it 

leads to oxidative stress and ROS can damage various cellular structures including DNA, 

proteins, lipids or cell walls (Foyer and Noctor, 2005; Gill and Tuteja, 2010; del Río, 

2015). During salt stress, the activity and transcript levels of antioxidative enzymes were 

shown to be significantly increased to scavenge excess ROS (Wang et al., 2010). In 

agreement with this, in the present study, AA treatment induced the expression of 

antioxidant genes in WT plants, and hence ROS accumulation was less which is not the 

case in aox1a mutants (Figs. 5.7B, 5.8A and 5.9C). In aox1a mutant, AA treatment 

resulted in an accumulation of total cellular ROS including chloroplastic ROS, as 

indicated by localization of DCF fluorescence in those areas which contain high 

chlorophyll autofluorescence (Fig. 5.7B). Furthermore, the increase in membrane damage 

under these conditions was evident from the increase in MDA content (Fig. 5.8B). The 

expression of antioxidative genes was much lower in AA treated aox1a mutants that 

could be due to the partial impairment of antioxidative systems. This may explain 

AOX1A signaling in the induction of antioxidative enzymes or synergistic expression of 

AOX1A and antioxidative genes (Fig. 5.9A). 

The cellular redox state also plays an important role in mediating the signaling 

linked to developmental processes or environmental changes (Foyer and Noctor, 2005; 

Suzuki et al., 2012). NAD
+
, NADP

+
, glutathione and Asc, the key players of the 

Ascorbate-glutathione cycle, interact strongly with ROS to maintain cellular redox 

homeostasis (Noctor, 2006). Among ROS, H2O2 is more stable compared with O2
-
 and 
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1
O2. Asc, the most abundant antioxidant in plant cells, is oxidized by H2O2 to 

monodehydroascorbate in the presence of ascorbate peroxidase and is efficiently recycled 

back by the action of monodehydroascorbate reductase or dehydroascorbate reductase 

(Smirnoff, 2000). Thus, Asc plays an important role in the detoxification of ROS under 

various stress conditions. In the present study, the pronounced decrease in Asc and sAPX 

levels along with reduction in respiratory O2 uptake or photosynthetic O2 evolution in 

aox1a mutants upon treatment with AA as opposed to WT plants indicate the relative 

importance of AOX1A over the COX pathway in regulating the antioxidative system to 

optimize photosynthesis (Figs. 5.1A,B, 5.5A and 5.9C; Yabuta et al., 2007; Dinakar et 

al., 2010a). Furthermore, the increase in Asc levels parallels to an increase in the COX15 

in WT, but not in aox1a plants suggesting a role of the AOX pathway in regulating Asc 

biosynthesis (Figs. 5.5A and 5.9A; Bartoli et al., 2000). Moreover, Asc is a cofactor of 

violaxanthin de-epoxidase that activates the zeaxanthin-dependent qE (energy-dependent 

quenching) and thus induces NPQ (Tόth et al., 2013). In the present study, after 

restriction of complex III, a decrease in NPQ in aox1a mutants could also be due to low 

Asc levels (Figs. 5.2E and 5.5A). The importance of ROS, antioxidative metabolites and 

antioxidative enzymes in mediating beneficial interactions between mitochondrial 

respiration and chloroplastic photosynthesis was shown in Pisum sativum (Dinakar et al., 

2010a). 

Thus, the present study suggests the physiological importance of AOX1A in 

performing mitochondrial and extra mitochondrial functions to optimize chloroplastic 

photosynthesis when electron transport through the COX pathway is restricted (Fig. 

5.10). In mitochondria, AOX1A plays a role: (1) in the maintenance of the mETC redox 

homeostasis; (2) preventing accumulation of reducing equivalents and thereby ROS 

generation and (3) regulation of Asc biosynthesis. On the other hand, AOX1A performs 

the following functions outside the mitochondria: (1) sustenance of photosynthetic carbon 

assimilation; (2) induction of NPQ; (3) operation of Mal-OAA shuttle to dissipate excess 
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chloroplastic reducing equivalents and recycle redox carriers; (4) maintenance of redox 

homeostasis by preventing the over-reduction of chloroplastic ETC carriers and ROS 

generation and (5) coordinate with antioxidative systems to maintain the cellular ROS at 

optimal levels. 

*** 
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Chapter 6 

Importance of AOX pathway in alleviating oxidative stress using 

Saccharomyces cerevisiae as a model organism  

6.1 Introduction 

Earlier literature and Chapters 4 and 5 demonstrated that on exposure to abiotic stress, 

the AOX deficient plants showed an increase in intracellular ROS and decrease in 

photosynthetic performance compared to wild-type plants (Giraud et al., 2008; 

Strodtkötter et al., 2009; Watanabe et al., 2010). On the other hand, AOX overexpression 

lines showed enhanced photosynthetic efficiency with lower levels of cellular ROS when 

compared with wild-type during abiotic stress conditions (Umbach et al., 2005; Abu-

Romman et al., 2012; Mhadhbi et al., 2013). In Arabidopsis, overexpression of AOX1a 

alleviated the Al induced programmed cell death (PCD) by decreasing the ROS 

production due to efficient mitochondrial electron flux and subsequently, caspase-3-like 

activation (Liu et al., 2014). Also, the role of AOX has been extensively studied in lower 

organisms since last two decades. Kumar and Söll (1992) reported for the first time 

heterologous expression of A. thaliana AOX into hemA deficient strains of Escherichia 

coli, which acquired resistance to cyanide and exhibited aerobic respiration. Later, 

several other studies also demonstrated the expression of AOX in many fungal and 

bacterial species which resulted in successful operation of cyanide-insensitive respiration 

(Chaudhuri and Hill, 1996; Affourtit et al., 1999; Kirimura et al., 1999; Magnani et al., 

2007; Martins et al., 2011; Honda et al., 2012; Papagianni and Avramidis, 2012). The 

role of AOX is also revealed in survival of pathogenic fungi such as Aspergillus 

fumigatus and Histoplasma capsulatum inside the host under stress conditions (Tudella et 

al., 2003; Johnson et al., 2003). Similar to plants, the AOX mutant of pathogenic yeast 

Cryptococcus neoformans showed susceptibility to oxidative stress (Akhter et al., 2003). 

Furthermore, expression of AOX from Hansenula anomala in S. cerevisiae resulted in 
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up-regulation of several proteins related to major metabolic pathways such as Krebs cycle 

and amino acid biosynthesis suggesting the physiological role of AOX in mitoproteome 

plasticity (Mathy et al., 2006). 

Yeast cells have become one of the most preferred experimental models to study 

the PCD and aging under oxidative stress, owing to special characteristics such as short 

life cycle and easy genetic manipulation along with presence of core cellular processes 

similar to eukaryotes (Carmona-Gutierrez et al., 2010). In most of the aerobic cells, 

respiration is the major source for generation of superoxide radical (O2
-
) as electrons leak 

out from the mitochondrial electron transport chain at Complex I and Complex III. 

Further, dismutation of O2
- 
by superoxide dismutase (SOD) generates H2O2, a quite stable 

toxic product which creates oxidative environment inside the cell (Turrens, 1997). To 

detoxify the cellular H2O2, mitochondria have evolved an efficient antioxidant defence 

system such as catalase and peroxiredoxins, which include glutathione 

peroxidase/glutathione reductase and thioredoxin peroxidase/thioredoxin reductase 

(Kowaltowski et al., 2009). In spite of the existence of such strong antioxidant defence 

system, several pet mutants (impaired in mitochondrial electron transport chain) of  

S. cerevisiae showed accumulation of H2O2. But, the addition of exogenous cytochrome c 

to isolated mitoplasts significantly decreased H2O2 levels (Barros et al., 2003). In 

Candida albicans and Aspergillus niger, AOX was also induced along with cytochrome c 

under oxidizing conditions (Brown and Tuffery, 2010; Papagianni and Avramidis, 2012). 

Thus, AOX pathway is known to play an important role in the alleviation of ROS and 

thereby oxidative stress independently or in association with COX pathway and/or 

antioxidant defence system. Furthermore, a direct or indirect role of AOX has also been 

demonstrated in maintaining redox homeostasis in higher plants in response to several 

abiotic stresses (Vanlerberghe et al., 2009; Zhang et al., 2010; Zhang et al., 2014). 

However, such type of significance of AOX in lower organisms is yet to be elucidated. 
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In Arabidopsis, AOX1a is induced under various oxidative stresses and 

developmental stages (Saisho et al., 1997, 2001; Clifton et al., 2006; Giraud et al., 2008; 

Strodtkötter et al., 2009). In the present study, AtAOX1a was heterologously expressed in 

S. cerevisiae (a eukaryotic model system devoid of AOX) to characterize its role in 

alleviating oxidative stress across the kingdom. To create the oxidative environment 

inside the cells, S. cerevisiae were incubated with different concentrations of H2O2 and t-

BOOH. The functional expression of AtAOX1a and its characterization have been 

studied by monitoring the changes in respiration, growth, viability, ROS and redox state 

under oxidizing conditions. 

6.2  Results 

6.2.1 Expression of AtAOX1a in E. coli and mass analysis 

The expression of AtAOX1a protein induced in the presence of 0.1 mM IPTG in E. coli 

was visualized on SDS-PAGE as ~36 kDa band as it includes AtAOX1a sequence 

encoding mature protein (32.34 kDa) and pET28a(+) vector sequence (3.83 kDa) [Fig. 

6.1]. The four major peptide fragments obtained during MALDI-TOF-TOF analysis of 

trypsin digested 36 kDa protein showed the following sequence in Biotools: 

WPTDLFFQR (1209.81 Da), DVNHFASDIHYQGR (1658.04 Da), 

GNIENVPAPAIAIDYWR (1898.27 Da) and ELDKGNIENVPAPAIAIDYWR (2383.58 

Da) [Fig. 6.2A-E]. As these sequences showed 100% matching with Arabidopsis AOX1a 

protein sequence (Fig. 6.2F), the purified protein was injected to rabbit and the 

polyclonal antibody was obtained. 
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Fig. 6.1 Purification profile of polyhistidine tagged pET28a-AtAOX1a recombinant protein. (A) 

12.5% SDS-PAGE depicting a ~36 kDa AtAOX1a protein in different fractions of purification 

protocol. Abbreviations used are as follows: M- marker, P- pellet (insoluble protein), S- 

supernatant (soluble protein), FT- flow through (supernatant passed through Ni-NTA column), 

W- washing fractions, E- elute (purified protein). 
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1 MDTRAPTIGG MRFASTITLG EKTPMKEEDA NQKKTENEST GGDAAGGNNK 

51 GDKGIASYWG VEPNKITKED GSEWKWNCFR PWETYKADIT IDLKKHHVPT 

101 TFLDRIAYWT VKSLRWPTDL FFQRRYGCRA MMLETVAAVP GMVGGMLLHC 

151 KSLRRFEQSG GWIKALLEEA ENERMHLMTF MEVAKPKWYE RALVITVQGV 

201 FFNAYFLGYL ISPKFAHRMV GYLEEEAIHS YTEFLKELDK GNIENVPAPA 

251 IAIDYWRLPA DATLRDVVMV VRADEAHHRD VNHFASDIHY QGRELKEAPA 

301 PIGYH 
    

 

Fig. 6.2 MALDI-TOF-TOF mass spectrum of tryptic digested purified AtAOX1a protein between 

500-5,000 m/z. (A) The prominent peaks corresponding to 1209.819, 1659.057, 1899.286 and 

2384.592 Da were subjected to MS-MS analysis. Lift spectrum and Biotools display of four 

major peaks: (B) 1209.819 Da, (C) 1659.057 Da, (D) 1899.286 Da and (E) 2384.592 Da. (F) The 

sequences obtained from these peptides showed 100% matching to internal sequences (indicated 

in BOLD) of A. thaliana AOX1a (AT3G22370) retrieved from NCBI database.  

E 

F 
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6.2.2  Functional characterization of AtAOX1a in S. cerevisiae 

The protein expression of AtAOX1a induced in the presence of 2% galactose in  

S. cerevisiae AOX1a transformants (pYES2AtAOX1a) were confirmed through western 

blot analysis using AOX1a antibody (Fig. 6.3A). The size of recombinant AtAOX1a 

protein was ~44 kDa which include signal sequence (7.65 kDa), AtAOX1a sequence 

encoding mature protein (32.34 kDa) and pYES2 sequence (4.37 kDa). Throughout the 

present study, pYES2 was used as a control. To ascertain the function of AtAOX1a, 

cyanide sensitive and cyanide insensitive respiration were monitored in pYES2 and 

pYES2AtAOX1a using 1 mM KCN and 2 mM SHAM, respectively. In the absence of 

KCN/SHAM the respiratory rates of pYES2AtAOX1a (8.6 ±0.11 nmol O2 s
-1

) were 

similar to pYES2 (8.45 ±0.09 nmol O2 s
-1

). But, in the presence of KCN, pYES2 showed 

a pronounced decrease in respiratory rates when compared with pYES2AtAOX1a. In 

contrast, addition of SHAM significantly decreased the respiratory rates of 

pYES2AtAOX1a but not of pYES2 (Fig. 6.3B). 

 Similar to respiratory O2 uptake, the exponential growth pattern (OD600 = 2.1) of 

both pYES2 and pYES2AtAOX1a were found to be similar upto 6 h under control 

conditions (without KCN). But, treatment with KCN remarkably decreased their 

exponential growth (Fig 6.3C). However, the decrease in exponential growth of pYES 

was more significant when compared with pYES2AtAOX1a. Further, in the presence of 

KCN, growth recovery was found to be higher in pYES2AtAOX1a than pYES2  

(Fig. 6.3D). Taken together, these results indicate that AtAOX1a was successfully 

expressed and functional in S. cerevisiae. 

6.2.3  Changes in cellular ROS during oxidative stress 

The role of AtAOX1a in minimizing the ROS generation was determined by treatment 

with KCN as well as mimicking oxidative stress in S. cerevisiae using H2O2 and  

t-BOOH. 
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Fig. 6.3 Functional expression of AtAOX1a in S. cerevisiae. (A) Western blot showing the 

AtAOX1a protein (44 kDa) expression in pYES2AtAOX1a (left side) but not in PYES2 (right 

side), (B) Rates of oxygen uptake by pYES2 and pYES2AtAOX1a in the absence or presence of 

KCN (1mM) and SHAM (2mM), (C) Growth curve of pYES2 and pYES2AtAOX1a in absence 

or presence of KCN (1mM), (D) Growth recovery after KCN (1 mM) treatment for 4h.. Different 

lowercase alphabetical letters indicate statistically significant difference (P < 0.05). 
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But, upon treatment with KCN, H2O2 or t-BOOH, the fluorescence increased steadily in 

pYES2. In contrast, pYES2AtAOX1a restricted the increase in fluorescence on treatment 

with either KCN or oxidants (H2O2 and t-BOOH) indicating the importance of AOX1a in 

preventing and/or regulating the ROS generation (Fig. 6.4). 

6.2.4  Changes in cell survival rate and growth recovery during oxidative stress 

The significance of AOX1a in sustaining the cell viability was assessed by monitoring 

the rates of cell survival in the presence of H2O2 and t-BOOH. Among these oxidants, 

H2O2 was found to be more lethal than t-BOOH. However, upon treatment with these 

oxidants, the survival rates of pYES2 decreased drastically when compared with 

pYES2AtAOX1a (Fig. 6.5A).  

 Also return to growth assay clearly indicated enhanced colony number in 

pYES2AtAOX1a than in pYES2 under all oxidizing conditions. However, a clear visible 

difference was observed only at 1×10
-2.5

 and 1×10
-3

 dilutions (Fig. 6.5B). It appears that 

AOX1a plays a critical role in decreasing the rates of cell death and improving their 

growth recovery under oxidizing conditions. 

6.2.5  Differential antioxidant gene expression profile during oxidative stress 

The ROS scavenging efficiency of pYES2 and pYES2AtAOX1a was measured by 

monitoring changes in transcript levels of antioxidant genes viz., Superoxide dismutase 1 

(SOD1), Superoxide dismutase 2 (SOD2), Glutathione peroxidase 2 (GPX2) and 

Thioredoxin peroxidase 2 (TSA2) during oxidative stress (Fig. 6.6). Under control 

conditions, the expression of these antioxidant genes was approximately similar in both 

pYES2 and pYES2AtAOX1a. Upon treatment with H2O2 or t-BOOH, the expression of 

SOD1 (> 8-fold), SOD2 (> 6-fold), GPX2 (> 52-fold) and TSA2 (> 157-fold) increased 

significantly by several fold in both pYES2 and pYES2AtAOX1a (Fig. 6.6A-D). 
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Fig. 6.4 The intracellular ROS were monitored under confocal fluorescence microscope in terms 

of DCF fluorescence produced by the action of esterases on H2DCFDA at 488 nm (excitation) 

and 525 nm (emission) wavelengths as described in materials and methods. For oxidative stress 

pYES2 and pYES2AtAOX1a were treated with (A) KCN, (B) H2O2 or (C) t-BOOH. 

 

 



 

107 
 

 

Fig. 6.5 Effect of oxidative stress on cell survival rate of pYES2 and pYES2AtAOX1a in 

presence of (A) H2O2 and (B) t-BOOH. Further, return to growth assay indicates the recovery of 

cells from oxidative stress in presence of (C) H2O2 and (D) t-BOOH. Different lowercase 

alphabetical letters indicate statistically significant difference (P < 0.05). 
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But, the expression of GPX2 was down-regulated significantly in pYES2AtAOX1a when 

compared with pYES2 in presence of both H2O2 and t-BOOH (Fig. 6.6C). In contrast, the 

expression of TSA2 was down-regulated significantly in pYES2AtAOX1a when treated 

with t-BOOH, while remained unchanged in the presence of H2O2 (Fig. 6.6D). 

6.2.6  Changes in cellular redox during oxidative stress 

The role of AtAOX1a in maintaining cellular redox balance during oxidative stress was 

revealed by monitoring the changes in pyridine nucleotide (NAD
+
 and NADH) redox 

couple. In control, the cellular levels of NAD
+
, NADH and the redox ratio of 

NAD
+
/NADH were similar in both pYES2 and pYES2AtAOX1a. Upon treatment with 

H2O2, the cellular NAD
+
 levels decreased significantly in both pYES2 and 

pYES2AtAOX1a (Fig. 6.7A). In contrast, the decrease in cellular NADH levels was 

significant in pYES2AtAOX1a alone (Fig. 6.7B). Consequently, the cellular redox ratio 

of NAD
+
/NADH was maintained at much higher levels in pYES2AtAOX1a when 

compared with pYES2 in presence of H2O2 (Fig. 6.7C). 

The responses of NAD
+
, NADH and consequently NAD

+
/NADH were quite 

different in t-BOOH treated samples when compared to H2O2 treatment. Both NAD
+
 and 

NADH increased significantly while the redox ratio of NAD
+
/NADH decreased 

drastically in pYES2AtAOX1a when compared with pYES2 (Fig. 6.7). 

6.3 Discussion 

In higher plants, AOX is known to perform several mitochondrial and extra 

mitochondrial functions, viz: (i) alleviation of ROS, reactive nitrogen species and cell 

death (Mittler, 2002; Amirsadeghi et al., 2006; Igamberdiev et al., 2014), (ii) preventing 

over reduction of chloroplastic/mitochondrial electron transport carriers, particularly PQ 

or UQ (Yoshida et al., 2011a), (iii) maintenance of cellular redox and carbon balance 

(Sieger et al., 2005), (iv) modulation of cellular energy level (Padmasree and  
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Fig. 6.6 Relative mRNA profile of antioxidant genes (SOD1, SOD2, GPX2 and TSA2) in pYES2 

and pYES2AtAOX1a after exposure to oxidative stress in presence of (A) H2O2 and (B) t-BOOH. 

Different lowercase alphabetical letters indicate statistically significant difference (P < 0.05). 
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Fig. 6.7 Changes in total cellular pyridine nucleotides (A) NAD
+
, (B) NADH and (C) ratio of 

NAD
+
 to NADH in pYES2 and pYES2AtAOX1a during oxidative stress in presence of H2O2. 

Different lowercase alphabetical letters indicate statistically significant difference (P < 0.05). 
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Raghavendra 1999a; Strodtkötter et al., 2009) and (v) optimization of photosynthesis 

during a wide range of biotic and abiotic stresses (Dinakar et al., 2010b; Vanlerberghe, 

2013). The role of AOX in alleviating ROS levels and oxidative stress is not only 

confined to plants, but is also revealed in several non-photosynthetic organisms including 

fungi, protists, bacteria and human cells (Matsukawa et al., 2009; Brown and Tuffery, 

2010; Honda et al., 2012; Rogov and Zvyagilskaya, 2015). These observations suggest 

that engineering of AOX into species which are deficient in AOX may help them to cope 

up against various biotic and abiotic stresses. 

 S. cerevisiae lacks AOX homolog (Minagawa and Yoshimoto, 1987). Therefore, in 

the present study, AtAOX1a was expressed in S. cerevisiae to validate its physiological 

function during oxidative stress (Fig. 6.2A). It is well known in plants and fungi that 

restriction of electron flow through the COX pathway or exposure to oxidative stress 

leads to induction of AOX at the transcript or protein level and AOX catalysed 

respiration (Vanlerberghe et al., 2002; Magnani et al., 2007; Dinakar et al., 2010a,b;  

Abu-Romman et al., 2012). Corroborating with these studies, restriction of the COX 

pathway by KCN caused reduction in the total respiratory rates of both pYES2 and 

pYES2AtAOX1a. However, higher respiratory rates retained by pYES2AtAOX1a when 

compared with pYES2, perhaps attributed to the induction of AOX catalysed respiration. 

Further, SHAM insensitive respiration in pYES2 indicates the absence of AOX catalysed 

respiration in S. cerevisiae, while SHAM sensitive respiration in pYES2AtAOX1a 

confirms the functional expression of AtAOX1a in S. cerevisiae (Fig. 6.3B). Any 

increase in the respiratory activity is known to increase the chronological and replicative 

life span of S. cerevisiae (Barros et al., 2004). Also, in the present study, the recovery in 

the growth curve parallel to a rise in the total respiratory rates of pYES2AtAOX1a 

compared to pYES2 in presence of KCN reveals the significance of AOX catalyzed 

respiration in maintenance of S. cerevisiae cell growth (Fig. 6.3B-D). 
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ROS production is a common phenomenon in cells which occurs during aerobic 

respiration or in response to several biotic or abiotic stresses. However, if they exceed 

beyond detoxification capacity of the cell’s antioxidant machinery, it leads to oxidative 

stress (Finkel, 2003; Apel and Hirt, 2004; Asada, 2006). Yeast cells are known to show a 

range of responses depending on the concentration of cellular ROS. At very low levels of 

ROS, the cells try to adapt themselves. While at higher levels, cells activate their 

antioxidant defence system which is mediated by Yap1p and Msn2,4p transcription 

factors (Perrone et al., 2008). But, at further higher levels, ROS may arrest cell cycle 

leading to apoptosis (Farrugia and Balzan 2012; Ayer et al., 2014). In the present study, 

the higher levels of cellular ROS induced by KCN, H2O2 or t-BOOH in pYES2 were 

positively correlated with cell death and negatively correlated with growth recovery. In 

contrast, the lower levels of ROS, better survival rate and growth recovery recorded 

under oxidising environment in pYES2AtAOX1a indicate the importance of AOX 

catalyzed respiration in mitigating the cellular ROS production (Figs. 6.4 and 6.5). 

 In addition, redox homeostasis is a basic requirement to maintain the cellular 

metabolism and ROS, particularly, during aging (Wheeler and Grant, 2004; Ayer et al., 

2014). Accumulation of NADH levels is known to decrease the Sir2 activity, which is 

essential for chromatin silencing and extension of life span. Thus, any increase in the 

redox ratio of NAD
+
/NADH extends the chronological as well as replicating life span of 

yeast cells (Lin et al., 2002 and 2004). In agreement with these findings, 

pYES2AtAOX1a showed an increase in the NAD
+
/NADH ratio when compared with 

pYES2 upon treatment with H2O2 or t-BOOH. These results elucidate the importance of 

AtAOX1a in maintenance of cellular redox homeostasis to increase the life span as 

evident by cell survival rate of S. cerevisiae (Figs. 6.5A, B and 6.7C). 

 Further, sulphydryl (‒SH) group plays a critical role in proper functioning of 

several of the enzymes, transcription factors and membrane proteins, which in turn play a 

significant role in maintaining the cellular redox homeostasis (Wheeler and Grant, 2004). 
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During oxidative stress, cysteine sulfhydryl residues are oxidized to disulfide bonds, 

thereby leading to a loss in protein activity. Glutaredoxins and thioredoxins are small 

heat-stable oxidoreductases which catalyze the reduction of disulfides to thiols using 

thiolated cysteine residues present in the active sites (Rietsch and Beckwith, 1998; 

Wheeler and Grant, 2004; Herrero et al., 2008). A few studies reported the role of 

glutaredoxins and thioredoxins in supplying reducing equivalents to the regulatory 

sulfhydryl/disulfide system to activate AOX which play a role in preventing over-

reduction of mitochondrial electron transport carriers and thereby ROS generation 

(Purvis, 1997; Gelhaye et al., 2004; Arnholdt-Schmitt et al., 2006). In the present study, 

several fold increase in the transcript levels of GPX2 and TSA2 in pYES2 and their down-

regulation in pYES2AtAOX1a in presence of H2O2 or t-BOOH suggest the role of 

AOX1a in regulating the expression of GPX2 and TSA2, which play a role in 

detoxification of ROS and maintenance of cellular redox balance (Figs. 6.5, 6.6A, B and 

6.7C). 

 The results from the present study suggest that transformation of AtAOX1a 

introduced the AOX catalysed respiration in S. cerevisiae. During oxidative stress, 

AtAOX1a compromise against GPX2 and TSA2 to maintain cellular redox homeostasis, 

mitigate ROS generation and thereby better cell survival rate. 

*** 
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Chapter 7 

Summary and Conclusions 

The present study aimed to investigate the physiological impact of AOX, particularly 

AOX1a isoform during oxidising conditions. To reveal the importance of AOX1a in 

protecting photosynthesis from oxidative stress caused by HL, the leaf discs of WT and 

aox1a mutant of A. thaliana were treated with different light intensities (50, 250, 500 and 

700 µmol photons m
-2

 s
-1

) and found a significant decrease in HCO3 dependent O2 

evolution (an indicator of Calvin cycle) at 700 µmol photons m
-2

 s
-1

 light intensity (Figs. 

4.1 and 4.2). Hence, in further studies HL stress was given by illuminating the leaves at 

700 µmol photons m
-2

 s
-1

. Under growth light (50 µmol photons m
-2

 s
-1

) conditions, 

aox1a plants did not show any changes in photosynthetic parameters, redox ratio of 

pyridine nucleotides, or respiratory O2 uptake when compared to WT. However, upon 

exposure to HL, parallel to a decrease in O2 evolution, Fv/Fm ratio, quantum yield of PSII, 

electron transport rates of PSII, photochemical quenching and non-photochemical 

quenching were significantly decreased in aox1a when compared with WT (Figs. 4.3 and 

4.4). Further, the reducing equivalents accumulated with concomitant rise in total cellular 

ROS and MDA content in aox1a as compared to WT (Figs. 4.5-4.7). The transcript levels 

of several genes related to antioxidative system, malate-OAA shuttle, photorespiratory 

and respiratory enzymes was higher in aox1a compared to WT (Fig. 4.8). Taken together, 

these results demonstrate that under HL, in spite of a significant increase in transcript 

levels of several genes mentioned above to maintain cellular redox homeostasis and 

minimize ROS production, Arabidopsis plants deficient in AOX1a were unable to sustain 

photosynthesis as is the case in WT plants. 

Subsequently, we investigated the impact of AOX1a in optimizing the 

photosynthesis during restriction of COX pathway at complex III. The leaf discs of WT 

and aox1a of Arabidopsis were treated with AA under growth light. In absence of AA, 
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both WT and aox1a genotypes did not show any difference in physiological, biochemical 

or molecular parameters. But, after AA treatment, aox1a showed significant reduction in 

both respiratory O2 uptake and NaHCO3 dependent O2 evolution as compared to WT 

(Fig. 5.1). Chlorophyll fluorescence and P700 studies revealed that in contrast to WT 

genotype, aox1a was incapable of maintaining the electron flow in chloroplastic electron 

transport chain and thereby low NPQ was observed. In contrast to aox1a mutant, WT 

showed an increase in ascorbate level and NPQ induction, which suggest that there is a 

strong correlation among ascorbate level, NPQ induction and AOX (Figs. 5.2, 5.3 and 

5.5). Thus, these results further emphasize the role of AOX1a in dissipating the excess 

heat from chloroplasts. Further, aox1a exhibited disturbances in cellular redox state of 

pyridine nucleotides and consequently increase in ROS, followed by lipid peroxidation as 

compared to WT (Figs. 5.4, 5.7 and 5.8). On the other hand, WT showed significant 

increase in transcript levels of CSD1, CAT1, sAPX, COX15 and AOX1A in contrast to 

aox1a (Fig. 5.9), which suggest that AOX1a deficiency during restriction of COX 

pathway led to enormous increase in ROS levels that could have damaged the antioxidant 

defense system at transcript/protein levels. Taken together, these results suggest that 

AOX1a is essential component of mitochondrial electron transport chain which plays a 

significant role in chloroplastic heat dissipation and maintenance of cellular redox 

homeostasis and thereby ROS levels to optimize photosynthesis during restriction of 

COX pathway at complex III (Fig. 5.10). 

After observing a substantial significance of AOX1a in optimizing photosynthesis 

by alleviating the photo-oxidative stress or chemically (AA) induced oxidative stress, it 

was intriguing to investigate its function across the kingdom (S. cerevisiae). Firstly, 

AtAOX1a was heterologously expressed in E. coli expression strain BL21(DE3)pLYsS 

for generating antibody against AtAOX1a, as no specific antibody was available 

commercially (Figs. 6.1 and 6.2). The S. cerevisiae cells with empty vector were named 

as pYES2, while cells transformed with AtAOX1a were named as pYES2AtAOX1a. 
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Oxidative environment was created by external supply of H2O2 and t-BOOH. In the 

presence of KCN, the total respiration was decreased twice in pYES2 when compared 

with pYES2AtAOX1a. On the other hand, in presence of SHAM, a drastic reduction in 

total respiration in pYES2AtAOX1a as compared to pYES2, which indicate the 

functional expression of AtAOX1a in the mitochondria of S. cerevisiae (Fig. 6.3). During 

oxidizing conditions, pYES2AtAOX1a showed better growth and survivilty accompanied 

by decrease in ROS levels, when compared with pYES2 (Figs. 6.4 and 6.5). 

Additionally, AtAOX1a modulated the cellular redox homeostasis and antioxidant gene 

expression (GPX2 and TSA2) during oxidative stress (Figs. 6.6 and 6.7). Hence, we 

conclude that expression of AtAOX1a in S. cerevisiae enhanced the respiratory capacity, 

which in turn mitigated the ROS levels and rescued the cells from oxidative stress. 

Conclusions 

1. AOX1a facilitates efficient photosynthetic performance under HL in A. thaliana. 

2. Deficiency in AOX1a leads to accumulation of ROS under HL. 

3. AOX1a plays a significant role in maintenance of cellular redox homeostasis.  

4. AOX1a deficiency enhanced interactions between alternative sinks: respiration, 

photorespiration, Mal-OAA shuttle and antioxidative system under HL to 

dissipate redox. 

5. During inhibition of COX pathway, AOX1a plays a crucial role inside the 

mitochondria for optimization of photosynthesis: (i) maintenance of the mETC 

redox homeostasis; (ii) preventing accumulation of reducing equivalents and 

thereby ROS generation and (iii) regulation of Asc biosynthesis. 

6. Also, AOX1a performs a wide range of functions outside the mitochondria when 

electron transport through COX pathway is inhibited which include: (i) 

sustenance of photosynthetic carbon assimilation; (ii) induction of NPQ; (iii) 

operation of Mal-OAA shuttle to dissipate excess chloroplastic reducing 
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equivalents and recycle redox carriers; (iv) maintenance of redox homeostasis by 

preventing the over-reduction of chloroplastic ETC carriers and ROS generation 

and (v) coordinate with antioxidative systems to maintain the cellular ROS at 

optimal levels. 

7. The expression of AtAOX1a in S. cerevisiae resulted in cyanide resistant 

respiration. 

8. AtAOX1a mitigate ROS generation in S. cerevisiae during oxidative stress. 

9. AtAOX1a regulates the NAD
+
/NADH ratio and extend the life span of  

S. cerevisiae during oxidative stress. 

10. AtAOX1a compromised against GPX2 and TSA2 during oxidative stress. 

*** 
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Future Directions 

 Improving crop plants Plants are often encountered by a wide range of biotic 

and abiotic stresses, which cause a great economic loss. Using transgenic 

approach, AOX can be over-expressed in crop plants to increase their tolerance 

level against several biotic/abiotic stresses as already has been demonstrated in 

present (Chapter 4 and 5) and previous studies in several model plants. 

 Industrial use Results from present study (Chapter 6) and previous study 

(Papagianni and Avramidis, 2012) suggest that genetic engineering of AOX in 

AOX-deficient fungus or bacterial strains might be beneficial in several aspects 

(e.g. growth, survival and preservative production like nisin against oxidative 

stress) at industrial level. 

 Disease remedy AOX has a unique feature of preventing over-reduction of 

mETC consequently, ROS accumulation and PCD. Therefore, artificial 

introduction of AOX pathway in animals including human might be a promising 

tool in curing many diseases caused by dysfunction of mitochondrial respiratory 

chain (e.g. Parkinson’s, Alzheimer’s, Leigh’s syndrome etc). 

*** 
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