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ABSTRACT 
 
 

ARABIDOPSIS NAC TRANSCRIPTION FACTORS: ROLES IN NATURAL AND 
 STRESS-INDUCED SENESCENCE 

 
Kashif Mahmood       Advisor: 

University of Guelph, 2014      Dr. Steven Rothstein 
    

 
 

Plant senescence is an important biological phenomenon that involves systematic 

degradation of plant cells and tissue structures. Whereas, this process is important for the 

efficient remobilization of nutrients from old tissues to newly developing sinks, induction 

of premature senescence in response to abiotic and biotic stresses is responsible for 

immense yield losses in crop plants worldwide. Investigating this process, therefore, 

holds a great promise in improving yield potential and nutritional quality under optimal 

and stress conditions. Plants respond to internal and external stimuli through the 

modulation of gene expression. Several members of the NAC [for NAM (no apical 

meristem), ATAF, and CUC (cup-shaped cotyledon)] transcription factor family are 

differentially expressed during developmental as well as during environmentally-induced 

senescence in Arabidopsis thaliana. The main objective of this thesis was to investigate 

the roles of three such senescence-induced members in Arabidopsis thaliana, ANAC032, 

ANAC046 and ANAC087, during natural senescence and under different stress 

conditions. The study involved the use of different transgenic approaches combined with 

molecular and biochemical analyses to determine the physiological functions of these 

transcription factors. The results showed that ANAC032 positively regulates natural and 



dark-induced leaf senescence. Detailed analyses of ANAC032 transgenic plants further 

showed that ANAC032 has a senescence promoting role in response to oxidative stress-

inducing conditions as well as during osmotic and salinity stresses. ANAC046 and 

ANA087 were not found to be important during natural leaf senescence. The detailed 

characterization of ANAC046 and ANAC087 transgenic lines in response to different 

oxidative stress-inducing conditions showed that ANAC046 positively regulates 

senescence in response to oxidative stresses imposed by 3-aminotriazole (3-AT) and 

paraquat treatment. In contrast, ANAC087 was only found to negatively regulate 

responses to fumonisin B1 (FB1), a fungal toxin which inhibits sphingolipid biosynthesis 

in plants upon fungal infection and also induces oxidative stress, suggesting that 

ANAC087 may be important in the regulation of plant defense responses. Furthermore, 

both ANAC046 and ANAC087 were found to positively regulate seed germination under 

abiotic stress conditions. This work illustrates the importance of these three NAC 

transcription factors during natural and stress-induced senescence in Arabidopsis 

thaliana. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Senescence 

Senescence is one of the most important developmental processes in the life cycle of 

plants and involves a highly regulated degradation of macromolecules, organelles, and 

tissues. During this process, plants undergo a dramatic shift from anabolic activities to 

catabolic activities which is characterized by a reduction in photosynthetic activity and an 

increased degradation of organelles resulting in a release and recycling of nutrients to 

sink tissues (newly developing leaves, seeds, or tubers). Such remobilization of the 

nutrients during senescence ensures reproductive success, and determines final seed yield 

and quality in crop plants (Lim et al. 2007). However, various unfavourable growth 

conditions, like biotic and abiotic stresses, hasten the onset of senescence during  

vegetative growth and are responsible for an immense loss in agricultural productivity 

worldwide (Miao et al., 2004; Buchanan‐Wollaston et al., 2005; Zhang & Gan, 2012, Lee 

et al., 2012). Plant leaf senescence is a complex process controlled by both genetic and 

environmental factors (Figure 1.1). The coordination between physiological, biochemical, 

and molecular regulatory pathways during senescence leads to various changes in cell 

structures, metabolism and gene expression (Buchanan‐Wollaston et al., 2005, Lim et al., 

2007). Understanding these mechanisms is of great significance particularly in the 

development of crops with improved yields, stress tolerance and the improved shelf life 

of the final product via manipulating the onset of senescence. 
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1.2 Structural changes during leaf senescence 

During senescence, a series of structural and biochemical changes take place at the 

cellular level in a sequential manner. Symptoms of senescence initially begin in the 

mesophyll cells of the leaves and progress to other cell types. Chloroplasts, which contain 

more than a half of the leaf proteins, are the first organelles to show signs of 

disorganization which coincide with visible changes in leaf color due to chlorophyll 

breakdown. Chloroplasts undergo both quantitative and qualitative changes in the 

lamellae, grana structure and lipid globules followed by disintegration of the thylakoid 

membrane system (Barton, 1966). Modifications in other organelles, such as swelling of 

the endoplasmic reticulum, the collapse of polysomes, and disappearance of ribosomes 

also take place as senescence proceeds (Biswal and Biswal, 1988). The nucleus and 

mitochondria stay intact until the final stages of senescence in order to allow for the 

recycling of nutrients (Smart, 1994). Mitochondria decrease in size with disorganization 

and loss of cristae whereas the nuclear contents undergo aggregation and shrinkage with 

vesiculation of the nuclear membrane (Biswal and Biswal, 1988). The characteristic 

features of programmed cell death such as chromatin condensation and DNA laddering 

appear towards the end stage of senescence, eventually leading to visible dissolution of 

plasma and vacuolar membranes and death of the cell in senescent leaves (Simeonova et 

al., 2000; Yen & Yang, 1998). 

1.3 Biochemical changes during senescence 

Leaf senescence involves a wide range of metabolic changes associated with multiple 

biochemical pathways (Quirino et al., 2000; Noodén et al., 1997). In conjunction with 

structural disintegration, biochemical changes in senescing leaves begin with a marked  
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Figure 1.1: An overview of the molecular basis of leaf growth and senescence. 
Figure outlines the different stages of leaf development and ageing. Various internal and 
external factors that regulate the developmental ageing process in plant leaves are shown 
(adapted from Woo et al., 2013). 
 

metabolic shift from anabolic to primary catabolic processes. An overall reduction in the 

cytoplasmic volume and number of polysomes and ribosomes in senescent cells results in 

diminished synthesis of rRNA and proteins with a parallel loss of photosynthetic activity 

(Bleecker & Patterson, 1997). Additional biochemical changes take place to allow 

nutrient salvage; macromolecules like proteins, lipids and nucleic acids are hydrolyzed 

and the resulting nutrients are transferred out of the leaf to be stored in the developing 

sinks. One study reported more than 50% reduction in levels of various compounds (Mo, 

Cr, S, Fe, Cu and Zn) in senescent leaves and 80% decrease in valuable nutrients such as 

nitrogen, phosphorus and potassium when compared to young leaves (Himelblau & 

Amasino, 2001). 
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Increased catabolism during leaf senescence requires an increase in the levels of 

enzymes that catalyze the hydrolysis of macromolecules and cellular structures. As a 

result, the level of a variety of enzymes involved in the breakdown of lipids and amino 

acids are increased. The metabolism of lipids, in particular membrane lipids, is mediated 

through phospholipase D, phosphatidic acid phosphatase, lytic acyl hydrolase, and 

lipooxygenases, resulting in membrane structural and functional loss (Thompson et al., 

1998; Thompson et al., 2000). Fatty acids released in the process either contribute as an 

energy source for the senescence process or are shuttled into the glyoxylate cycle to form 

α-ketoglutarate which is further converted into phloem mobile sugars via gluconeogensis 

(Hörtensteiner & Feller, 2002; Thompson et al., 1998). Chlorophyll degradation is 

associated with the loss of chloroplast proteins such as ribulose bisphosphate carboxylase 

(Rubisco) and chlorophyll a/b binding protein (CAB). Rubisco is the chief enzyme 

required for CO2 fixation both during senescence and stress and also constitutes a 

significant portion of the leaf protein. Proteolysis of Rubisco and several other stromal 

proteins can be initiated non-enzymatically through reactive oxygen species (ROS) 

(Ishida et al., 1998). Several endo- and exopeptidases act on proteins to free amino acids, 

particularly senescence associated cystein proteases which are localized in vacuoles 

(Hörtensteiner & Feller, 2002; Otegui et al., 2005). Increase in cystein proteases has also 

been observed in reaction to stresses such as cold and drought (Srivalli et al., 2001). As 

senescence proceeds, the total cellular RNA level also falls rapidly owing to its 

breakdown by nucleases and RNases, and the initial reduction of chloroplast and 

cytoplasmic rRNA is followed by marked decreases in mRNA and tRNA levels (Taylor 

et al., 1993). Organic nitrogen, including free amino acids released from the protein 
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turnover, becomes available for phloem loading via conversion to common mobile forms 

such as glutamine and asparagine through the action of transaminases (Diaz et al., 2008). 

Therefore, the salvage of nutrients characteristic of senescence involves a complex array 

of metabolic pathways. 

1.4 Hormonal regulation of senescence 

Like animals, plants also produce different types of hormones (phytohormones) which 

play indispensable roles during plant development. Phytohormones regulate a variety of 

physiological and developmental process in plants ranging from seed germination, 

vegetative and reproductive growth, to leaf senescence and programmed cell death 

(Santner & Estelle, 2009).  Numerous studies have recently demonstrated the importance 

of phytohormones in the regulation of leaf senescence in different plant species. 

Cytokinins are an important class of plant hormones and their levels decrease 

drastically during leaf senescence, suggesting an important link between leaf senescence 

and cytokinin biosynthesis and signalling (Lim et al., 2007). This role was confirmed by 

the exogenous application of cytokinins which were found to delay senescence in a 

variety of species (Hwang et al., 2012). Functional analyses of mutants involved in 

cytokinin biogenesis and signaling further support the negative role of cytokinins during 

leaf senescence as well as being important for tolerance during abiotic stresses (Lim et 

al., 2007; Hwang et al., 2012). 

Auxin is another very important and indispensable hormone that is involved in a 

variety of developmental processes such as apical dominance, root and shoot 

development, branching, tropisms and flowering (Kelley & Estelle, 2012). Although the 

levels of active auxins are elevated with the progression of senescence (Lim et al., 2007), 
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their roles in the regulation of leaf senescence are not yet clear. Recently, the 

identification of a mutation in SAUR36 has led to a proposed positive role of auxins in 

the regulation of leaf senescence (Hou et al., 2013). However, characterization of 

transgenic plants overexpressing the auxin biosynthesis gene, YUCCA6, and analysis of 

an auxin response factor mutant, ARF2, a negative regulator of auxin signaling, suggest 

that auxins delay leaf senescence (Im et al., 2011; Lim et al., 2010). The presence of two 

opposing responses during leaf senescence implies that auxin-mediated signaling during 

leaf senescence is complex and needs further investigation. 

Ethylene is the only hormone that exists in gaseous form under optimum growth 

conditions and it controls diverse physiological processes including senescence (Jing et 

al., 2005; Lim et al., 2007). The role of ethylene in leaf abscission and yellowing is well 

established, while the molecular basis of how ethylene regulates leaf senescence has been 

determined recently. Reduced expression of an ethylene biosynthesis gene, ACC synthase 

which encodes for 1-aminocyclopropane-1-carboxylic acid synthase, has been shown to 

delay senescence in many plant species (Lim et al., 2007). This observation supports the 

senescence-promoting role of ethylene in plants. Interestingly, mutants overproducing 

ethylene constitutively display a wild-type pattern of senescence, suggesting that mere 

ethylene production is not sufficient to induce senescence and other factors like age are 

also important signals in ethylene-mediated senescence (Jing et al., 2005). Functional 

studies of mutants with impaired ethylene signaling, ein2 and etr1, further support the 

senescence promoting role of ethylene.  A model has recently been proposed for 

ethylene-mediated leaf senescence in Arabidopsis thaliana. The proposed model explains 

an interesting interplay among three key players; EIN2, ORE1 and miRNA164. During 
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early vegetative growth, transcript levels of ORE1 are regulated by miRNA164.  

However as plants age, reduction in the expression of miRNA164 takes place which 

releases the repression of ORE1. EIN2 was shown to inhibit the expression of 

miRNA164 and at the same time promoted ORE1 expression to regulate leaf senescence 

(Kim et al., 2009). Interestingly, the ORE1 mutant itself displayed delayed senescence 

and was shown to regulate the expression of many senescence associated genes (SAGs) 

in Arabidopsis thaliana (Kim et al., 2009; Balazadeh et al., 2010). 

Abscisic acid (ABA) is another plant hormone with many important signaling 

roles in seed germination, stomatal movement and responses to various stress conditions 

(Zhu, 2002; Seo & Koshiba, 2002). Exogenous application of ABA has been shown to 

promote leaf senescence (Lim et al., 2007). Recently, two different mutants, RPK1 and 

SAG113, have been identified in Arabidopsis thaliana. The expression of both of these 

genes is induced by ABA treatment. Functional analyses of these mutants further support 

a promoting role of ABA in leaf senescence (Lee et al., 2011; Zhang et al., 2012). 

Salicylic acid (SA) represents another class of plant hormones that belongs to the 

phenolic group of metabolites. Salicylic acid is well-known for its role in triggering 

defence responses against biotrophic pathogens including the hypersensitive response 

(HR) and systemic acquired resistance (SAR) (Shirano et al., 2002). SA levels increase 

during leaf senescence. Functional analysis of mutants with impaired SA biosynthesis 

display delayed leaf senescence which suggests a positive regulatory role of salicylic acid 

during leaf senescence (Morris et al., 2000). Recently, three members of the SA-inducible 

WRKY transcription factor family, WRKY-53, -54, and -70, have been found to regulate 
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leaf senescence in Arabidopsis thaliana, which is indicative of an SA contribution to the 

regulation of leaf senescence (Miao et al., 2004; Besseau et al., 2012). 

Jasmonic acid (JA) is a plant hormone that belongs to the oxylipin class of 

signaling molecules and has been shown to regulate an array of developmental process in 

plants such as seed germination, flower development, fruit ripening and responses to 

biotic and abiotic stresses. Several lines of evidence suggest a positive regulatory role of 

JA during leaf senescence. Senescing leaves have been found to contain higher levels of 

JA compared to younger ones (Seltmann et al., 2010). Furthermore, exogenous treatment 

with JA has been shown to induce senescence in various plant species and this was 

associated with increased expression of many senescence associated genes as well as the 

enzymes involved in the degradation of chlorophyll (Reinbothe et al., 2009; Shan et al., 

2011). However, plants with impaired JA synthesis or signaling exhibited no significant 

differences in the onset or progression of leaf senescence compared to background plants, 

suggesting that JA may not be essential for this process (Seltmann et al., 2010). 

1.5 Role of ROS generation during leaf senescence 

Reactive oxygen species (ROS) are produced as by-products of various metabolic 

pathways in plants. Generation of ROS was initially regarded as harmful. However, 

several lines of evidence have indicated that ROS also play important signalling roles 

during normal plant development involving programmed cell death (PCD) (Mittler et al., 

2002; Van Breusegem & Dat, 2006). A rigorous temporal and spatial regulation of ROS 

production and their efficient scavenging is thus required to fulfill their signaling role 

during normal plant development. Furthermore, several abiotic and biotic stresses are 

known to enhance ROS generation in plants (Apel & Hirt, 2004). Plants undergoing 
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developmentally regulated senescence also show increased accumulation of ROS as they 

proceed through this phase. This observation appears to support the hypothesis that an 

uncontrolled production of reactive oxygen species is an important factor in the onset of 

senescence in plants (Harman 1981; Thompson et al., 1987; Prochazkova & Wilhelmova, 

2007).  Increased ROS accumulation during age-regulated and stress-induced senescence 

thus appears to be a common signal perceived by plants to induce leaf senescence. 

Failure to regulate ROS generation and their scavenging during different stress conditions 

induces oxidative stress that ultimately causes cell death. 

1.5.1 Types of ROS generation 

Diverse metabolic activities inside different organelles/compartments of plant cells 

generate different type of reactive oxygen species (ROS) (Mittler, 2002; Apel & Hirt, 

2004). These ROS differ based on their chemical structures, half-life, toxicity and their 

ability to interact with other cellular metabolites. ROS exist in both radical and non-

radical forms. Radical forms of ROS include the superoxide radical (O2
•−), hydroxyl 

radical (•OH), perhydroxyl radical (HO2
•), and alkoxy radical (RO•), whereas, singlet 

oxygen (1O2) and hydrogen peroxide (H2O2) represent the non-radical forms of ROS. If 

the production of these ROS go unimpeded, a phenomenon commonly observed during 

acute stress conditions, these ROS can damage different biomolecular structures 

including proteins (protein carboylation), lipids (lipid peroxidation), and nucleic acids, 

ultimately leading to cell death (Figure 1.2) (Gill & Tuteja., 2010). 

1.5.2 Antioxidant systems 

Since overproduction of ROS is detrimental and may lead to oxidative stress, plants have 

evolved efficient antioxidant systems to maintain and regulate the intracellular  
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Figure 1.2: Induction of ROS and cell death in plants. 

The figure illustrates the production of different types of reactive oxygen species (ROS) 
by potential internal and external factors that ultimately lead to plant cell death (adapted 
from Gill & Tuteja, 2010). 
 
 
 
concentrations of these ROS. Two different types of antioxidant systems exist in plants: 

enzymatic and non- enzymatic antioxidant systems. The enzymatic antioxidant system 

includes superoxide dismutase (SOD), catalases (CAT), ascorbate peroxidase (APX), 

guaicol peroxidase (GPX), glutathione reductase (GR), monodehydrate reductase 

(MDHAR) and dehydroascorbate reductase (DHAR). The major components of the non-
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enzymatic antioxidant system include ascorbic acid (Vitamin C), α-tocopherol (Vitamin 

E), carotenoids, proline and flavonoids. There is growing evidence that provides further 

support for the importance of the non-enzymatic antioxidant systems in protection against 

stress-induced oxidative stress (Mittler, 2002; Gill & Tuteja, 2010). Table 1 summarizes 

the different types of enzymatic and non-enzymatic antioxidant systems and the nature of 

the chemical reactions they carry out to detoxify different ROS (Prochazkova & 

Wilhelmova, 2007). Given their ameliorative role against ROS-induced toxicity, various 

studies involving the overexpression of different components of enzymatic antioxidant 

and non-enzymatic systems have demonstrated increased tolerance against abiotic 

stresses in various plant species (Wang et al., 2004; Hamid Badawi et al., 2004; 

Matsumura et al., 2002; Leterrier et al., 2005; Ushimaru et al., 2006; Yoshimura et al., 

2004). 

1.5.3 Sites of ROS production 

In plants, mitochondria, chloroplasts and peroxisomes are the potential sites of ROS 

generation (Mittler, 2002). Moreover, enzymes localized on the plasma membranes and 

in the apoplastic cavities of the plants cells have also been shown to produce ROS in 

plants (Torres & Dangl, 2005). Chloroplasts are considered the major site of ROS 

production. Most ROS types, such as singlet oxygen, superoxides, hydroxyl radicals and 

hydrogen peroxide are produced in these photosynthetically important organelles. Singlet 

oxygen (1O2) is produced by the reaction of molecular oxygen with a photo-excited 

chlorophyll molecule (triplet Chl). Generation of singlet oxygen is increased dramatically 

particularly during high light stress (Triantaphylides et al., 2008). Given singlet oxygen’s  
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Table 1: Major ROS scavenging enzymatic and non-enzymatic antioxidant 
components. Table is reproduced from Prochazkova & Wilhelmova, 2007. 

Antioxidant systems (AOS) Reactions catalyzed 

Enzymatic AOS  

Superoxide dismutase (SOD) 2 O2
˙⎯+ 2H+⇒ O2 + H2O2 

Catalase (CAT) 2 H2O2⇒ 2 H2O+ O2 

Guaicol peroxidase (GPX) H2O2 + 2 GSH ⇒2H2O + GSSG 

Ascorbat peroxidase (APX) H2O2 + 2 Asc⇒2H2O + 2MDHA 

Monodehydroascorbatreductase (MDHAR) 2MDHA + NAD(P)H + H+⇒2Asc + NAD(P)+ 

Dehydroascorbatreductase (DHAR) DHA + 2GSH ⇒Asc + GSSG 

Glutathione reductase (GR) GSSG + NAD(P)H + H+ ⇒2GSH + NAD(P)+ 

Non-Enzymatic AOS  

Ascorbic acid (Vitamin C) Asc + H2O2⇒ 2H2O + DHA 

α-tocopherol (Vitamin E) α-toc + LOO˙. ⇒ α-toc. + LOOH 

β-carotene (β-Car) β-car + ROO˙. ⇒ β-car. + ROOH 

 3Chl* + β-car ⇒1Chl + 3β-car* 

 

 

toxicity, plant chloroplasts avoid its over-accumulation using β-carotene, α-tocopherol, 

and plastoquinone. The incomplete removal of singlet oxygen leads to the induction of 

genes involved in defence response to photo-oxidative stress as an alternate form of 

protection (Krieger-Liszkay et al., 2008). Additionally, increased electron flow through 

the electron transport in photosystem I (PS1) leads to generation of superoxides (O2
•-) 

which are also toxic radicals and can be damaging to the photosynthetic apparatus, and, 

therefore, are quickly dismutated into H2O2 by chloroplastic SOD systems (Asada, 1999). 

H2O2 is less toxic but more stable compared to singlet oxygen and superoxides, and can 

defuse out of chloroplasts into the cytosol. Since, high concentrations of H2O2 can 



13 
 

damage the photosystems and other cellular compartments, H2O2 is generally quickly 

converted into water and molecular oxygen by the ascorbate peroxidase system (Asada, 

1999). 

In mitochondria, the generation of superoxides takes place due to transfer of 

electrons to molecular oxygen in the Complex I and III of the electron transport chain 

(Navrot et al., 2007). Other ROS types such as H2O2 and •OH radicals are subsequently 

produced from further conversion of these superoxide radicals in the mitochondria 

(Rhoads et al., 2006, Navrot et al., 2007). Plant mitochondria are equipped with efficient 

ROS scavenging antioxidant systems such as mitochondrial SODs and alternative 

oxidases (AOX) to deal with these ROS (Morgan et al., 2008, Navrot et al., 2007). 

Peroxisomes are metabolically highly active plant organelles and are known to 

produce reactive oxygen species, mainly superoxides and hydrogen peroxides. At least 

two sites for superoxide production have been identified in peroxisomes. Oxidation of 

xanthine and hypoxanthine by xanthine oxidase (XOD), and a small electron transport 

chain comprised of a flavoprotein NADH, localized in the peroxisome membranes, serve 

as potential sites of superoxide generation in plant peroxisomes. Furthermore, the 

disproportionation of these superoxides could also lead to H2O2 production (Luis et al., 

2002). Additionally, various metabolic activities in the peroxisomes have also been 

shown to produce H2O2 directly, such as photorespiration, fatty acid β-oxidation and the 

enzymatic reactions of flavin oxidases (Luis et al., 2002, Gill & Tuteja, 2010). Since 

over-accumulation of H2O2 in peroxisomes could impose oxidative stress, the peroxisome 

localized catalases serve to detoxify the detrimental effects of H2O2 by its conversion into 

molecular oxygen and water (Luis et al., 2006; Mittler, 2002, Gill & Tuteja, 2010). 
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Apart from intracellular ROS generation, NADPH oxidases (also known as 

respiratory burst oxidase homologs, RBOH) localized on the plasma membranes of plant 

cells catalyse the production of superoxides (O2
•-) by the reduction of molecular oxygen 

(O2) using NADPH as an electron donor (Foreman et al., 2003; Apel & Hirt, 2004) These 

superoxides are either dismutated into H2O2 or converted into hydroxyl radicals (•OH). 

The latter are very toxic and initiate a series of reactions that cause damage to the plasma 

membrane and ultimately lead to plant cell death. The Arabidopsis genome encodes ten 

members of NADPH oxidase and some of the members have been shown to regulate 

ROS–mediated responses to biotic and abiotic stress conditions and plant development 

(Torres & Dangl, 2005). Furthermore, cell wall peroxidases, oxalate oxidases, and amine 

oxidases serve as additional sources of hydrogen peroxide (H2O2) production in the 

apoplast (Bolwell & Wojtaszek, 1997). 

1.6 Transcriptional regulation of leaf senescence 

The onset of plant senescence is manifested by changes at the molecular, biochemical and 

metabolic levels. At the molecular level, a modulation in the expression of a large 

number of genes takes place in the senescing leaves compared to non-senescing ones 

(Buchanan‐Wollaston et al., 2005; Breeze et al., 2011). These senescence-induced genes 

are termed senescence-associated genes (SAGs) and in Arabidopsis, more than a 

thousand genes have been identified to be differentially expressed during leaf senescence 

(Liu et al., 2011, Guo et al. 2004; Breeze et al., 2011). Interestingly, more than a hundred 

genes belonging to different families of transcription factors are induced during leaf 

senescence. Induction of such a large number of transcription factors suggests the 

importance of transcriptional regulation in the execution of leaf senescence and nutrient 
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remobilization (Guo et al. 2004; Breeze et al., 2011). Most of these transcription factors 

belong to two major plant-specific families of transcription factors, WRKY and NAC. 

Nevertheless, members from other TF families like the MYB, C2H2 zinc-finger, bZIP, 

and AP2/EREBP families, were also identified as senescence-associated genes (Guo et al. 

2004; Breeze et al., 2011). 

1.6.1 Role of WRKY genes during leaf senescence 

The WRKY TF family is a plant-specific family of transcription factors with 74 members 

in Arabidopsis thaliana.  WRKY genes have been shown to regulate diverse 

physiological processes including plant defence and senescence (Pandey & Somssich, 

2009; Rushton et al., 2010; Miao et al. 2007). The 60 amino acid long DNA-binding 

domain in WRKY proteins is highly conserved and contains a zinc finger-type motif.  

The appearance of several members of the WRKY family in various transcriptome 

studies of developmental leaf senescence implicated their role in the regulation of leaf 

senescence (Guo et al. 2004; Breeze et al., 2011). The first direct evidence of their 

possible regulatory role in leaf senescence came from the functional analysis of 

WRKY53 transgenic lines in Arabidopsis thaliana. WRKY53 RNAi and knock-out lines 

displayed a significant delay in leaf senescence. In contrast, the overexpression of 

WRKY53 caused precocious senescence in Arabidopsis transgenic plants, suggesting a 

positive regulatory role of WRKY53 in senescence. Pull down assays using genomic 

DNA and recombinant WRKY53 protein identified 60 putative target genes that act 

downstream of WRKY53  including SAG12 which encodes a cysteine protease, a well-

known marker of senescence in Arabidopsis (Miao et al. 2004). Recently, WRKY22, a 

direct downstream target of WRKY53, was shown to positively regulate dark-induced 
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senescence in Arabidopsis thaliana (Zhou et al., 2011). Interestingly, the DNA-binding 

activity of WRKY53 to its target promoters could be modulated by its interaction with 

different proteins. For example, a mitogen activated protein kinase kinase, MEKK1, 

physically interacts with WKRY53 and phosphorylates it, thereby increasing the DNA-

binding activity of WRKY53 to its target promoter (Miao et al., 2007). In contrast, 

interaction of WRKY53 with EPITHIOSPECIFYING SENESCENCE REGULATOR 

(ESR), a negative regulator of leaf senescence, inhibits the DNA-binding activity of 

WRKY53 with the promoter regions of its target genes (Miao and Zentgraf, 2007). 

Additionally, two more structurally similar WRKY transcription factors, WRKY54 and 

WRKY70, were identified as negative regulators of leaf senescence. The single mutants 

of wkry54 and wrky70 displayed a weak leaf senescence phenotype. However, the double 

mutant wkry54 wrky7 showed clear early senescence, suggesting these two WRKY genes 

play a redundant role in the negative regulation of leaf senescence (Besseau et al., 2012). 

Thus WRKY transcription factors appear to regulate leaf senescence in both positive and 

negative ways. 

1.6.2 Role of NAC transcription factors during leaf senescence 

The first microarray based transcriptome analysis of Arabidopsis senescing leaves 

revealed the upregulation of at least 20 NAC genes (Guo et al. 2004). The appearance of 

most of these NAC genes in the detached leaves of Arabidopsis during dark-induced 

senescence (Buchanan-Wollaston et al. 2005) and in Arabidopsis plants exposed to 

different abiotic stresses (Chen et al. 2002, Peng et al., 2007) suggests that plants 

integrate similar signals during developmentally regulated and stress induced senescence. 

Recently, a high-resolution temporal profiling of Arabidopsis transcripts has shown that 
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the expression of at least 30 of 117 NAC genes was altered markedly during natural 

senescence (Breeze et al., 2011). Consistent with this, several members of the NAC 

transcription factor family were also identified in the transcriptome analysis of a 

senescing flag leaf in wheat (Gregersen & Holm, 2007). These finding further support the 

important role of NAC genes during leaf senescence in different plant species. 

The first genetic evidence of NAC transcription factors regulating leaf senescence 

came from the functional analysis of AtNAP/ANAC029 in Arabidopsis thaliana. AtNAP 

expression was specifically induced in senescing leaves (Guo et al. 2004). Functional 

analysis of an AtNAP mutant showed that leaf senescence was markedly delayed in the 

rosette leaves. The chemically inducible expression of AtNAP in wild-type plants, 

however, resulted in precocious senescence in the leaves of Arabidopsis thaliana. These 

findings assigned a positive role to AtNAP in the regulation of leaf senescence (Guo & 

Gan, 2006). Further studies indicated that AtNAP regulates leaf senescence partially by 

directly regulating the expression of a senescence associated gene, SAG113. SAG113 

encodes a Golgi localized protein phosphatase 2C family protein phosphatase, and acts as 

a negative regulator of abscisic acid (ABA) mediated stomatal closure and water loss 

specifically during leaf senescence (Zhang & Gan, 2012). The delayed senescence 

phenotype of the AtNAP mutant was reverted to wild-type when transformed with its 

homologs from rice and kidney beans (Guo & Gan, 2006). Interestingly, a dominant 

premature leaf senescence mutant, prematurely senile 1 (ps1-D), has recently been 

identified in rice. Genetic analysis of the mutant revealed that PS1 encodes a plant 

specific NAC transcription factor, a homolog of AtNAP in rice. Similar to AtNAP, the 

expression of OsNAP was induced specifically in senescing leaves as well as upon ABA 
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treatment. Overexpression of OsNAP induced premature senescence in rice plants and its 

downregulation using the RNAi approach significantly delayed this process. The delayed 

senescence resulted in a significant improvement of grain yield, possibly due to an 

extended grain filling period. ChIP-PCR and yeast one-hybrid assays demonstrated 

that OsNAP binds directly with the promoter regions of genes related to chlorophyll 

degradation, nutrient transport and senescence-associated genes, and thus positively 

regulates leaf senescence (Liang et al., 2014). These results demonstrate an evolutionary 

conserved role of the NAP gene and its homologs during leaf senescence and their 

importance in major crop plants. 

In wheat, the role of a NAC transcription factor in regulating plant senescence and 

nutrient remobilization was identified through map-based positional cloning of GPC-B1, 

a quantitative trait locus, which is associated with increased grain protein, iron and zinc 

contents. This locus encodes a NAC transcription factor, NAM-B1, in ancestral wild 

wheat cultivars, while modern wheat cultivars contain its non-functional allele. 

Knockdown of NAM homologs using an RNAi approach in wheat demonstrated an 

interesting phenotype in terms of leaf senescence, grain size and grain quality. The 

process of senescence was significantly delayed in the NAM-B1 RNAi lines by several 

weeks. The delayed senescence was coupled with an increase in grain size along with the 

reduction in protein, iron and Zn contents by more than 30% in the grain (Uauy et al., 

2006, Asplund et al., 2010). This suggests an important role for the NAM-B1 locus in the 

regulation of senescence, which may provide an opportunity to enhance grain yield and 

grain nutritional quality in crop plants. 
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Another Arabidopsis mutant displaying delayed senescence, ORESARA1 (ORE1, 

ANAC092) was identified to have a mutation in one of the NAC genes, ANAC092. 

During the early vegetative phase, the expression of ORE1 is kept at a basal level by the 

increased expression of miRNA164. However, ORE1 is induced during leaf aging by 

ETHYLENE INSENSITIVE 2 (EIN2) (Kim et al., 2009). Recently, the senescence-

specific regulatory role of ORE1 has been extensively studied to identify events during 

transcription regulation of downstream genes as well as in protein-protein interactions. 

For example, the transcriptome analysis of an Arabidopsis transgenic line overexpressing 

ORE1/ANAC092 using an inducible system showed the upregulation of 170 genes, 

including 46% of known SAGs (Balazadeh et al., 2010). Furthermore, a senescence 

associated gene, BIFUNCTIONAL NUCLEASE1 (BFN1), was identified as a direct 

target of ORE1 suggesting that at least one of the functions of ORE1 during leaf 

senescence is the degradation of nucleic acids by activating the expression of BFN1 

(Matallana-Ramirez et al., 2013). An attempt to find the potential ORE1-interacting 

proteins led to the identification of two G2-like transcription factors, GLK1 and GLK2. 

Both of these genes are important for chloroplast development and maintenance. Based 

on their finding, the authors proposed a model to explain the physiological relevance of 

the ORE1- GLK1/GLK2 interactions during leaf senescence. In the early vegetative 

growth, increased miRNA164 expression keeps the ORE1 transcripts at low levels, 

whereas, GLKs are highly expressed during this phase and direct the activation of growth 

promoting genes required for chloroplast development and maintenance. As the leaves 

progress through the senescence phase, the increased accumulation of ORE1 and its 

interactions with GLKs result in the formation of non-functional heterodimers, which 
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cannot activate GLKs’ target genes (Rauf et al., 2013). Thus ORE1 appears to control 

leaf senescence by activating the expression of many SAGs as well as restraining the 

activity of other transcription factors through protein–protein interactions. 

A role of an H2O2 induced NAC transcription factor, JUB1/ANAC042 has been 

elucidated in Arabidopsis as a negative regulator of leaf senescence. Overexpression 

of JUB1 in Arabidopsis delayed leaf senescence significantly, dampened intracellular 

H2O2 levels, and conferred tolerance against various abiotic stresses. In contrast, 

jub1 knockdown plants exhibit early senescence and reduced tolerance to abiotic stresses. 

Transcriptome profiling of JUB1 overexpression lines showed a significant increase in 

the expression levels of the DREB2A gene and of other ROS responsive genes, including 

heat shock protein and glutathione S-transferase genes. The delayed senescence and 

tolerance to abiotic stress in JUB1 overexpression lines was therefore associated with 

modulation of cellular H2O2 levels through the activation of a gene network which 

involves DREB2A (Wu et al., 2012).  Similarly, a drought responsive NAC gene WITH 

TRANSMEMBRANE MOTIF 1-LIKE 4 (NTL4) was identified in the positive regulation 

of ROS generation during drought induced leaf senescence (Lee et al., 2012). 

Overexpression of a truncated protein of NTL4 devoid of the membrane tether region 

was able to bind directly to the promoters of AtrbohA and AtrbohE and drive their 

expression during drought-induced leaf senescence. Both AtrbohA and AtrbohE encode a 

plasma membrane localised NADPH oxidase. 

1.6.3 Role of other transcription factors during leaf senescence 

In addition to WRKYs and NACs, many other transcription factors were also identified 

as regulators of senescence in Arabidopsis thaliana. For example, RAV1, a member of 
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ABI3V/VP1 (RAV) was recently identified as a positive regulator of leaf senescence 

(Woo et al., 2010). Similarly, overexpression of an Arabidopsis R-R type MYB-like 

transcription factor, MYBL, led to the onset of an early leaf senescence phenotype, 

indicating that MBYL acts as a positive regulator of leaf senescence in Arabidopsis 

thaliana (Zhang et al., 2011). Furthermore, two other transcription factors, AUXIN-

RESPONSE FACTOR 2 (ARF2) and SIGNAL RESPONSIVE 1 (SR1), known to be 

involved in auxin and ethylene signalling, respectively, were recently characterized as 

positive regulators of leaf senescence (Lim et al., 2010; Nie et al., 2012). 

1.7 Research objective and hypotheses 

Understanding the molecular mechanisms underlying leaf senescence holds great 

significance in improving the genetic potential of crop plants to increase their nutritional 

quality as well as resistance against biotic and abiotic stresses. Various expression 

profiling studies have shown the importance of transcriptional regulation during natural 

and stress induced senescence in different plant species (Buchanan‐Wollaston et al., 

2005; Guo et al. 2004; Breeze et al., 2011). The NAC transcription factor family 

represents one of the largest and evolutionarily most conserved families of transcription 

factors in higher plants.  Identification of mutants in the NAC transcription factor family 

in different plant species has further shown the physiological importance of this family in 

the regulation of natural senescence as well as responses to biotic and abiotic stresses 

(Uauy et al. 2006; Kim et al., 2009; Wu et al., 2012; Liang et al., 2014). The main 

objective of this research was to investigate the roles of three members of the NAC 

transcription factor family, ANAC032, ANAC046 and ANAC087, in Arabidopsis 

thaliana. Given the induction of these genes during age dependent and stress induced 
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senescence (Chen et al., 2002; Guo et al. 2004; Peng et al., 2007; Breeze et al., 2011), it 

was hypothesized that these genes could play important roles in the regulation of natural 

and/or stress-induced senescence. The study involved the use of various genetic, 

molecular and biochemical approaches to determine the physiological functions of these 

genes. Results showed that ANAC032 positively regulates natural and stress induced 

senescence. ANAC046 and ANAC087 were only found to regulate responses to various 

oxidative stress conditions. Moreover, ANAC046 and ANAC087 were also found to 

positively regulate seed germination in response to different abiotic stresses. The current 

work demonstrates the significance of three novel NAC transcription factors during 

natural and/or stress-induced senescence in Arabidopsis thaliana. 
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CHAPTER 2: INVESTIGATING THE ROLE OF ANAC032 DURING NATURAL 
AND STRESS-INDUCED SENESCENCE IN ARABIDOPSIS THALIANA 

 

2.1 Introduction 

Senescence is an important developmental process in plants that precedes cell death. 

During developmentally regulated senescence, there is a dramatic shift from anabolic to 

catabolic activities. The outcome of this is a highly regulated degradation of cellular and 

tissue structures which facilitate the recycling of nutrients for developing sinks (Gan & 

Asamino, 1997; Buchanon-Wollaston et al., 2005; Lim et al., 2007). Abiotic and biotic 

stresses often interfere with normal developmental signals by inducing premature 

senescence in plants which accounts for major yield losses in agriculture worldwide. 

Therefore, studying the process of senescence may provide an opportunity to improve the 

qualitative and quantitative potential of crop plants under optimal and adverse growth 

conditions.  

A large number of genes specifically induced in senescing leaves have been 

identified in Arabidopsis thaliana. At the transcription level, the onset of senescence and 

leaf yellowing is demonstrated by a gradual reduction in the expression of photosynthesis 

genes (RBCS and Chl a/b binding protein, CAB) and increase in the expression of genes 

encoding enzymes involved in the degradation of chlorophyll, lipids, proteins and nucleic 

acids to allow nutrient recycling (Gan & Asamino 1997). For example, the expression of 

genes encoding Rubsico small subunit (RBCS) and chlorophyll a/b binding protein 

decreases as senescence progress, while the expression of genes involved in the 

degradation of macromolecules such as SAG12, SAG13, SAG14, SEN1, RNS1 and 

RNS2 increases in the senescing leaves. The expression of SAG13, SAG14, SEN1, RNS1 
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and RNS2 is also affected by different stress conditions; however, SAG12 expression is 

not affected by the stresses, and is induced only during developmentally regulated 

senescence (Gan & Asamino, 1997; Oh et al., 1997; Noh & Amasino, 1999; Brodersen et 

al., 2002).  

Reactive oxygen species (ROS) are inevitably produced inside cells as a result of 

diverse metabolic activities in plants. Electron transport chains (ETCs) localised in 

chloroplasts, mitochondria and peroxisomes of plants are the major sites of ROS 

production (Mittler, 2002). Peroxisomal acyl-coA oxidases (ACX) involved in fatty acid 

breakdown through β-oxidation and plasma membrane localized NADPH oxidases, also 

termed as RBOHs (respiratory burst oxidase homolog), serve as enzymatic sources of 

ROS production in plants (Mittler, 2002). Although, high levels of ROS are toxic to plant 

cells, low levels of ROS play essential signaling roles during various developmental 

processes (Mittler, 2002; Mittler et al., 2004; Apel & Hirt, 2004). Maintenance of 

homeostasis in ROS production thus requires a stringent spatio-temporal regulatory 

mechanism which is achieved by the employment of highly efficient antioxidant systems 

in plants. There are two types of antioxidant systems: enzymatic and non-enzymatic.  The 

major enzymatic antioxidant systems comprise superoxide dismutases (SODs), catalases 

(CATs), ascorbate peroxidases (APXs), gauicol peroxidases (GPX), glutathione 

reductases (GRs) and glutathione S-transferases (GSTs). Non-enzymatic antioxidants 

include ascorbic acid (Vitamin C), tocopherols (Vitamin E), carotenoids, and 

flavonoids/anthocyanin (Gill & Tuteja, 2010). As a plant ages, the activities of 

antioxidant systems gradually decrease which leads to over accumulation of ROS. The 
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increased ROS production promotes leaf senescence by: i) inducing the expression of 

senescence associated genes, and ii) through ROS mediated cell death.  

Anthocyanins belong to an important class of secondary metabolites, the 

flavonoids, and have been regarded as important components of the non-enzymatic 

antioxidant system. Anthocyanin biosynthesis increases in response to various stress 

conditions in different plant species (Chalker-Scott, 1999). Whereas, the enzymatic 

pathway involved in the biosynthesis of the anthocyanin has been well elucidated with 

the identification of a large number of mutants in different plant species, the 

transcriptional regulation of anthocyanin biosynthesis has emerged recently. The current 

mechanism of positive transcriptional regulation of anthocyanin biosynthetic pathway 

involves the formation of a protein complex comprising members of the MYB, bHLH 

and WD-repeat proteins in Arabidopsis thaliana. Interaction between PAP1(a MYb 

protein) and one of the three bHLH activators (TT8, EGL3, or GL3) facilitates the 

formation of transcriptional complexes with the WD-repeat transcription factor, TTG1, 

which results in the activation of anthocyanin biosynthesis genes (Teng et al., 2005, 

Gonzalez et al., 2008) .  At least four R2R3 MYB activators, PAP1, PAP2, MYB113, and 

MYB114, have been identified as positive regulators of anthocyanin biosynthesis. 

Additionally, a member of the NAC transcription factor family, ANAC078, has also been 

shown to positively regulate anthocyanin biosynthesis during high light stress conditions.  

Interestingly, transcription factors that negatively regulate anthocyanin biosynthesis have 

also been identified recently in Arabidopsis thaliana. In the context of negative 

regulation, a member of the MYB transcription factor family, AtMYBL2, and three 

members of the Lateral Boundary Domain transcription factor family, LBD37, LBD38 
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and LBD39, have been identified to directly repress the expression of anthocyanin 

biosynthesis genes (Matsui et al., 2008; Rubin et al., 2009).  

The NAC (No Apical Meristem/NAM, Arabidopsis ATAF1/2, and Cup-shaped 

Cotyledon2/CUC2) transcription factor family is one of the biggest families of plant 

specific transcription factors encoded by higher plant genomes. Genome sequencing from 

different plants species has shown the presence of 117 NAC genes in Arabidopsis 

thaliana, 79 in grapes, 26 in citrus, 163 in poplar, 151 in rice, and 163 each in soybean 

and tobacco (Olsen et al., 2005: Rushton et al., 2008; Hu et al., 2010; Nuruzzaman et al., 

2010, 2012; Le et al., 2011). Members of the NAC transcription factor family share high 

amino acid sequence similarity in the DNA-binding NAC domain, but are highly variable 

in their C-terminal activation/suppression domains. This sequence variability in the C-

terminal domains is thought to confer diverse functional specificities to members of NAC 

transcription factors in the family. NAC transcription factors have been identified to 

regulate diverse biological functions in plants such as cell division, root and shoot growth 

(Duval et al., 2002; Kim et al., 2006, Kim et al., 2007), seed and fiber development 

(Sperotto et al., 2009; Ko et al., 2007), and responses to biotic/abiotic stresses (Wu et al., 

2009).  

Transcriptome analyses of Arabidopsis thaliana have shown that more than 30 

members of the NAC transcription factor family are upregulated during leaf senescence 

(Guo et al. 2004; Breeze et al., 2011). AtNAP/ANAC029 and ORE1/ANAC092 NAC 

transcription factors have been identified as positive regulators of senescence in 

Arabidopsis thaliana. A membrane bound NAC transcription factor, NTL4, positively 

regulates drought-induced senescence by directly activating members of the ROS 
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producing NADPH oxidase genes. Another H2O2-inducible NAC member, 

JUB1/ANAC042, was found to be a negative regulator of leaf senescence by regulating 

the expression of several oxidative stress related genes. Here, I have shown that another 

member of the NAC transcription factor family, ANAC032, positively regulates leaf 

senescence in Arabidopsis thaliana during age-regulated and dark-induced leaf 

senescence possibly through the modulation of ROS producing genes. Furthermore, 

ANAC032 transgenic lines exhibit modulated sensitivity to a number of oxidative and 

abiotic stress conditions through differential accumulation of ROS. In addition to 

regulation of senescence, ANAC032 is shown to negatively regulate anthocyanin 

biosynthesis, particularly during different stress conditions. Given the importance of 

anthocyanin pigment as a component of the non-enzymatic antioxidant system, their 

negative regulation may be an additional factor contributing towards the modulated 

response of ANAC032 transgenic plants during stress induced senescence. Therefore, 

ANAC032 is a novel transcription factor with a dual role in regulating leaf senescence as 

well as anthocyanin biosynthesis. 
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2.2 Results 

2.2.1 Transcriptional activity assay  

Transcriptional activity of ANAC032 was determined using yeast transcription activation 

assays. The full length coding sequence of ANAC032 was fused with the Gal4 DNA-

binding domain in the pGBKT7-DB vector and expressed in the Y2HGold strain. A 

pBGKT7-DB empty vector was used as a negative control. In the Y2Hgold yeast strain, 

the expression of four reporter genes namely His, ADE2, α-Galactosidase and AUR1-C is 

controlled by three completely heterologous Gal4-responsive promoter elements—G1, 

G2, and M1 (Figure 2.1).  These promoters differ from each other based on the protein-

binding sites, however, each protein-binding site is related to a 17-mer consensus 

sequence recognised by the Gal4 transcription factor (Giniger et al., 1985).  

Y2HGold cells transformed with the empty vector pBGKT7-DB and with 

pBGKT7-DB carrying the full-length ANAC032 were selected on SD/-Trp. Y2HGold is 

a tryptophan biosynthetic yeast auxotroph and is therefore unable to grow in a nutrient 

medium deficient in tryptophan unless transformed with the pGBKT7-DB vector. 

Transcriptional activity assays were performed by growing transformed yeast cells on 

SD/-Trp/X/A (SD/-Trp supplemented with X-α-Gal and Aureobasidin A) and SD/-His 

plates. Since both the Aureobasidine (A) resistance and the α-Galactosidase genes are 

under the control of the M1 promoter, activation of these reporter genes was monitored 

simultaneously on SD/-Trp/X/A plates.  Since the Gal4 DNA-binding domain alone 

cannot  activate the expression of the reporter genes, the yeast cells transformed with 

pGBKT7-DB (empty vector) were, therefore, unable to grow on SD/-Trp/X/A and SD/-

His plates (Figure 2.2). However, the full length ANAC032 protein fused with the Gal4 

DNA-binding domain was able to activate the expression of the His, Aureobasidin A 
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resistance and α-Galactosidase genes indicating that ANAC032 acts as a transcriptional 

activator (Figure 2.2). 

 
 

 
 
Figure 2.1: Gal4 responsive promoters and the types of reporter genes in Y2HGold 
strain.  
Aureobasidin A resistance gene confers resistance to Aureobasidin antibiotic. α-
Galactosidase acts on X-alpha-Gal to produce a blue precipitate. Both the Aureobasidine 
A and α-Galactosidase are under the control of M1 promoter.  G1 and G2 drive the 
expression of two nutritional reporter genes, a Histidine and an Adenine biosynthesis 
gene, respectively. 

 

Next, the region of the ANAC032 protein responsible for the transcriptional 

activity was determined. To achieve this, the NAM- and C-terminal domains were 

translationally fused with the Gal4-DNA binding domain in the pGBKT7-DB vector. 

Numerous reports have shown that the transcriptional activity lies in the non-conserved 

C-terminal regions of several NAC transcription factors and the highly conserved NAC 

domains do not possess this activity (Bu et al., 2008; Duval et al., 2002; Hegedus et al., 

2003; Fujita et al., 2004). This is exactly what was observed in the case of ANAC032. A 

fusion of the non-conserved C-terminal region (position 169-253) with the Gal4-DNA 
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binding domain in the pGBKT-DB vector resulted in the activation of the reporter genes 

in the yeast cells but the fusion of the GAL4-DNA binding domain with the NAM 

domain of ANAC032 (ANAC0321-168) did not.  This is evidence that the transcriptional 

activation domain lies in the non-conserved C-terminal region of ANAC032 (Figure 2.2). 

 

 

 
 
Figure 2.2: ANAC032 transcriptional activity assay.  
Full-length ANAC032 protein and the protein regions spanning NAM domain 
(ANAC0321-168) and C-terminal domain (ANAC032169-253) were individually amplified 
and cloned into pBGKT7-DB vector. These constructs were then transformed into Y2H 
Gold strain. Serial dilutions of transformed Y2HGold cells were prepared and 5μL of 
cells were then spotted on SD/-Trp, SD/-Trp/X/A and SD/-His plates. Plates were 
incubated at 30oC for 2-3 days until photographed. pBGKT7-DB empty was used as a 
negative control. [SD/-Trp (synthetic defined medium without tryptophan); X (X-α-Gal); 
A (Aureobasidin A); SD/-His (synthetic defined medium without histidine)] 
 
 

2.2.2 Subcellular localization of ANAC032 

Subcellular localization of ANAC032 was determined using Arabidopsis mesophyll 

protoplasts. The ANAC032 coding region was translationally fused at its C-terminal end 

with GFP (green fluorescent protein) under CaMV 35S promoter, and transformed into 
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Arabidopsis mesophyll protoplasts by PEG-mediated transformation (Yoo et al., 2007). 

Mesophyll protoplasts transformed with the control vector showed GFP signals both in 

the cytoplasm as well as in the nucleus. However, in protoplasts transformed with the 

ANAC032-GFP fusion, GFP signals were only detected in the nucleus, suggesting that 

ANAC032 localizes to the nucleus, which supports its function as a transcription factor 

(Figure 2.3). 

 
 
Figure 2.3: Subcellular localization of ANAC032.  
Arabidopsis mesophyll protoplasts were isolated and transformed with 35:GFP and 
35:ANAC032-GFP construct and visualized under fluorescent microscope. [GFP, green 
fluorescent protein; BF, bright field].    
 

 

2.2.3 Histochemical β-glucoronidase (GUS) activity assay of PANAC032:GUS lines 

To determine the tissue-specific and developmentally regulated expression of ANA032 in 

Arabidopsis thaliana, an ~1.9kb promoter sequence upstream of the start codon (ATG) 

was used to generate a transcriptional fusion with the β-glucoronidase (GUS) gene. Three 

Scale bar: 5µm 
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independent transgenic lines were selected and were analysed further to demonstrate the 

tissue and growth specific expression pattern of ANAC032 in Arabidopsis thaliana. 

Expression analysis of PANAC032:GUS transgenic lines was performed on germinating 

seeds, two-day-old and five-day-old seedlings grown on ½ MS agar plates. Whole plant 

analysis with GUS staining was performed on soil grown seedlings 14 days after planting 

(DAP). Histochemical analysis of PANAC032:GUS transgenic lines showed that the GUS 

activity was clearly detectable in the radicals of germinated seeds after one day (Figure 

2.4A). In the two-day-old seedlings, GUS staining was detected in the root apical 

meristem region, predominantly in the vascular bundles of roots (Figure 2.4B). In five-

day-old seedlings, GUS activity was visible in the roots, and in the veins of the first pair 

of developing true leaves (Figure 2.4C). Fourteen days old seedlings also exhibited 

similar expression patterns (Figure 2.4D). GUS activity was clearly detectable in the 

roots and veins of rosette leaves suggesting that ANAC032 is expressed in the roots and 

in the veins of Arabidopsis thaliana, predominantly in the vascular system (Figure 2.4D). 

Further investigation of ANAC032 expression patterns in the inflorescence of 

PANAC032:::GUS transgenic lines showed that the ANAC032 promoter driven GUS 

activity was also detectable in the developing flowers and stalks of siliques (Figure 2. 

4E). In flowers, GUS activity was noticed in the sepals, filaments and anthers. These 

results show that ANAC032 is expressed in a variety of tissues in Arabidopsis thaliana 

(Figure 2.4). 

2.2.4 Generation of ANAC032 overexpressors and chimeric repressors 

To analyse the function of ANAC032 in Arabidopsis thaliana, two different genetic 

approaches were employed. In the first approach, the ANAC032 coding region was  
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Figure 2.4: β-glucoronidase (GUS) activity assay in PANAC032:GUS lines. 
A) GUS activity in the germinating seeds after one day of transfer to growth chambers. 
B) GUS activity in two-day-old seedlings. C) GUS activity in the roots and in first pair of 
true leaves of five-day-old seedlings. D)  GUS activity in seedlings at 14 DAP 
(PANAC032:GUS-7). E) GUS activity in the silique stalks and the flowers of three 
independent promoter::GUS lines.  Plant samples were briefly vacuum infiltrated with 
GUS staining solution followed by incubation at 37oC overnight in dark. 
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overexpressed using a 35S Cauliflower mosaic virus promoter, a constitutive promoter 

widely used to overexpress genes of interest using BASTA resistance as the selectable 

marker. Using this approach, approximately 10 independent overexpression lines were 

screened in the T1 generation after spraying with BASTA. Seeds from all the transgenic 

lines were then harvested and grown on soil and sprayed with BASTA to determine the 

copy number of the transgene insertions by determining the ratio of survived versus dead 

plants after the BASTA spray. Five independent overexpression lines were selected based 

on having a single genomic insertion site of the transgene. Seeds from these lines were 

harvested and grown until the T3 generation to obtain homozygous seeds. All five 

independent lines displayed a similar phenotype, and were easily distinguishable from 

wild-type plants based on the less green and broader leaf phenotype compared to wild-

type plants. Three overexpression lines were selected and RNA samples from rosette 

leaves of transgenic plants at 21 DAP (days after planting) were subjected to quantitative 

RT-PCR analysis to determine the expression level of the transgene in these lines. All 

three independent overexpression lines expressed the transgene to considerably higher 

levels with OX32.4, OX32.6, and OX32.8, expressing ~109, 107 and 104 fold higher 

when compared to wild-type, respectively (Figure 2.5A & 2.5B). 

In the second approach, the Chimeric REpressor Silencing Technology (CRES-T) 

was employed. In this approach, the coding region of a transcription factor is 

translationally fused at its C-terminal domain with a plant-specific EAR-motif repression 

domain (SRDX). Fusion of this domain with a transcription factor creates a dominant 

suppressor which then supresses the expression of target genes by overcoming the 

activity of endogenous and functionally redundant transcription factors. Such transgenic 
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plants represent phenotypes similar to loss-of-function mutants of the gene encoding the 

transcription factor (Hiratsu et al., 2003; Mitsuda et al., 2011).  Using this approach, 

wild-type plants were transformed with a 35S:ANAC032-SRDX construct using the 

floral dip method (Clough & Bent, 1998). Eleven independent SRDX lines were obtained 

in the T1 generation. Interestingly, most of the SRDX32 lines produced smaller and 

darker green plants compared to wild-type. This phenotype is also opposite to what 

overexpression plants exhibited in the T1 generation. Segregation analyses to obtain 

homozygous lines showed that in the T2 and T3 generation most lines were unstable, with 

a mixture of phenotypes ranging from small to wild-type looking plants. However, three 

independent SRDX32 lines were selected given that they were genetically stable and 

maintained the smaller and greener phenotype compared to wild-type plants. SRDX32.1 

and SRDX32.6 contain a single insertion site for the transgene and SRDX32.11 line had 

multiple copies of the transgene based on segregation analysis. SRDX32 transgenic lines 

were analysed at 21 DAP for the expression of the transgene by quantitative RT-PCR 

technique. Results show that all three independent SRDX lines overexpressed the 

ANAC032-SRDX transgene to different levels and the level of transgene expression was 

correlated with the intensity of phenotype, i.e. the higher the expression of the transgene, 

the more drastic the effect on plant growth compared to wild type (Figure 2.5A & 2.5C). 

2.2.5 ANAC032 transgenic lines accumulate differential amounts of biomass 

 The ANAC032 transgenic lines produced differential biomass relative to wild-type 

plants. Transgenic plants of three overexpression lines had visibly broader leaves with an 

overall increase in plant size compared to wild-type plants, while the transgenic plants of 

the SRDX lines were smaller with comparatively narrower leaf blades than wild-type. 
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Figure 2.5: Generation of ANAC032 transgenic plants. 
A) Four independent transgenic lines at 35 days after planting (DAP), expressing 
35S::ANAC032-SRDX construct (on left) and three independent overexpression lines (on 
right) are shown in the panel. Plants of SRDX032 lines appeared smaller and greener 
than wild-type, and overexpression plants displayed better growth compared to wild-type 
plants but showed early senescence symptoms. B) & C) Quantitative RT-PCR analysis of 
transgenic lines to determine the expression levels of transgenes. RNA samples from the 
rosettes leaves of overexpression (OX) and SRDX lines at 21 DAP were reverse 
transcribed and analysed using the quantitative RT-PCR to determine the transcript levels 
of the respective constructs. GAPDH was used as internal control to normalise the values 
of target transcripts. qRT-PCR data represent values from three biological 
replicates(±SD). Data were analysed using one-way ANOVA LSD test (P < 0.05). 
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This pattern of growth was retained throughout the life cycle of ANAC032 transgenic 

plants compared to wild-type. To analyse this, dry weights of the above ground 

vegetative parts of wild-type and ANAC032 transgenic lines were determined at 30 DAP. 

The results indicate that all the overexpression lines had accumulated more biomass 

compared to wild-type plants and all the SRDX32 lines have less biomass (Figure 2.6). 

The three overexpression lines, OX32.4, OX32.6 and OX32.8 accumulated 

approximately ~21%, 21% and 22% more biomass, respectively, compared to wild-type 

plants. In contrast, the three SRDX lines, SRDX32.1, SRDX32.6, and SRDX32.11 

accumulated ~ 66%, 76% and 84% less biomass, respectively, compared to wild-type 

plants (Figure 2.6). Biomass production in plants depends on cell division and cell 

expansion. Given the presence of the broader leaf blades in overexpression lines and 

narrower leaf blades in SRDX lines compared to wild-type, the observed differential 

biomass accumulation in ANAC032 transgenic lines is likely due to altered cell 

expansion efficiencies. However the possibility that the cell division process is altered in 

ANAC032 transgenic lines relative to wild-type cannot be ruled out at this time. 

2.2.6 ANAC032 transgenic plants accumulate differential amounts of chlorophyll 
pigments 

All of the ANAC032 transgenic lines showed differential accumulation of pigments. 

ANAC032 overexpression lines were always less green than wild-type and SRDX032 

lines had dark green leaves. Therefore, the total chlorophyll contents were analysed in the 

rosette leaves of wild-type and ANAC032 transgenic lines at 21 and 35 DAP 

biochemically by the spectrophotometric method (Sestak, 1971). Consistent with the 

visual observations, all the overexpression lines had significantly lower chlorophyll 

content compared to wild-type plants at 21 and 35 DAP (Figure 2.7). In contrast, 
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ANAC032 SRDX lines had modestly higher chlorophyll content compared to wild-type 

plants at 21 DAP, but significantly higher chlorophyll content in their rosette leaves at 35 

DAP compared to wild-type (Figure 2.7). These results show that the genetic 

manipulation of ANAC032 affects chlorophyll accumulation in Arabidopsis thaliana. 

 

 
 

 
 
 
Figure 2.6: Analysis of biomass accumulation in ANAC032 transgenic lines.  
Above ground plant tissues were harvested 30 days after planting, and dried at 80oC for 
three days and weighed. Values are the means of dry weights from 20 individual plants 
representing each ANAC032 transgenic line and wild-type (±SD). Bars with the same 
letters are not statistically different according to the one-way ANOVA LSD test (P < 
0.05). 
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2.2.7 ANAC032 transgenic plants accumulate differential amounts of anthocyanin 
pigments 

Another interesting observation in the ANAC032 transgenic lines was their ability to 

accumulate differential levels of anthocyanin compared to wild-type plants. SRDX032 

always accumulated more anthocyanin compared to wild-type and overexpression lines 

during the early phase of vegetative growth. To determine the relative accumulation of 

anthocyanin in ANAC032 transgenic lines, rosettes leaves from ANAC032 transgenic 

lines and wild-type were harvested at 21, 30 and 35 DAP and the anthocyanin contents 

were analysed. Overexpression lines had lower levels of anthocyanin content at 21, 30 

and 35 DAP compared to wild-type (Figure 2.8). The two SRDX032 lines had 

significantly higher levels of anthocyanin compared to wild-type at 21 DAP, but at 30 

and 35 DAP, both SRDX032 accumulated anthocyanin contents similar to wild-type 

(Figure 2.8). These results show that overexpression of ANAC032 in Arabidopsis 

thaliana negatively affects the accumulation of anthocyanin chronically. However, 

SRDX lines accumulate more anthocyanin only during early seedling growth.  

2.2.8 ANAC032 transgenic lines show altered flowering time 

Flowering time was investigated in the wild-type and ANAC032 overexpression and 

SRDX plants under long-day conditions (photoperiodic flowering pathway). Plants at the 

time of bolt emergence were considered to have made the transition to flowering. At the 

time of bolting, the two parameters recorded were days to bolting and the number of 

leaves at the time of bolting for both types of ANAC032 transgenic lines versus wild-

type. Interestingly, both types of ANAC032 transgenic lines had significantly more 

leaves compared to wild-type at the time of bolting (Figure 2.9A). Similarly, results from  
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Figure 2.7: Analysis of chlorophyll content in ANAC032 transgenic lines.  
Rosette leaves of three overexpression (OX) and two SRDX lines were harvested at 21 
and 35 DAP were harvested and chlorophyll contents were analysed. Values are the 
means of three biological replicates (±SD). Bars with the same letters are not statistically 
different according to the one-way ANOVA LSD test (P < 0.05). 
 

 

days-to-flowering showed that the flowering was delayed by approximately two days in 

both the overexpression and SRDX lines (Figure 2.9B). These results show that flowering 

was significantly delayed in both types of ANAC032 transgenic lines relative to wild-

type plants, suggesting that naturally regulated expression levels of ANAC032 is 

important for the normal flowering process in Arabidopsis thaliana. 

2.2.9 Role of ANAC032 during leaf senescence 

2.2.9.1 Expression of ANAC032 in senescing leaves 

ANAC032 was identified in the microarray study of the nla mutant which displays 

premature senescence during nitrogen limitation conditions (Peng et al; 2007). Further 
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investigation of the ANAC032 expression pattern in publically available gene expression 

databases revealed that ANAC032 expression is induced during leaf senescence as well 

during various stress conditions (Guo et al. 2004; Chen et al. 2002). In an individual leaf, 

senescence is initiated at the leaf tip and progresses towards the base of the leaf in 

 

 
 

 
 
Figure 2.8: Analysis of anthocyanin content in ANAC032 transgenic lines. 
Anthocyanin pigments were determined in the rosette leaves of wild-type and ANAC032 
transgenic lines at 21, 30 and 35 DAP. Data represent mean values form three biological 
replicates (±SD). Bars with the same letters are not statistically different according to the 
one-way ANOVA LSD test (P < 0.05). 
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Figure 2.9: Analysis of flowering time in ANAC032 transgenic lines.  
Arabidopsis plants were grown under long-day conditions and induction of flowering was 
recorded based on days-to flowering and number of leaves at the time of flowering. Data 
was obtained from 28 individual plants each from wild-type (WT), overexpression (OX) 
and SRDX lines. Bars represent ±SD values. Bars with the same letters are not 
statistically different according to the one-way ANOVA LSD test (P < 0.05). 
 
 

Arabidopsis thaliana. At the whole plant level, senescence progresses from old to young 

leaves, suggesting that expression of senescence-related genes differs in individual leaves 

depending upon their age in the same plant (Yang et al., 2011; Lim et al., 2007). In our 
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assay conditions, the 5th leaf at 28 DAP were green and did not exhibit any senescence 

symptoms.  However, by 45 DAP, the 5th leaf showed partial senescence symptoms 

characterised by the partial loss of chlorophyll.  In order to confirm if the expression of 

ANAC032 is induced during leaf senescence, its expression was analysed in the 5th leaf 

of wild-type plants at 28 and 45 DAP grown under long-day conditions. Quantitative RT-

PCR results showed that the expression of ANAC032 in the senescing leaves (45-day-

old) was induced by approximately three fold compared to green leaves (28-day-old) 

(Figure 2.10). This finding is suggestive of ANAC032 being a senescence associated 

gene in Arabidopsis thaliana. 

 

 
 
 
Figure 2.10: Analysis of ANAC032 expression in senescing leaves.  
Quantitative RT-PCR analysis was performed on RNA samples extracted from young 
and senescing 5th leaf. Data represent values from three biological replicates (Bars ±SD). 
Actin7 was used as internal control to normalize the expression values of the ANAC032 
gene. Expression data were analysed statistically using Student`s t-test analysis (P** < 
0.01). 
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2.2.9.2 Developmentally regulated senescence is altered in ANAC032 transgenic 
lines 

The progression of senescence is usually associated with the loss of chlorophyll which is 

demonstrated in the form of yellowing of leaves during the final stages of senescence 

followed by cell death (Gan & Amasino. 1997). Loss of chlorophyll is, therefore, 

regarded as one of the assays for investigating the senescence process in plants. 

Phenotypic progression of developmentally regulated senescence was demonstrated by 

analysing loss of chlorophyll and ion leakage during different developmental ages in the 

5th leaf of wild-type, ANAC032 overexpression and SRDX lines. For this purpose, wild-

type and ANAC032 overexpression and SRDX lines were grown under long day 

conditions in the growth chamber. The 5th leaf from wild-type and ANAC032 transgenic 

plants at 30, 35, 40 and 45 DAP were harvested and subjected to biochemical analysis to 

determine the chlorophyll content. Since ANAC032 transgenic lines had differential 

chlorophyll content, age dependent chlorophyll loss was determined on a percent basis. 

Results showed that three overexpression lines OX32.4, OX32.6, OX32.8 had faster rates 

of chlorophyll loss compared to wild-type plants. On the contrary, the rate of loss of 

chlorophyll in ANAC032 SRDX lines was slower than that in the wild-type. These 

results suggest a role for ANAC032 in the regulation of age-dependent chlorophyll loss 

and altered senescence.  

The altered senescence phenotype in the ANAC032 transgenic lines was further 

investigated by investigating ion leakage. Plant cell death is associated with the 

disintegration of membranous structures in the senescing leaves and an increased ion 

leakage is, therefore, a consequence of this breakdown of cellular structures. As a result, 

senescing leaves exhibit increased ion leakage compared to young and green leaves.   
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Figure 2.11: Analysis of age-dependent loss of chlorophyll content in ANAC032 
transgenic lines.  
Three overexpression (OX) and two SRDX lines were used in this assay. Fifth leaves 
were harvested from wild-type and ANAC032 transgenic plants at 30, 35, 40 and 45 
DAP, and total chlorophyll contents were analysed by spectrophotometric method 
(Sestak, 1971). Data represent percent chlorophyll contents during different 
developmental stages. Chlorophyll data from the 5th leaves of 30-days old plants was 
considered as 100% for each genotype. Assay included three biological replicates at each 
time point (Bars represent ±SD). Data were analysed statistically using one-way ANOVA 
LSD test (P < 0.05). Genotypes with the same letters at each time point are not 
statistically different from each other.  
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Progression of developmentally regulated senescence in ANAC032 transgenic 

and wild-type plants was further investigated using an ion leakage assay. Ion leakage was 

determined in the 5th leaf of wild-type and ANAC032 transgenic lines at 30, 35, 40 and 

45 DAP. Results showed that ANAC032 overexpression lines exhibited increased ion 

leakage compared to wild-type plants whereas ANAC032 SRDX lines showed lower ion 

leakage compared to wild-type plants, further supporting the senescence promoting role 

of  ANAC032 in Arabidopsis thaliana (Figure 2.12). 

Furthermore, the progression of senescence on the whole plant level in the wild-

type and ANAC032 transgenic lines was investigated by analysing percent survival of the 

leaves per plant after 52 days of growth under long-day conditions. Under the long-day 

growth condition, senescence symptoms were normally visible in the first pair of true 

leaves between 24-27 days for the ANAC032 overexpression transgenic lines. During 

this time period, neither wild-type nor ANAC032 SRDX plants showed any senescence 

symptoms, suggesting that the overexpression lines have premature senescence. By day 

35, senescence symptoms had clearly progressed to the upper leaves in the rosettes of the 

overexpression lines. However, wild-type and ANAC032 SRDX lines did not show this 

progression of senescence. At later stages of development, the three overexpression lines, 

OX32.4, OX32.6 and Ox32.8 were completely dead between 45-48 days. During this 

time, wild-type plants had also entered into the senescence phase. To make a better 

phenotypic comparison between wild-type and ANAC032 SRDX lines, leaf survival rates 

were determined at 52 DAP. SRDX032 lines had more leaf survival compared to wild-

type, while overexpression lines were completely senesced by this time (Figure 2.13). 

Taken together these results show that ANAC032 overexpression plants exhibit 
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premature senescence and ANAC032 SRDX plants show delayed senescence compared 

to wild-type plants. The senescence phenotype of plants representing each of the 

ANAC032 transgenic lines and wild-type at 64 DAP is shown in figure 2.14.     

 

 
 

 
 
Figure 2.12: Analysis of age-dependent ion leakage in ANAC032 transgenic lines.  
Four biological replicates with two leaf discs (7mm) in each replicate from 5th leaves 
were used to determine the age dependent ion leakage in plants. Assay included WT, 
three independent overexpression (OX) and two SRDX lines. Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Bars representing each 
genotype with the same letters at each time point are not statistically different from each 
other. 
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2.2.9.3 ANAC032 transgenic plants exhibited altered dark induced leaf senescence 
in the detached leaves 

Dark treatment is also a well-known inducer of leaf senescence in Arabidopsis (Quirino 

et al, 2000). To investigate the progression of senescence in detached leaves of 

ANAC032 transgenic and wild-type plants, the 5th leaf from plants at 28 DAP were 

detached and suspended abaxially in deionized water. Leaf samples were incubated in the 

dark for five days. The 5th leaf from wild-type and ANAC032 overexpression and SRDX 

lines at 28 DAP were green and did not show any symptoms of senescence at the time of 

 

 
 

 
 
 
Figure 2.13: Analysis of percent leaf survival in ANAC032 transgenic lines. 
Percent leaf survival was analysed in wild-type and ANAC032 transgenic plants 52 days 
after planting under long-day condition. Assay included thee independent overexpression 
(OX) and three independent SRDX lines. Percent leaf survival was recorded from 30 
individual plants representing each genotype (± SD values). Bars with the same letters are 
not statistically different according to the one-way ANOVA LSD test (P < 0.05). 
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detachment (Figure 2.15A).  However, after five days of dark treatment, detached leaves 

of three ANAC032 overexpression lines clearly showed a complete loss of chlorophyll 

and an obviously damaged leaf structure phenotype compared to wild-type detached 

leaves. On the contrary, the detached leaves of two ANAC032 SRDX lines were still 

greener than those of wild-type (Figure 2.15B). Biochemical analysis of chlorophyll  

 

 
 

 
 
 
Figure 2.14: Phenotype of ANAC032 transgenic plants at 64 DAP. 
Wild-type and ANAC032 transgenic plants were grown under long-day growth 
conditions and photographed 64 days after planting (DAP). Three independent 
ANAC032-SRDX lines (on left), three overexpression (OX) lines (on right) and wild-
type (WT) (in the middle) are shown. 
 

 

content in the detached leaves of wild-type and ANAC032 transgenic lines further 

showed that overexpression lines (OX32.4, OX32.6 and OX32.8) lost more chlorophyll, 

whereas, the two ANAC032 SRDX lines (SRDX32.1 and SRDX32.6) retained more 

chlorophyll contents in the detached leaves relative to wild-type. The effect of dark 

induced senescence on ANAC032 transgenic lines was further analysed by performing an 

SRDX32.11   SRDX32.6   SRDX32.1      WT          OX32.4            OX32.6       OX32.8 
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ion/electrolyte leakage assay. During senescence, ion leakage is increased due to damage 

to cellular membranous structures including plasma membranes which eventually results 

in cell death. Consistent with the increased loss of chlorophyll content in response to dark 

treatment, the three ANAC032 overexpression lines showed more cellular damage and 

hence more ion leakage compared to wild-type leaves, whereas, ANAC032 SRDX 

showed reduced cellular damage and decreased ion leakage (Figure 2.15D). These results 

show that ANAC032 positively regulates dark-induced senescence in Arabidopsis 

thaliana. 

2.2.9.4 Comparing SAGs with ANAC032 co-expressed genes 

Since ANAC032 is a senescence-associated gene, a comparison was drawn between the 

genes that are induced in Arabidopsis senescing leaves and the genes which are 

coexpressed with ANAC032. For this purpose, a list of 823 genes was retrieved from the 

leaf senescence database called LSD (Liu et al., 2011). Similarly, the top two hundred 

genes showing the highest positive correlation in anatomical, developmental and 

perturbation conditions with ANAC032 were obtained from Genevestigator 

(Zimmermann et al., 2004). A list of 502 genes was eventually assembled after the 

removal of the genes that are commonly expressed amongst these three categories. A 

Venn diagram analysis was performed by comparing ANAC032 co-expressed genes with 

the SAGs using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) (Figure 

2.16A). Venn diagram analysis showed that at least 106 genes of the 502 ANAC032 co-

expressed genes are also expressed during leaf senescence, representing ~ 13% of the 

total SAGs. The appearance of such a significant number of common genes further  

 

http://bioinfogp.cnb.csic.es/tools/venny/index.html
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Figure 2.15: Dark induced senescence assay in detached leaves.  
A) Fifth leaves of wild-type (WT) and ANAC032 transgenic lines at the time of 
detachment. B) Fifth leaves of wild-type and ANAC032 transgenic lines from 4 week-old 
plants after five days of dark treatment. C) Chlorophyll content in the 5th leaf after five 
days of dark treatment. D) % Ion leakage in the detached leaves after five days of dark 
treatment. Chlorophyll content and % ions leakage represents data from three biological 
replicates (±SD). Bars with the same letters are not statistically different according to the 
one-way ANOVA LSD test (P < 0.05). The experiment was repeated twice with similar 
results. 
 

 

supports the observed altered senescence phenotype of ANAC032 transgenic lines 

compared to wild-type. Furthermore, the list of common genes (ANAC032/SAGs) was 

subjected to gene ontology analysis using agriGO 

(http://bioinfo.cau.edu.cn/agriGO/index.php). Gene ontological analysis revealed the 

identification of 34 significant GO terms represented by ANAC032/SAGs coexpressed 

C 

D 

A 

B 

    WT            SRDX32.1      SRDX32.6  

   OX32.4            OX32.6            OX32.8  

   WT            SRDX32.1      SRDX32.6  

 OX32.4                 OX32.6         OX32.8 

http://bioinfo.cau.edu.cn/agriGO/index.php
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genes. A GO flash chart was then generated to determine the nature of the biological and 

molecular functions over-represented by ANAC032/SAGs co-expressed genes. The Go 

flash chart shows that a higher percent of ANAC032/SAGs co-expressed genes are 

related with the three most significant GO biological functions being response to stimulus 

(GO:0050896), cellular process (GO:0009987) and metabolic process (GO:0008152). 

Moreover, gene ontology based on molecular functions revealed a highly significant 

number of ANAC032/SAGs coexpressed genes related to regulating catalytic 

(GO:0003824) and oxidoreductase activities (GO:0016491) (Figure 2.16B). 

2.2.9.5 Expression of photosynthesis related genes 

Onset of senescence in plants is associated with the marked decrease in anabolic 

activities and subsequent increase in catabolic activities in the senescing leaves. For 

example, photosynthetic activities as well as chlorophyll biosynthesis decrease once 

plants enter the senescence phase as a result of the downregulation of genes involved in 

RUBISCO and chlorophyll biosynthesis. On the other hand, an increase in the expression 

of senescence-associated genes (SAGs) occurs (Quirino et al, 2000; Buchanan-

Wollaston, 1997). 

Since ANAC032 transgenic lines exhibited an altered age-dependent and dark-

induced leaf senescence phenotype compared to wild-type plants, the expression of 

photosynthesis- and chlorophyll biogenesis- related genes was first analysed in the rosette 

leaves of wild-type and ANAC032 transgenic lines at 35 DAP. At this stage, ANAC032 

overexpression transgenic plants show visible symptom of senescence, however, no such 

symptoms are exhibited by either wild-type or ANAC032 SRDX lines. The expression of 

RcbS, encoding the small subunit of Rubisco protein, and CAB1 encoding for Chlorophyll  
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Figure 2.16: A comparison between SAGs and ANAC032 co-expressed genes. 
A) A Venn diagram showing comparison between Arabidopsis Senescence Associated 
Genes (SAGs) and the genes that are co-expressed with ANAC032 anatomically, 
developmentally and during perturbations. B) A Go Flash Chart showing GO analysis of 
ANAC032/SAGs co-expressed genes representing different biological and molecular 
functions. 
 

 

A) 

B) 
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A/B binding protein1, were analysed using quantitative RT-PCR technique. Interestingly, 

qRT-PCR results show that despite the obvious senescence symptoms and reduced 

chlorophyll accumulation in overexpression transgenic lines, the expression levels of 

RbcS and CAB1 were not affected significantly (P<0.05) in overexpression transgenic 

plants compared to wild-type plants (Figure 2.17A & B). However, both ANAC032 

SRDX lines showed slightly but significantly higher expression levels of RbcS and CAB1 

compared to wild-type, suggesting that reduced chlorophyll in overexpression lines is not 

a consequence of decreased expression of RbcS and CAB1 (Figure 2.17A &B).  Both 

SRDX lines have increased expression of these genes which could be associated with 

their increased chlorophyll levels. 

The altered chlorophyll accumulation in ANAC032 overexpression and SRDX 

transgenic plants relative to wild-type may result from differential expression of genes 

involved in chlorophyll breakdown. Therefore, the expression of genes involved in 

chlorophyll degradation was analysed in wild-type and ANAC032 transgenic lines. 

AtNYE-1 (Non-Yellowing-1) encodes a chloroplast protein in Arabidopsis, and the 

atnye-1 mutant exhibits a stay-green phenotype during dark-induced leaf senescence (Ren 

et al, 2007). Interestingly, AtNYE-1 is also coexpressed with ANA032, indicating that 

the observed altered chlorophyll accumulation phenotype in ANAC032 transgenic plants 

could be due to differential regulation of AtNYE-1 expression. Similarly another 

Arabidopsis senescence-induced chloroplast-located protein hydrolase, PPH, 

pheophytinase is coexpressed with AtNYE-1, and is also involved in chlorophyll 

breakdown (Schelbert et al., 2009). Quantitative RT-PCR analysis of NYE-1 and PPH 

showed that NYE-1 expression was strongly induced by approximately five fold in both 
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overexpression lines compared to wild-type (Figure 2.17C). The expression of NYE-1 

was slightly decreased in both of the SRDX32 line but the differences were not 

statistically significant compared to wild-type (Figure 2.17C). Similarly, the expression 

of PPH in both overexpression lines was increased also by approximately two fold 

compared to wild-type plants, whereas its expression was not changed significantly in 

SRDX lines compared to wild-type (Figure 2.17D). These results show that the 

expression of chlorophyll catabolic genes is considerably increased in the overexpression 

lines with no significant change seen in the SRDX lines. 

2.2.9.6 Expression of senescence and oxidative stress associated genes 

Onset and progression of senescence in Arabidopsis thaliana is associated with induction 

of several genes during leaf senescence. In this context, the expression of well-

established markers for leaf senescence was analysed in wild-type and ANAC032 

transgenic plants at 35 DAP. SAG12 is an Arabidopsis gene encoding a cysteine 

proteinase and is a well-known senescence associated marker gene. SAG12 expression is 

strongly induced during developmental leaf senescence (Noh & Amasino, 1999).  

Quantitative RT-PCR analysis of SAG12 in wild-type and ANAC032 transgenic plants 

showed that its expression is drastically induced in both the overexpression lines 

compared to wild-type plants. Although, the expression of SAG12 was reduced in both 

SRXD32 lines, only SRDX32.6 showed significantly reduced expression level compared 

to wild-type plants (Figure 2.18A). In addition to SAG12, expression of another 

senescence marker gene, SAG113, was analysed in wild-type and ANAC032 transgenic 

lines. SAG113 is an early senescence-induced gene encoding a cis-Golgi localized protein 

phosphatase, PP2C.   
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Figure 2.17: Expression analysis of photosynthesis and chlorophyll metabolism 
genes. 
Quantitative RT-PCR was performed on RNA samples isolated from the rosette leaves of 
wild-type and ANAC032 transgenic plants at 35 DAP. Expression analysis of 
photosynthesis-related genes, (A) RbcS (Rubisco small subunit protein) and (B) 
CAB1(chlorophyll A/B binding protein 1), and chlorophyll catabolism genes, (C) AtNYE-
1 (Non-YEllowing-1) and (D) PPH (Pheophytinase). Actin7 was used an internal control 
to normalize the values of target genes. Expression values are the means of three 
biological replicates (±SD). Bars with the same letters are not statistically different from 
each other according to one-way ANOVA LSD test (P < 0.05). 
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SAG113 is strongly induced by abscisic acid (ABA) and functions as a negative regulator 

of ABA signalling during leaf senescence (Zhang and Gan, 2012; Zhang et al., 2012). 

Quantitative RT-PCR analysis showed that similar to SAG12, the expression of SAG113 

was also induced in both ANAC032 overexpression lines compared to wild-type, whereas 

the ANAC032 SRDX lines had significantly reduced expression levels of SAG113 

(Figure 2.18B). In addition to expression analysis of SAG12 and SAG113, the expression 

of two S-like ribonucleases, RNS1 and RNS2, was also investigated in wild-type and 

ANAC032 transgenic lines at 35 DAP. Both RNS1 and RNS2 are induced during 

senescence and in response to Pi limitation (Taylor et al., 1993; Bariola et al., 1994). 

qRT-PCR results show that although the expression of RNS1 and RNS2 was not affected 

in the SRDX lines compared to wild-type plants, their expression was induced in both 

overexpression lines (Figure 2.18C & D). Taken together these results show that in 

general, the expression of senescence marker genes was induced in overexpression lines 

and was either reduced or not affected in SRDX lines compared to wild-type. Therefore, 

the differential expression of senescence-associated genes in ANAC032 transgenic lines 

is consistent with the observed altered senescence phenotype in ANAC032 transgenic 

lines (Figure 2.18). 

ChlAKR (At2g37770) is an aldo-keto reductase and its expression is also altered 

during leaf senescence as well as during biotic and abiotic stresses (Liu et al., 2011; 

Claeys et al., 2014).  Interestingly, both ANAC032 and ChlAKR are considered markers 

for oxidative stress response in Arabidopsis thaliana (Vanderauwera et al., 2005). 

Coexpression analysis of ANAC032 and ChlAKR using ATTED-II shows that the 

expression patterns of ANAC032 and ChlAKR are highly correlated.  Comparison of the 
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top three hundred coexpressed genes of ANAC032 with the ChlAKR using Venny 

showed that ~ 50% of genes are commonly expressed in the coexpression networks of 

ANAC032 and ChlAKR (Figure 2.19A). Given the altered senescence phenotype 

exhibited by ANAC032 transgenic lines compared to wild-type, the expression analysis 

of ChlAKR was then analysed using Quantitative RT-PCR technique in the rosette leaves 

of wild-type and ANAC032 transgenic lines at 35 DAP. qRT-PCR results showed that 

ChlAKR was strongly induced in both overexpression lines compared to wild-type 

whereas its expression was significantly reduced in both SRDX032 lines (Figure 2.19B). 

Given that ChlAKR is coexpressed with ANAC032 and both ANAC032 and ChlAKR 

respond to oxidative stresses, the altered expression levels of ChlAKR in ANAC032 

transgenic plants suggests that the ChlAKR could be directly regulated by ANAC032 in 

Arabidopsis thaliana. Physiological significance of ChlAKR and its possible role in the 

regulation of senescence in Arabidopsis thaliana is not known. Since both ANAC032 and 

ChlAKR are considered as markers of oxidative stress, the simultaneous and significant 

increase in the expression of ChlAKR in overexpression lines suggests that ChlAKR 

regulation by ANAC032 may have important physiological consequences particularly 

during oxidative stress mediated senescence.  

2.2.9.7 Expression analysis of ROS producing genes  

Onset of senescence leads to an increase in ROS production, singlet oxygen (1O2), 

superoxides (O2
-) and hydrogen peroxide (H2O2) production. ROS production during leaf 

senescence largely is determined by a stringent balance between ROS producing 

pathways and ROS scavenging mechanisms (Mittler, 2002, & Mittler et al., 2004). ROS 

production is not restricted to only one organelle in the plant cell, with all major  
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Figure 2.18: Expression analysis of senescence associated genes (SAGs). 
Quantitative RT-PCR was performed on RNA samples isolated from the rosette leaves of 
wild-type and ANAC032 transgenic plants at 35 DAP. Expression of (A) SAG12 (a 
cysteine proteinase), (B) SAG113 (a protein phosphatase, PP2C), (C) RNS1, and (D) 
RNS2 (S-like Ribonucleases) was analysed. Actin7 was used an internal control to 
normalize the values of target genes. Expression values are the means of three biological 
replicates (±SD). Bars with the same letters are not statistically different from each other 
according to one-way ANOVA LSD test (P < 0.05). 
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Figure 2.19: Comparison between ChlAKR and ANAC032 co-expressed genes and 
expression analysis of ChlAKR. 
A) A Venn diagram showing the comparison between the top three hundreds co-
expressed genes of ANAC032 and ChlAKR (At2g37770). Lists of ANAC032 and 
ChlAKR co-expressed genes were retrieved from ATTED-II and analysed using Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/index.html). B) Quantitative RT-PCR analysis 
of ChlAKR (At2g37770, an oxidative stress marker) in the rosette leaves of wild-type 
and ANAC032 transgenic plants at 35 DAP. Actin7 was used an internal control to 
normalize the values of target genes. Expression values are the means of three biological 
replicates (±SD). Bars with the same letters are not statistically different from each other 
according to one-way ANOVA LSD test (P < 0.05). 
 

 

http://bioinfogp.cnb.csic.es/tools/venny/index.html
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organelles like chloroplasts, mitochondria, peroxisomes and apoplasts being potential 

sites of ROS production (Foyer & Noctor, 2003). To establish a link between the 

observed altered senescence phenotype in ANAC032 transgenic lines with the possible 

ROS producing pathway/s, the expression of genes corresponding to various cellular 

ROS producing components was analysed in the rosette leaves of wild-type and 

ANAC032 transgenic lines at 35 DAP. 

Plasma membrane localized NADPH oxidases (also known as Respiratory Burst 

Oxidase Homologs, RBOHs) are responsible for the production of apoplastic ROS in 

plants, primarily the superoxide radicals (Apel & Hirt, 2004; Sagi & Fluhr, 2006). The 

Arabidopsis genome encodes 10 different RBOH proteins (Foreman et al., 2003). To see 

if the expression of these is modulated in ANAC032 transgenic lines, the expression of 

AtrbohC and AtrbohD was analysed in the rosette leaves of plant at 35 DAP. Results 

showed that the expression of AtrbohC was strongly induced in both overexpression lines 

relative to wild-type, suggesting that overexpression lines do produce more ROS (Figure 

2.20A). AtrbohC expression was not statistically different in the SRDX32 lines relative to 

wild-type. On the other hand, the expression of AtrbohD was downregulated in both 

overexpression lines, but remained unaltered in both SRDX32 lines relative to wild-type 

plants (Figure 2.20B). Recently, a membrane tethered NAC transcription factor, NTL4, 

has been identified to promote ROS production during drought-induced leaf senescence 

in Arabidopsis thaliana. NTL4 was found to activate the expression of AtrbohC and 

AtrbohE by directly binding with the promoter regions (Lee et al., 2012). A significant 

increase in the expression levels of AtrbohC in ANAC032 overexpression lines suggests 
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that ANAC032 may also be regulating the expression of AtrbohC and other Atrboh genes. 

However, the expression of other NADPH oxidases (Atrbohs) is yet to be determined. 

In addition to AtrbohC and AtrbohD, the expression of xanthine dehydrogenase 

(AtXDH1), a key enzyme involved in purine catabolism was also investigated. Oxidation 

of hypoxanthine xanthine and from xanthine to uric acid by XDH1 results in release of 

electrons which could react with molecular oxygen to produce superoxide, hence a 

potential contributor of ROS production (Zarepour et al., 2010). Expression analysis of 

XDH1 showed that its expression was induced by ~ 2.5 folds and ~ 1.5 folds in OX32.6 

and OX32.8 lines, respectively, relative to wild-type, although its expression was not 

changed significantly in SRDX lines compared to wild-type (Figure 2.20C).     

Furthermore, the expression of genes involved in peroxisomal beta-oxidation was 

investigated. ACX1encodes an acyl-CoA oxidase and catalyzes the first step of fatty acid 

β -oxidation in peroxisomes.  Arabidopsis acx1-acx2 double mutants have perturbed β-

oxidation mediated fatty acid turn-over (Adham et al., 2005). During each β-oxidation 

cycle, one molecule of H2O2 is produced for each acyl-CoA molecule converted to 2-

trans-enoyl-CoA by acyl-CoA oxidase (Baker et al., 2006). To investigate the effect of β–

oxidation-mediated ROS production, the expression of ACX1 and ACX3 was analysed in 

wild-type and ANAC032 transgenic lines. Interestingly, ACX1 is also coexpressed with 

ANC032. Quantitative RT-PCR analysis of ACX1 and ACX3 showed that the expression 

of ACX1 was significantly induced in both overexpression lines by more than 2.5 fold 

relative to wild-type, whereas, its expression remained unaltered in both SRDX lines 

(Figure 2.20D). On the other hand, ACX3 was increased in both overexpression and 

SRDX lines compared to wild-type, with more increase in expression observed in the 
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overexpression lines (Figure 2.20E). These results show that overexpression lines also 

have slightly increased β–oxidation activity, which could be contributing towards the 

increased ROS production in overexpression plants. 

2.2.9.8 Expression analysis of genes related to different antioxidant systems 

Since ANAC032 overexpression lines exhibit premature senescence compared to wild-

type and SRDX transgenic plants and since they also show increased expression levels of 

ROS producing genes, I then looked into the expression levels of genes that encode 

different components of the enzymatic and non-enzymatic antioxidant systems. This was 

to determine if the overexpression lines had compromised antioxidant systems. To this 

end, the expression of selected genes encoding different components of the enzymatic 

and non-enzymatic antioxidant systems was first analysed in wild-type and one 

independent transgenic line each of the ANAC032 overexpression and SRDX lines at 21 

DAP. At this stage neither wild-type and nor any of the ANAC032 transgenic lines 

showed any senescence symptoms. The expression of some of the differentially 

expressing or otherwise important genes encoding essential components of antioxidant 

systems was then analysed in 35-day-old plants, since overexpression lines clearly show 

senescence symptoms at this stage.  

Ascorbate peroxidases are considered very important in the scavenging of cellular 

H2O2 molecules, and their increased expression during stress conditions is associated with 

their protective roles during the stress conditions in plants (Shigeoka et al., 2002). 

Ascorbate peroxidases include thylakoid ascorbate peroxidase (tAPX), stromal ascorbate 

peroxidase (sAPX) and cytosolic ascorbate peroxidase (APX2). qRT-PCR results show 

that expressions of APX2, tAPX and sAPX are not altered significantly in either of the 
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ANAC032 transgenic lines compared to wild-type plants when assayed at 21 days after 

planting (Figure 2.21A). Interestingly, at 35 DAP, the expression patterns of tAPX and 

sAPX were altered compared to wild-type. For example, the expression of tAPX was 

increased significantly in both overexpression and SRDX lines, with more increase in the 

levels of tAPX in the SRDX lines, compared to wild-type plants (Figure 2.21B). 

Similarly, expression of sAPX was also increased in both overexpression and SRDX 

lines relative to wild-type, but in the case of sAPX, the greatest increase in the expression 

level was observed in the overexpression lines (Figure 2.21C). These findings suggest 

that at least APX1, tAPX, and sAPX are not transcriptionally repressed in overexpression 

lines (Figure 2.21B & C).  

Superoxide dismutases (SODs) bring about dismutation of superoxides (very 

toxic ROS) into H2O2 (less toxic ROS) which are subsequently neutralized by ascorbate 

peroxidases and/or catalases into water and molecular oxygen (Alscher et al., 2002).  

Arabidopsis thaliana encodes three FeSOD genes (FSD1, FSD2 and FSD3), three 

Cu/ZnSOD genes (CSD1, CSD2 and CSD3), and one MnSOD gene (MSD1) 

(Kliebenstein et al., 1999). To determine if the SOD system is altered in ANAC032 

transgenic lines, the expression of FSD1, FSD2, FSD3, and MSD1 superoxide dismutase 

genes was first analysed in  wild-type and ANAC032 transgenic lines at 21 DAP. qRT-

PCR results showed that FSD1 expression was slightly reduced in the overexpression line 

relative to wild-type but was increased by ~ 3.5 fold in the SRDX line (Figure 2.22A). 

Similarly, the overexpression line also had slightly reduced expression levels of FSD3, 

while its expression was not altered in SRDX and wild-type plants (Figure2.22A). The 

expression levels of two other SODs, FSD2 and MSD1, in both types of ANAC032  
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Figure 2.20: Expression analysis of ROS producing genes. 
Quantitative RT-PCR analysis was performed on RNA samples isolated from the rosette 
leaves of wild-type and ANAC032 transgenic plants at 35 DAP. Expression of (A) 
AtrbohC, (B) AtrbohD (NADPH oxidases), (C) XDH1(Xanthine dehydrogenase), (D) 
ACX1 and (E) ACX2 (Acyl-CoA oxidases) was analysed. Actin7 was used an internal 
control to normalize the values of target genes. Expression values are the means of three 
biological replicates (±SD). Bars with the same letters are not statistically different from 
each other according to one-way ANOVA LSD test (P < 0.05). 
 



66 
 

 

 
 
Figure 2.21: Expression analysis of ascorbate peroxidases. 
A) qRT-PCR analysis of APX2, tAPX and sAPX in the rosette leave of wild-type, 
OX32.6 (overexpression) and SRDX32.6 (ANAC032-SRDX) lines at 21 DAP.  GAPDH 
was used an internal control. Data were analysed using Student’s t-test (P* < 0.05, NS-
not significant). B) & C) qRT-PCR analysis of tAPX and sAPX, respectively, in the 
rosette leaves of wild-type and ANAC032 transgenic lines at 35 DAP. Actin7 was used 
an internal control to normalize the values of target genes. Expression values are the 
means of three biological replicates (±SD). Bars with the same letters are not statistically 
different from each other according to one-way ANOVA LSD test (P < 0.05). 
 
 

 

transgenic lines were similar to wild-type plants (Figure 2.22A). These results showed 

that at 21 DAP, the expression levels of superoxide dismutases were not affected 
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significantly except for FSD1 and FSD3. Expression of FSD1 and FSD3 in wild-type and 

ANAC032 transgenic lines at 35 DAP also followed more or less the same trend as was 

observed at 21 DAP. The expressions of FSD1 and FSD3 expression were slightly 

reduced in both overexpression lines compared to wild-type but the differences were not 

statistically significant (Figure 2.22 B & C). SRDX lines had increased expression levels 

of FSD1 compared to wild-type, with no significant changes in the expression of FSD3 

(Figure 2.22B & C). Next, the expression of different catalase encoding genes was 

analysed in wild-type and ANAC032 transgenic lines. Catalases are very important 

components of plant enzymatic antioxidant system, and are involved in conversion of 

H2O2 into water and molecular oxygen (Beers & Sizer, 1952).  Thus catalases have 

significant roles in the regulation of ROS and for plant development and adaptability 

during adverse conditions. Quantitative RT-PCR analysis of CAT1 and CAT3 in the 

rosette leaves of wild-type and ANAC032 transgenic lines at 35 DAP showed that CAT1 

expression was significantly increased by ~ 4 fold in both overexpression lines relative to 

wild-type plants (Figure 2.23A). Both SRDX lines showed no significant changes in the 

expression levels of CAT1. Furthermore, CAT3 expression was significantly increased in 

both SRDX lines compared to wild-type, however, remained unaltered in both 

overexpression lines (Figure 2.23B). These results show that expressions of SODs and 

catalases are not repressed significantly in the overexpression lines which could result in 

early senescence.  

Glutathione-S-transferases (GSTs) are an important group of enzymes that 

catalyse the conjugation of a variety of electrophilic metabolites to a tripeptide  
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Figure 2.22: Expression analysis of superoxide dismutases (SODs). 
A) qRT-PCR analysis of FSD1, FSD2, FSD3 and MSD1 in the rosette leaves of wild-
type, OX32.6 (overexpression) and SRDX32.6 (ANAC032-SRDX) at 21 DAP. GAPDH 
was used an internal control Data were analysed using Student’s t-test (P* < 0.05, P*** < 
0.001, NS-not significant). B) & C) qRT-PCR analysis of FSD1 and FSD3 in the rosette 
leaves of wild-type and ANAC032 transgenic lines at 35-DAP. Actin7 was used an 
internal control to normalize the values of target genes. Expression values are the means 
of three biological replicates (±SD). Bars with the same letters are not statistically 
different from each other according to one-way ANOVA LSD test (P < 0.05). 
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Figure 2.23: Expression analysis of catalases. 
Quantitative RT-PCR was performed on RNA samples isolated from wild-type and 
ANAC032 transgenic lines at 35 DAP to analyse the expression of catalases, (A) CAT1 
and (B) CAT3. Actin7 was used an internal control to normalize the values of target 
genes. Expression values are the means of three biological replicates (±SD). Bars with 
the same letters are not statistically different from each other according to one-way 
ANOVA LSD test (P < 0.05). 
 
 

 

 



70 
 

glutathione molecule (GSH). Due to this activity, GSTs are thought to be important in the 

detoxification of reactive electrophilic compounds which are produced during different 

biotic and abiotic stress conditions (Sappl et al., 2009). The GST family of Arabidopsis 

thaliana contains 53 members belonging to seven distinct classes [phi (GSTF), tau 

(GSTU), zeta (GSTZ), theta (GSTT), lamda (GSTL) dehydroascorbate reducatase 

(DHAR), and terachloro-p-hyroquinone dehydrogenase-related (TCHQD) (Dixon et al., 

2002, Sappl et al., 2004). Interestingly, several members of GSTU subfamily (GSTU1, 

GSTU7, GSTU9, GSTU19, GSTU24) including DHAR2 and DHAR3 were identified in 

the coexpression network of ANAC032. Therefore, the expression of some of these GSTs 

was determined first in wild-type and ANAC032 transgenic plants at 21 DAP. 

Quantitative RT-PCR analyses showed that the expression of DHAR2 and DHAR3 in 

ANAC032 transgenic lines were similar to wild-type plants (Figure 2.24A). However, the 

expression analysis of the tau class of GST exhibited different expression patterns. For 

example, expression levels of GSTU1 and GSTU7 were increased in SRDX32.6 line but 

remained unaltered in wild-type and overexpression line (Figure 2.24A). The expression 

of GSTU8 was reduced significantly in the overexpression line compared to wild-type 

and induced in the SRDX32.6 line (Figure 2.24A). The expression of GSTU19 was not 

altered in either of the ANAC032 transgenic lines relative to wild-type, while, the 

expression of GSTU24 was slightly but significantly increased in both overexpression 

and SRDX lines (Figure 2.24A). Based on the results from 21-day-old plants, the 

expression of only GTU7 and GSTU8 was further analysed in the rosette leaves of wild-

type and ANAC032 transgenic lines at 35-DAP. At this stage, slightly different 

expression patterns were observed for GSTU7. GSTU7 expression was reduced slightly 
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but significantly in both of the SRDX lines compared to wild-type, whereas, its 

expression was not altered in either of the overexpression lines compared to wild-type 

(Figure 2.24B). However, GSTU8 expression in wild-type and ANAC032 transgenic 

lines at 35DAP followed the same pattern same as was observed at 21 DAP, albeit the 

increase in expression levels in SRDX lines was not as high as was seen at 21 DAP 

(Figure 2.24C). Although, the increase in the expression levels of GSTU8 has been 

observed during different stress conditions, the precise physiological function of GSTU8 

is still not known.   

In addition to enzymatic antioxidant systems, the expression of anthocyanin 

biosynthesis genes was also analysed as a non-enzymatic antioxidant system. Numerous 

studies have shown the differential accumulation of anthocyanin pigment in response to 

high light, nutrient limitations and other biotic and abiotic stresses (Kolesnikov & Zore, 

1957; Hipskind et al., 1996, Diaz et al., 2006; Styen et al., 2002). This differential 

accumulation has been linked with their proposed protective role during these stresses. 

As demonstrated earlier, ANAC032 transgenic plants accumulate anthocyanin pigment 

differentially compared to wild-type at 21 DAP (Figure 2.8). To investigate this at the 

molecular level, the expressions of Phenylalanine ammonia lyase (PAL1), Chalcone 

synthase (CHS) and Dihydroflavonol 4-Reductase (DFR) were analysed in wild-type and 

ANAC032 transgenic lines at 21 DAP. Expression of PAL1 which is the first step of the 

phenlypropanoid pathway was not changed in either of the ANAC032 transgenic line 

relative to wild-type, (Figure 2.25). Similarly, the expression of chalcone synthase (CHS) 

was induced by 2.5-fold in the SRDX line, whereas,  
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Figure 2.24: Expression analysis of glutathione-S-transferases (GSTs).  
A) qRT-PCR analysis of GSTU1, GSTU7, GSTU8, GSTU19, GSTU24, DHAR2 and 
DHAR3 in the rosette leaves of wild-type, OX32.6 (overexpression) and SRDX32.6 
(ANAC032-SRDX) lines at 21 DAP. GAPDH was used an internal control. Data were 
analysed using Student’s t-test (P* < 0.05, P** < 0.01, P*** < 0.001 and NS-not 
significant). B) qRT-PCR analysis of GSTU7 and GSTU8 in the rosette leaves of wild-
type and ANAC032 transgenic lines at 35 DAP. Actin7 was used an internal control to 
normalize the values of target genes. Expression values are the means of three biological 
replicates (±SD). Bars with the same letters are not statistically different from each other 
according to one-way ANOVA LSD test (P < 0.05). 
 
 

overexpression and wild-type plants had comparable expression levels. The most drastic 

differences were observed in the expression of dihydroflavonol 4-reductase (DFR) in the 

ANAC032 transgenic lines. DFR expression was strongly and significantly reduced in 
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overexpression line whereas it was strongly induced in SRDX line compared to wild-type 

plants. In addition to expression of the anthocyanin biosynthesis genes, the expression of 

a negative regulator of anthocyanin biosynthesis, MYBL2 (Dubos et al., 2008), was also 

analysed.  Quantitative RT-PCR results showed that overexpression lines had slightly but 

significantly increased expression of MYBL2 relative to wild-type plants and SRDX line 

had lower levels of MYBL2, suggesting that transcriptional regulation of anthocyanin 

biosynthesis is also altered in ANAC032 transgenic lines relative to wild-type plants 

(Figure 2.25). The altered expression levels of anthocyanin biosynthesis and regulatory 

genes, particularly of DFR and MYBL2,  is consistent with the differential accumulation 

of anthocyanin pigments in ANAC032 transgenic lines compared to wild-type at 21 

DAP.  

   

 
 
Figure 2.25: Expression analysis of anthocyanin biosynthesis and regulatory genes. 
qRT-PCR analysis of three anthocyanin biosynthesis genes (PAL, CHS and DFR) and a 
negative regulator (MYBL2) of anthocyanin biosynthesis in the rosette leaves of wild-
type (WT), OX32.6 (overexpression) and SRDX32.6 (ANAC032-SRDX) lines at 21 
DAP. GAPDH was used an internal control to normalize the expression values of target 
genes. Data were analysed using Student’s t-test (P** < 0.01, P*** < 0.001 and NS-not 
significant). 
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2.2.10 Role of ANAC032 during oxidative stresses 

2.2.10.1 Expression of ANAC032 in response to H2O2 and paraquat treatment 

The expression of ANAC032 has been shown to be induced in senescing leaves as well 

as during different abiotic stress conditions. Since, both natural and stress-induced 

senescence leads to increased generation of ROS, it was reasoned that the induction in 

ANAC032 expression may likely be caused by increased ROS production during natural 

and stress-induced senescence. To determine the effect of oxidative stress on the 

expression of ANAC032 in Arabidopsis thaliana, 14-day-old wild-type seedlings were 

exposed to 10mM of H2O2 and 50μM of paraquat for a period of two and six hours. 

Expression levels of ANAC032 were then analysed using quantitative RT-PCR method. 

Results show that ANAC032 is expressed to H2O2-induced oxidative stress two hours 

post treatment. No significant differences were found in the expression level of 

ANAC032 compared to control at two hours post treatment with paraquat. After six hours 

of treatment, ANAC032 expression increased by more than three-fold compared to the 

control in response to both H2O2 and paraquat treatment (Figure 2.26). This shows that 

ANAC032 expression is regulated by oxidative stresses and could be important in 

regulating responses to oxidative stresses in Arabidopsis thaliana. 

2.2.10.2 Response of ANAC032 transgenic lines to 3-Aminotriazole (3-AT)   

Given the induced expression of ANAC032 to paraquat and H2O2, I analysed the 

response of ANAC032 transgenic lines to three different oxidative stresses. Firstly, the 

ANAC032 transgenic lines were analysed for their response to the oxidative stress 

inducing agent, 3-Aminotriazole (3-AT). 3-Aminotriazole (3-AT) is known to inhibit 

catalase activity, thereby resulting in the accumulation of intracellular H2O2. Since,  
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Figure 2.26: Expression analysis of ANAC032 in response to H2O2 and paraquat 
treatment.  
Arabidopsis seedlings were grown on ½ MS plates vertically for two week and then 
transferred to ½ MS liquid medium containing 10mM of H2O2 and 50μM of paraquat in 
the petri dishes. Simple ½ MS liquid medium was used control treatment. Samples 
harvested after two and six hours of treatment. qRT-PCR values are the means of three 
biological replicates (±SD). Data was analysed statistically using student’s t-test analysis 
(P** <0.01, P*** < 0.001, NS not-significant). 
 

 

catalases are predominantly found in peroxisomes and are involved in dismutation of 

H2O2 into water and molecular oxygen, it was hypothesized that increased oxidative 

stress would result in H2O2-mediated cell death due to decreased catalase activity. For 

this purpose, surface sterilized seeds were grown on ½ MS agar plates supplemented with 

0μM, 5μM, 7.5μM and 15μM of 3-AT under long-days condition. After five days of 

growth under long-day condition, neither transgenic lines nor wild-type showed any 

symptoms of chlorosis on 5μM of 3-AT. However on 7.5μM 3-AT, both overexpression 
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seedlings started to develop chlorotic patches on the cotyledon leaves, whereas wild-type 

and both SRDX32 seedlings were still green without any chlorotic symptoms. 

Interestingly, stronger hypersensitivity was observed at 15μM of 3-AT where 100% of 

overexpression seedlings were completely bleached by the fifth day (Figure 2.27 A & B). 

Wild-type seedlings also exhibited mild chlorotic symptoms on cotyledons with one or 

both cotyledons bearing chlorotic patches at this concentration of 3-AT.  However, 

initiation of chlorosis in SRDX lines was delayed significantly, suggesting that SRDX32 

lines are resistant to 3-AT (Figure 2.27A & B). Response to 3-AT was further studied at 

0μM, 5μM, 7.5μM and 15μM of 3-AT over an extended time period, with the 

observations recorded based on percent of the seedlings developing chlorotic symptoms. 

Interestingly, at 10 days after growth on different concentrations of 3-AT, both 

overexpression lines clearly exhibited hypersensitivity on 5μM and 7.5μM of 3-AT 

compared to wild-type and ANAC032-SRDX lines (Figure 2.28B, C & D). On the 

contrary, both ANAC032 SRDX lines were more tolerant than wild-type particularly at 

7.5μM of 3-AT (2.28B & D). The differential hypersensitivity of ANAC032 transgenic 

lines to different concentration of 3-AT suggest that ANAC032 modulates responses to 

H2O2-mediated oxidative stress in Arabidopsis thaliana.  

In addition to 3-AT induced chlorosis in wild-type and ANAC032 transgenic 

lines, an interesting observation was made while investigating the effect of 3-AT in 

ANAC032 transgenic lines, namely the differential accumulation of anthocyanin in 

ANAC032 transgenic lines compared to wild-type. Anthocyanin pigments are 

hypothesized to play a protective role against oxidative stresses in different plant species 

(Zeng et al., 2010; Nagata et al., 2003). Interestingly, an Arabidopsis mutant, oxr1, which  
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Figure 2.27: Response of ANAC032 transgenic lines to 3-AT after five days.  
A) Phenotype of wild-type (WT) and ANAC032 transgenic lines grown on 0μM and 
15μM of 3-AT for five days under long-day conditions. B) Percent seedlings exhibiting 
chlorosis after five days of growth on 15μM 3-AT compared to control (0μM). Data 
represents mean values from three biological replications (±SD). Assay included 15 
seedlings in each replication for each of the wild-type and ANAC032 transgenic lines. 
Bars with the same letters are not statistically different according to the one-way 
ANOVA LSD test (P < 0.05). 
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Figure 2.28: Response of ANAC032 transgenic lines to 3-AT after 10 days.  
Seeds each of wild-type and transgenic lines were grown on 0μM (A), 5μM (B), 7.5μM 
(C) and 15μM (D) of 3-AT for 10 days under long-day conditions. E) Percent chlorotic 
seedlings after 10 days of growth on different concentrations of 3-AT compared to 
control (0μM). Values are the means of three biological replications (±SD). Data were 
analysed statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the 
same letters at each 3-AT concentration are not statistically different from each other. 
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was identified from a screen of Arabidopsis mutants resistant to 3-AT, also accumulated 

more anthocyanin content compared to wild-type (Gechev et al., 2013). The authors 

associated the resistance phenotype of oxr1 with the increased accumulation of 

anthocyanin content. Indeed, both ANAC032 overexpression lines which were 

hypersensitive to 3-AT failed to produce anthocyanin compared to wild-type and SRDX 

lines when grown on 5μM and 7.5μM of 3-AT. In contrast, both ANAC032-SRDX lines 

produced significantly higher amounts of anthocyanin pigments compared to wild-type 

after 17 days of growth on 5μM and 7.5μM of 3-AT (Figure 2.29), suggesting that altered 

production of anthocyanin pigments may be associated with differential sensitivity of 

ANAC032 transgenic lines to 3-AT induced  H2O2 stress. 

 
 

 
 
 
Figure 2.29: Biochemical analysis of anthocyanin content in ANAC032 transgenic 
lines.  
Five seedlings representing each genotype were pooled together as a single replicate after 
17 days of incubation on different concentrations of 3-AT. Data represent mean values 
from three biological replications (±SD). Bars with the same letters are not statistically 
different according to the one-way ANOVA LSD test (P < 0.05). 
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 2.2.10.3 Response of ANAC032 transgenic lines to High Light (HL) stress 

High light stress induces the generation of singlet oxygen (1O2), superoxides (O2
-), 

hydrogen peroxide (H2O2) and other ROS in plants due to increased electron flow 

through the electron transport chains of photosystems I and II (Niyogi 1999).  These ROS 

then bring about the oxidation of lipids, proteins, and enzymes required for the proper 

functioning of the chloroplast and the cell as a whole (Foyer et al., 1994). Since 

ANAC032 transgenic lines exhibited differential response to 3-AT induced oxidative 

stress, it was hypothesized that ANAC032 transgenic lines would also behave similarly in 

response to HL stress. To determine the effect of HL on the growth of ANAC032 

transgenic lines,  seeds of wild-type and ANAC032 transgenic lines were germinated and 

grown  on ½ MS plates  under normal light  (~100μmol m
-2 

s
-1

) and  moderate but chronic 

HL stress (~400μmol m
-2 

s
-1

) for a period of 15 days. Figure 2.30A demonstrates the 

phenotypic response of wild-type and ANAC032 transgenic lines after 10 days of growth 

under normal and high light conditions. Seedlings of both overexpression lines were paler 

than wild-type under moderate high light stress. However, seedlings of both SRDX lines 

stayed green even under high light stress (Figure 2.30A). These phenotypic differences 

were further clarified by analysing percent chlorophyll content after 15 days of high light 

stress compared to control conditions. Both overexpression lines showed significantly 

higher chlorophyll loss relative to wild-type in response to chronic HL stress (Figure 

2.30B). However, both SRDX lines retained significantly higher chlorophyll content 

under HL stress compared to wild-type seedlings (Figure 2.30B). This response was 

further confirmed by subjecting 25-day-old soil-grown wild-type and ANAC032 

transgenic plants grown under optimal light condition (~150 μmol m
-2 

s
-1

) to high light  
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Figure 2.30: Response of ANAC032 transgenic lines to chronic moderate high light 
stress (HL).  
A) Phenotype of wild-type and ANAC032 transgenic lines after 10 days of growth under 
optimal light, NL (~100 μmol m

-2 
s

-1 
) and moderate HL (~400μmol m

-2 
s

-1
). B) Percent 

chlorophyll (a+b) content after 15 days of HL stress compared to NL. Values are the 
means of three replicates (±SD). Bars with the same letters are not statistically different 
according to the one-way ANOVA LSD test (P < 0.05). 
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Figure 2.31: Phenotypic response of high light stress in mature ANAC032 transgenic 
lines.  
25-day-old wild-type and ANAC032 transgenic lines, grown optimal light (~150 μmol m

-

2 
s

-1
), were treated with high light (~1100 μmol m

-2 
s

-1
) stress for 10 days. Both 

overexpression (OX) lines appeared to be more sensitive to high light stress compared to 
wild-type plants and SRDX lines demonstrated the opposite phenotype. 
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).  After 10 days of growth under high light stress, both 
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compared to wild-type (Figure 2.31). On the other hand, both SRDX lines stayed greener 

than wild-type under this stress. These results show that modulation of ANAC032 

expression in Arabidopsis thaliana also affects plant responses to high light stress. 

2.2.10.4 Detection of superoxide (O2
1) and hydrogen peroxide (H2O2) in response to 

high light and 3-AT treatment 

Inhibition of catalase activity by 3-AT treatment and high light stress promotes the 

accumulation of ROS in plants. Since ANAC032 transgenic lines exhibit differential 

responses to 3-AT and high light stresses, we hypothesized that these response are due to 

differential accumulation of ROS in ANAC032 transgenic plants compared to wild-type. 

To investigate this possibility, the generation of superoxides (O2
1) and hydrogen peroxide 

(H2O2) was investigated by Nitroblue tetrazolium (NBT) and 3,3'-Diaminobenzidine 

(DAB) staining methods, respectively, in wild-type and ANAC032 transgenic lines. 

Seedlings after ten days of growth on ½ MS plates under normal light (~100μmol m
-2 

s
-1

 

and without 3-AT), and under HL (~400μmol m
-2 

s
-1

), and on 7.5μM of 3-AT were 

vacuum infiltrated with NBT and DAB staining solution. Under control conditions, wild-

type and all ANAC032 transgenic seedlings had comparable levels of superoxides, based 

on the intensity of blue color (Figure 2.32). However, in response to 3-AT and high light 

stress, wild-type and ANAC032 transgenic lines showed darkly stained blue seedlings 

which indicated the generation of superoxides in response to high light and 3-AT. 

Interestingly, both SRDX lines were comparatively more darkly stained than wild-type 

and overexpression lines, indicating that SRDX seedlings accumulate more superoxides 

than wild-type in response to both oxidative stresses (Figure 2.32).  Increase in 

superoxide production in response to high light has been widely reported and 
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predominantly occurs in the electron transport chain of PSII and acceptor site of PSI of 

chloroplasts (Niyogi 1999). 

Increase in superoxides production in wild-type and ANAC032 transgenic 

seedlings in response to 3-AT is quite intriguing since 3-AT treatment is associated with 

increased H2O2 accumulation due to inhibition of catalases. This shows that 3-AT 

induced H2O2 accumulation results in the generation of superoxides, suggesting a positive 

signaling role of H2O2 in the generation of superoxides. DAB staining of wild-type and 

ANAC032 transgenic seedlings to detect H2O2 show that the seedlings of both ANAC032 

overexpression lines accumulated more H2O2 in response to 3-AT compared to wild-type 

seedlings. However, seedlings of both SRDX lines had significantly less H2O2, which is 

consistent with their increased resistance to 3-AT treatment. HL stress also slightly 

increased H2O2 production in overexpression lines relative to wild-type, whereas both 

SRDX lines had decreased H2O2 production. It is interesting to note that high light stress 

induced H2O2 was considerably lower than that of 3-AT in both overexpression and wild-

type seedlings (Figure 2.32). Taken together, these results show that the differential 

sensitivity of ANAC032 transgenic lines to 3-AT and high light-induced oxidative stress 

is due to differential accumulation of H2O2.  

2.2.10.5 Response of ANAC032 transgenic lines to fuminosin B1 (FB1) treatment   

Fuminosin B1 (FB1) is a cell death-eliciting toxin produced by the necrotrophic fungal 

plant pathogen Fusarium moniliforme (Gilchrist et al., 1992; Stone et al., 2000).  Studies 

have shown that FB1-induced cell death in plants is light dependent and FB1 treatment 

leads to increased ROS production (Asai et al., 2000; Xing et al., 2013). These 

observations are consistent with the accumulation of ROS during pathogen-induced  
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Figure 2.32: Histochemical detection of superoxides (O2

-) and hydrogen peroxide 
(H2O2). 
 Wild-type and ANAC032 transgenic seedlings were grown on 7.5µM 3-AT and under 
moderate HL (~400μmol m

-2 
s

-1
) stress for 10 days and then stained with NBT and DAB 

solutions to detect O2
- and H2O2 production, respectively. Control seedlings were grown 

on ½ MS agar plates under optimal light conditions (~100μmol m
-2 

s
-1

). [3-AT, 3-
Aminotriazole; NBT, Nitroblue tetraolium; DAB, 3,3'-Diaminobenzidine; HL, high 
light]. 
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programmed cell death (PCD) in plants. Given the differential response of ANAC032 

transgenic plants to 3-AT induced H2O2 stress, it was reasoned that ANAC032 transgenic 

lines would also respond similarly to FB1-induced oxidative stress which could also 

account for the role of ANAC032 in disease response. I, therefore, examined the effect of 

FB1 on the growth of ANAC032 transgenic lines.  Seeds of ANAC032 transgenic lines 

and wild-type were germinated and grown on 0μM, 0.3μM and 1μM of FB1 in ½ MS 

agar plates. FB1 treatment affected the seedling growth significantly in both wild-type 

and ANAC032 transgenic seedlings (Figure 2.33). However, similar to what was 

observed in the case of 3-AT treatment, ANAC032 overexpression lines were more 

sensitive to 0.3μM of FB1than wild-type, identified through increased bleaching of 

seedlings and significant loss of chlorophyll pigment compared to wild-type (Figure 

2.33A & B). On the contrary, ANAC032 SRDX lines were slightly resistant to 0.3μM of 

FB1 compared to wild-type (Figure 2.33A & B), based on % chlorophyll retention after 

12 days of growth under continuous light. However, 1μM of FB1 treatment was lethal for 

all the ANAC032 transgenic lines and wild-type, causing complete bleaching/death of the 

seedlings (Figure 2.33A). 

2.2.10.6 Response of ANAC032 transgenic lines to paraquat (PQ) treatment 

Next, I examined the effect of paraquat-induced toxicity on wild-type and ANAC032 

transgenic lines. Paraquat (1,1'-dimethyl-4,4'-bipyridinium dichloride), is a non-selective 

herbicide and it strongly inhibits photosynthesis by mainly targeting the chloroplasts. 

Paraquat-induced cell death in plants is a light dependent process in that it accepts 

electrons from Photosystem I and then reacts with molecular oxygen to produce ROS, 

causing severe bleaching in the leaves and eventually plant death (Chen et al., 2009;  
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Figure 2.33: Response of ANAC032 transgenic lines to fumonisin B1 toxin.  
A) 15 seeds of each wild-type and ANAC032 transgenic lines were germinated and 
grown on ½ MS agar plates containing different concentrations of FB1under continuous 
light condition for 12 days and photographed. B) Percent chlorophyll content after 12 
days of growth on 0.3 μM FB1compared to control condition (0μM FB1). Data represents 
values from three biological replicates (±SD). Bars with the same letters are not 
statistically different according to the one-way ANOVA LSD test (P < 0.05). 
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Dodge 1971; Suntres 2002; Fujii et al., 1990). I tested the response of wild-type and 

ANAC032 transgenic lines by germinating their seeds on ½ MS agar plates containing 

0μM, 0.5μm, 0.75μM and 1μM of paraquat, and analysed the growth patterns and 

seedling survival after 21 days under continuous light conditions. In wild-type seedlings, 

paraquat affected the seedling growth and survival in a dose dependent manner in wild-

type (Figure 2.34A & B). Interestingly, overexpression lines were found to be highly 

resistant to all the paraquat concentrations used in this assay compared to wild-type 

(Figure 2.34A & B).  For example, on ½ MS agar plates with 0.5μm, 0.75μM and 1μM of 

paraquat, more than 90% of the seedlings of both overexpression lines survived and 

maintained growth similar to control plates, whereas the survival percentages in wild-

type seedlings on 0.5μM, 0.75μM and 1μM were 84%, 13% and 0%, respectively, 

compared to control plates (Figure 2.34B). Moreover, the growth of surviving seedlings 

in wild-type was strongly compromised.  In contrast, SRDX032 lines were sensitive to 

paraquat treatment with significantly lower survival rates, for example, less than 50% of 

the seedlings of both SRDX32 lines survived at 0.5μM of paraquat compared to control 

plates.  Since paraquat-induced toxicity leads to chlorosis, chlorophyll content was also 

determined after six days of incubation on 0μM, 0.5μM and 1μM of paraquat in the 

leaves of wild-type and ANAC032 transgenic lines in a separate experiment. Consistent 

with earlier observations, overexpression lines grew better and lost less chlorophyll 

content compared to wild-type on 0.5μM and 1μM of paraquat. However, both SRDX 

lines had significantly less chlorophyll compared to wild-type (Figure 2.34C). These 

results indicate that the response of ANAC032 transgenic lines to paraquat is opposite to 

those of two other oxidative stress inducing agents, 3-AT and FB1. 
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Figure 2.34: Response of ANAC032 transgenic lines to paraquat stress.  
A) Phenotypic response of Wild-type andANAC032 seedling after 21 days of growth on 
different concentrations of paraquat. B) % seedlings survival in wild-type and ANAC032 
transgenic lines on different concentrations of paraquat. C) % chlorophyll content after 6 
days of growth on different concentrations of paraquat. Values are the means of three 
biological replicates (±SD). Data were analysed statistically using one-way ANOVA 
LSD test (P < 0.05). Genotypes with the same letters at each paraquat concentration are 
not statistically different from each other. 
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In addition to investigating the effect of paraquat in the leaf tissues of wild-type 

and ANAC032 transgenic lines, the effect of paraquat on primary root growth (primary 

root elongation) was also analysed. First, seeds were placed and allowed to grow 

vertically on ½ MS agar plates supplemented with 0μM and 0.05μM of paraquat for a 

period of 12 days under continuous light conditions. After 12 days of growth, primary 

root elongation in the wild-type seedlings was approximately 25% on 0.05μM paraquat 

compared to the control plates (0μM) (Figure 2.35A). Primary root elongation was least 

affected in both overexpression lines which had approximately 55% of primary root 

growth 0.05μM of paraquat compared to control plates. Interestingly, the percent 

reduction in primary root elongation was comparable to wild-type in the seedlings of both 

SRDX transgenic lines in response to paraquat treatment (Figure 2.35A). The effect of 

paraquat on primary root growth was further investigated with in vitro grown five-day-

old seedlings of wild-type and ANAC032 transgenic lines. Seedlings were transferred to 

fresh ½ MS agar plates supplemented with 0μM and 0.1μM of paraquat and were allowed 

to grow vertically for another six days. Similar to earlier observations, overexpression 

lines showed significant resistance to paraquat in the primary root elongation assay 

compared to wild-type (Figure 2.35B & C). The primary root elongation percentage in 

two overexpression lines were 37% and 41% on 0.1μM of paraquat compared to control 

plates (Figure 2.35B). On the other hand, the root elongation in wild-type seedlings was 

strongly affected by paraquat treatment where they showed ~ 16% root growth compared 

to control plates.  Root elongation rates in both SRDX lines were comparable to those of 

wild-type after six days of growth on 0μM and 0.1μM of paraquat.  
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Figure 2.35: Effect of paraquat on primary root growth in ANAC032 transgenic 
lines.  
A) Percent primary root lengths of 12-days old wild-type and ANAC032 transgenic lines 
on 0.05μM paraquat compared to control (0μM PQ). Values are the means of total 
primary root length (±SD, n=12). B) & C) Percent primary root lengths of wild-type and 
ANAC032 transgenic lines on 0.1μM paraquat compared to control (0μM PQ). Five-day-
old seedlings were transferred to fresh ½ MS agar plates containing 0μM and 0.1μM of 
paraquat and were allowed to grow for six additional days. Black line shows the position 
of root tips at the time of transfer. Values represent the percent means of newly formed 
roots after the transfer (±SD, n=20). Bars with the same letters are not statistically 
different according to the one-way ANOVA LSD test (P < 0.05). [OX, overexpression; 
SD, SRDX; WT, wild-type]. 
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2.2.11 Role of ANAC032 during abiotic stresses 

2.2.11.1 Expression analysis of ANAC032 in response to osmotic and salinity stress 

Various gene expression studies performed on Arabidopsis thaliana in response to abiotic 

stress have shown the upregulation of ANAC032 (Chen et al., 2002, Peng et al., 2007). 

To confirm the publically available gene expression data, the effect of osmotic and 

salinity stress as well as cold stress on the expression of ANAC032 was first analysed in 

wild-type seedlings. Surface sterilized wild-type seeds were germinated and grown for 12 

days on ½MS agar plates vertically. Seedlings were then transferred to liquid ½ MS 

medium containing 200mM of NaCl and 300mM of D-mannitol for 1 and 4h. For cold 

stress, petri dishes with wild-type seedlings were placed on ice under normal light 

conditions after 12 days of growth for 1 and 4h.  qRT-PCR results show that ANAC032 

expression was strongly induced in response to both osmotic and salinity stress after 1 

and 4h of treatment, suggesting that ANAC032 is  induced during  salinity and osmotic 

stress (Figure 2.36). However, cold treatment had no significant effect on the expression 

of ANAC032 in Arabidopsis thaliana.  Effect of salinity and osmotic stress on the 

expression of ANAC032 was further analysed using three independent PANAC032:GUS 

lines. Soil-grown plants at 23 DAP were irrigated with water supplemented with 250mM 

of NaCl (salinity stress) and 300mM of D-Mannitol (osmotic stress) for eight hours. In 

this assay, intact rosettes were clipped off after 8h of treatment with salinity and osmotic 

stress, and were analysed histologically by GUS staining.  Under normal growth 

conditions, as mentioned in the previous section (Figure 2.4), ANAC032 is mainly 

expressed in the roots and veins of the rosette leaves (Figure 2.37). Histological staining 

of PANAC032:GUS lines treated with salinity and osmotic stress showed an obvious 
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increase in the intensity of GUS activity in the rosette leaves of all three PANAC032::GUS 

rosette leaves (Figure 2.37). These results further confirm that ANAC032 expression is 

indeed induced in response to salinity and osmotic stresses and could regulate responses 

to these stresses in Arabidopsis thaliana. 

 

 

 
Figure 2.36: Expression analysis of ANAC032 in response to salinity, osmotic and 
cold stress.  
Ten-day-old wild-type seedlings were treated with 250mM NaCl and 300mM D-mannitol 
for one and four hours. qRT-PCR values represent the means of three biological 
replicates (±SD). Data were analysed statistically using Student’s t-test (P** < 0.01, NS, 
not significant). 
 
 

2.2.11.2 Expression analysis of ANAC032 in response to ABA, MeJA and Salicylic 
acid 

Plant hormones like ABA, jasmonic acid and salicylic acid (SA) are considered stress 

hormones. These phytohormones have been shown to play important roles during various 

biotic and abiotic stresses in plants (Bari & Jones, 2009; Cheong et al., 2002). Given the  
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Figure 2.37: β-glucoronidase (GUS) activity assay in response to abiotic stresses. 
Salinity and osmotic stresses were applied to 23-day-old soil-grown PANAC032:GUS 
transgenic plants by irrigating them with 250mM NaCl and 300mM D-mannitol solutions 
separately. Intact whole rosettes from three to five plants were harvested from each 
independent line and incubated in GUS staining solution overnight after brief vacuum 
infiltration. Assay included three independent PANAC032:GUS transgenic lines.  
 
 
 

elevated expression of ANAC032 during salinity and osmotic stresses, it was 

hypothesized that ANAC032 could also be modulated by ABA, MeJA and salicylic acid.  

To determine if the expression of ANAC032 is modulated by these stress hormones, 12-

day-old wild-type seedlings were treated with 10μM of ABA, 50μM of MeJA and 10μM 

of SA for 1 and 4h and expression of ANAC032 was analysed by quantitative RT-PCR. 

Interestingly, expression of ANACO32 is also strongly induced by ABA and MeJA after 
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1 and 4h of treatment (Figure 2.38). However, SA has a very little effect on the 

expression of ANACO32 compared to ABA and MeJA (Figure 2.38). 

2.2.11.3 Effect of salinity and osmotic stress in ANAC032 transgenic plants 

Given the induction of ANAC032 expression in response to salinity and osmotic stress, I 

analysed the response of ANAC032 overexpression and SRDX transgenic plants to NaCl 

and D-mannitol for salinity and osmotic stresses, respectively. To analyze response to  

 

 

 
 
 
Figure 2.38: Expression analysis of ANAC032 in response to stress hormones.  
12-day-old wild-type seedlings were incubated in ½ MS liquid solutions supplemented 
with 20μM ABA, 50μM MeJA, and 100μM SA for one and four hours.  Data represent 
values from three biological replicates (±SD). Data were analysed statistically using 
Student’s t-test analysis (P* < 0.05, P** < 0.01, NS-not significant). 
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osmotic stress, seven-day-old seedlings grown on ½ MS agar plates were transferred to 

fresh ½ MS agar plates containing 0mM and 300mM of D-mannitol and were analysed 

after seven days. The effect of osmotic stress was analyzed in wild-type and ANAC032 

transgenic lines, based on percent seedlings exhibiting chlorosis, and overall reduction in 

chlorophyll content, after seven days of treatment. Interestingly, both ANAC032 

overexpression lines were significantly hypersensitive to mannitol stress compared to 

wild-type (Figure 2.39A &B). On the other hand, both ANAC032-SRDX lines were 

found to be significantly resistant to mannitol stress compared to wild-type and the 

overexpression lines for both these parameters analyzed in this experiment (Figure 2.39A 

&B). For example, ~100% of seedlings of overexpression lines developed chlorosis 

symptoms after seven days of growth on 300mM of mannitol, whereas only ~45% of 

wild-type seedlings exhibited such symptoms. In contrast, 10-20% of seedlings of 

ANAC032-SRDX lines showed chlorosis symptoms (Figure 2.39B). Since the induction 

of chlorosis is associated with the loss of chlorophyll, total chlorophyll contents were 

analysed in the leaves of wild-type and ANAC032 transgenic lines.  Biochemical analysis 

of chlorophyll content showed that the percent chlorophyll in the overexpression lines 

were ~ 63 and 57%  upon mannitol treatment compared to control conditions, whereas 

wild-type seedlings retained ~77% of total chlorophyll content. However, ANAC032-

SRDX lines had 86-91% total chlorophyll content compared to control conditions (Figure 

2.39C). Interestingly, the cotyledons of all the transgenic lines along with those of wild-

type were the first to exhibit chlorosis symptoms, suggesting that either cotyledons are  
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Figure 2.39: Response of ANAC032 transgenic lines to osmotic stress.  
A) Response of seven-day-old seedlings after transferring to fresh ½ MS agar plates with 
or without 300mM of mannitol and photographed after seven days. B) Percent seedlings 
exhibiting symptoms of chlorosis after seven days of osmotic stress. C) Percent 
chlorophyll content in wild-type and ANAC032 transgenic lines after seven days of 
growth. Data represents values from three biological replicates (±SD). Bars with the same 
letters are not statistically different according to the one-way ANOVA LSD test (P < 
0.05). 
 
 

most sensitive to osmotic stress or their increased sensitivity to osmotic stress is merely 

associated with their age relative to first pair of true leaves. 

Next, the effect of salinity on the growth of ANAC032 transgenic plants was 

analysed. Plants experience two types of stresses upon exposure to high salt 

concentrations in their root zone. High levels of the salts in the root zone induce osmotic 

stress which mimics a drought condition as demonstrated in case of mannitol-induced 

osmotic stress.  Uptake of Na+ by plant roots result in the accumulation of Na+ in the root 
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and shoot tissues of plants. Hyper accumulation of Na+ in these tissues is toxic and results 

in plant death. 

Response to salinity stress was investigated in wild-type and ANAC032 

transgenic lines on agar plates as well as on soil grown plants. In vitro response to 

salinity stress during early growth was analysed by exposing seven-day-old seedlings to 

fresh ½ MS plates supplemented with 0mM and 150mM of NaCl. In this assay, more 

ANAC032 overexpression seedlings exhibited chlorotic symptoms (P < 0.05) compared 

to wild-type and ANAC032-SRDX lines on 150mM of NaCl (Figure 2.40A). However, 

there was no statistically significant difference between wild-type and SRDX lines in 

terms of seedling chlorosis (Figure 2.40A). Despite increased number of seedlings 

showing chlorosis, the chlorophyll contents in the overexpression lines were comparable 

to wild-type after seven days of growth on 150mM. Although SRDX032 lines appeared 

to have retained more chlorophyll compared to wild-type and overexpression lines, there 

were no statistically significant differences in the chlorophyll contents of wild-type and 

any ANAC032 transgenic lines (Figure 2.40B).  

Since water and solute uptake are profoundly influenced by the relative humidity 

in the environment, it was reasoned that the salt uptake capacities of wild-type and 

ANAC032 transgenic lines could be different in soil-grown plants than those grown on 

agar nutrient plates. Relative humidity is generally high in sealed petri dishes and 

transpiration rates are low. To investigate this possibility, soil-grown wild-type and 

ANAC032 transgenic plants were exposed to two different concentrations of NaCl at 21 

DAP: i) three times with water containing 200mM of NaCl at each 4d interval and ii) 

twice with 150mM and a third time with 300mM of NaCl at each 4d interval. The effect 
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of salinity stress was observed on the growth of all lines tested (Figure 2.41 & 2.42). Salt 

treatment over the extended period of time appeared to cause toxicity in both wild-type 

and ANA032 overexpression lines. Since the overexpression line exhibited premature 

senescence even under optimum growth conditions, these plants were phenotypically 

more sensitive to NaCl stress compared to wild-type 15 days after the first salt treatment, 

characterized by increased leaf damage and bleaching (Figure 2.41). Both overexpression 

and wild-type plants completely died 20 days after the first salt treatment (Figure 2.42). 

In contrast, all the plants of the two SRDX032 lines were highly resistant to both 

concentrations of NaCl used in this assay after 20 days (Figure 2.42). SRDX032 

transgenic plants tolerated NaCl and produced flowers and siliques compared to wild-

type and overexpression lines (Figure 2.41 & 2.42). 

Plants accumulate anthocyanin in response to salinity stress. Since salinity stress 

leads to oxidative stress, and since anthocyanin pigments are part of the non-enzymatic 

antioxidant systems, a protective role of anthocyanins during salinity stress has been 

proposed (Chalker-Scott, 1999). Given the inherent ability of ANAC032 transgenic lines 

to differentially accumulate anthocyanin pigments relative to wild-type plants, the effect 

of salinity stress on the accumulation of anthocyanin was analysed after 14 days of the 

first salt treatment in the rosette leaves of wild-type and ANAC032 transgenic lines. 

Results show that wild-type plants accumulated more anthocyanin content in response to 

both types of NaCl treatment compared to the control condition (Figure 2.43) which is in 

agreement with the already published reports on the accumulation of anthocyanin in 

response to salinity stress. ANAC032 overexpression lines which were comparatively  
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Figure 2.40: Response of ANAC032 transgenic lines to salinity stress.  
Response of seven-day-old seedlings of wild-type and ANAC032 transgenic lines 
exposed to 0mM and 150mM NaCl in ½ MS agar plates after seven days. A) Percent 
seedlings of wild-type and ANAC032 transgenic lines showing chlorotic symptoms 
(n=10) with three biological replicates. B) Percent chlorophyll content after seven days of 
growth on NaCl stress. Data represents the values of all the means (±SD). Bars with the 
same letters are not statistically different according to the one-way ANOVA LSD test (P 
< 0.05). 
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Figure 2.41: Phenotypic response of soil-grown ANAC032 transgenic plants to 
salinity stress. 
Wild-type and ANAC032 transgenic lines at 21 DAP (days after planting) were started 
watering with 0mM and 200mM of NaCl at four days interval. Plants were photographed 
15 days after the first salt treatment.  
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Figure 2.42: Extended phenotypic response of ANAC032 transgenic plants to 
salinity stress.  
Wild-type and ANAC032 transgenic lines, 21 days after planting, were irrigated with two 
different salt concentrations, NaCl-A (three times with 200mM NaCl) and NaCl-B (twice 
with 150mM and third time with 300mM NaCl) at 4-day intervals. Controls were 
irrigated with RO water. Photographs were taken 20 days after the first salt treatment. 
Wild-type and both overexpression (OX) transgenic lines were dead, however, both 
SRDX32 lines survived and continued to grow.  
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hypersensitive to the NaCl treatment had considerably reduced anthocyanin content 

compared to wild-type plants (Figure 2.43). In contrast, both SRDX032 transgenic lines 

accumulated significantly increased levels of anthocyanin content at both salinity 

concentrations, suggesting that the accumulation of anthocyanin may be associated with 

increased salt tolerance in SRDX032 transgenic plants (Figure 2.43). 

Several studies have shown that during abiotic stress, the production of ROS, also 

known as oxidative burst, occurs. Levels of O2
- and H2O2 and other ROS increase during 

abiotic and biotic stress.  Given the differential accumulation of O2
- and H2O2 in 

ANAC032 transgenic lines compared to wild-type during treatment with oxidative 

stresses, it was reasoned that altered sensitivities to salinity stress in ANAC032 

transgenic lines could result from the differential production of reactive oxygen species. 

To determine this, whole rosettes of wild-type and ANAC032 transgenic lines harvested 

after 12 days of salt treatment (200mM), and were examined for H2O2 production by the 

DAB staining method.  DAB staining analysis shows that under control conditions 

(without any NaCl), H2O2 accumulation was comparable in wild-type plants and SRDX 

lines and was detected only in the older leaves (Figure 2.44). Overexpression lines had 

slightly higher H2O2 levels. However, in response to 200mM of NaCl treatment, an 

increase in H2O2 production was observed in the rosettes of wild-type plants. 

Overexpression lines appeared to have slightly higher H2O2 compared to the wild-type 

based on H2O2 staining intensity. In contrast, both SRDX transgenic lines had 

significantly reduced H2O2 levels.  Accumulation of H2O2 in SRDX32 transgenic lines 

was restricted to old leaves, and young leaves had reduced H2O2 (Figure 2.44). These  
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Figure 2.43: Analysis of anthocyanin content in response to salinity stress. 
Wild-type and ANAC032 transgenic lines, 21 days after planting, were irrigated with 
0mM, 200mM and 300mM NaCl solutions at 4-day interval. Rosette leaves of the wild-
type and ANAC032 transgenic lines were harvested 14 days after the first salt treatment 
and were analysed for anthocyanin content. Values are the means of three biological 
replications (±SD). Bars with the same letters are not statistically different according to 
the one-way ANOVA LSD test (P < 0.05). 
 
 
 

results provide further evidence that the observed altered response to salinity in 

ANAC032 transgenic lines may involve differential accumulation of ROS.    

It is interesting to note that the differential response exhibited by soil grown 

ANAC032 transgenic lines to salinity stress was more pronounced compared to when 

young seedlings were exposed to salinity stress on ½ MS agar plates (Figure 2.40). 

Transpiration rates are high due to less humidity in the chambers and/or increased air 

flow compared to when plants are grown in sealed agar plates to maintain sterile 
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conditions. One possible reason for the resistance of the SRDX032 lines could be reduced 

transpiration rates, thus resulting in reduced Na+ ion accumulation in the rosette leaves 

(shoots) and hence low Na+ toxicity. Detailed analyses are in progress to determine the 

molecular basis of altered salinity stress response in ANAC032 transgenic lines. 

 
 
 
 

 
 
 
 
Figure 2.44: Histochemical detection of H2O2 in ANAC032 transgenic lines in 
response to salinity stress. 
Wild-type and ANAC032 transgenic lines, 21 days after planting, were irrigated with and 
without NaCl (200mM) at 4-day interval. Whole rosettes were harvested 12 days after the 
first salt treatment and incubated in DAB staining solution for 10 hours in dark.  
Photographs were taken after clearing chlorophyll from the rosettes leaves. 
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2.3 Discussion 

2.3.1 ANAC032 positively regulates leaf senescence 

Senescence is an important genetically regulated developmental process. Since 

senescence is involved in nutrient recycling as well as during stress conditions, 

understanding this process may provide an opportunity to genetically improve the yield 

potential of crop plants under optimal and stress conditions. In this study, I have 

investigated the role of ANAC032, a member of the NAC transcription factor family, in 

the regulation of the senescence process in Arabidopsis thaliana.  Induction of leaf 

senescence is associated with a marked decrease in physiological activities that promote 

vegetative growth and a concomitant increase in the activities leading to judicious 

degradation of intracellular structures to facilitate efficient nutrient recycling. 

Chloroplasts are the first organelles to show the impact of senescence due to degeneration 

of the photosynthetic apparatus and chlorophyll pigments, which ultimately leads to 

reduced photosynthetic activities. At the molecular level, these changes are associated 

with a gradual decrease in the transcript levels of photosynthesis genes and an increase in 

the expression of genes encoding chlorophyll degradation enzymes, proteases, nucleases 

and hydrolases (Lim et al., 2007). Given the increased levels of ANAC032 expression in 

senescing leaves compared to young green leaves, a role for ANAC032 in Arabidopsis 

thaliana in the regulation of senescence was hypothesized. In this study, the role of 

ANAC032 was analysed using two different transgenic approaches. In the first approach, 

ANAC032 coding region was constitutively overexpressed using CaMV 35S promoter 

(35S:ANAC032). In the second approach, chimeric repressors (35S:ANAC-SRDX) were 

generated using Chimeric REpressor Silencing Technology (CRES-T). Since ANAC032 

belongs to ATAF subfamily of NAC transcription factors, studies on the members of 
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ATAF subfamily in Arabidopsis thaliana have shown that these genes may have 

redundant functions in plant development and to regulate responses to various stress 

signals (Delessert et al., 2005; Lu et al., 2007, Kleinow et al., 2009). In CRES-T 

approach, the coding region of a transcription factor is translationally fused at its C-

terminal domain with a plant-specific EAR-motif repression domain (SRDX). Fusion of 

this domain with a transcription factor creates a dominant suppressor which then 

supresses the expression of target genes by overcoming the activity of endogenous and 

functionally redundant transcription factors. Such transgenic plants represent phenotypes 

similar to loss-of-function mutants of the gene encoding the transcription factor (Hiratsu 

et al., 2003; Mitsuda et al., 2011). Indeed, altering the expression of ANAC032 led to a 

differential senescence phenotype during developmental and dark-induced leaf 

senescence. Arabidopsis transgenic lines overexpressing ANAC032 displayed accelerated 

senescence during age-dependent as well as during dark-induced leaf senescence. In 

contrast, ANAC032 SRDX lines showed delayed senescence in these two assays, 

suggesting that ANAC032 is a positive regulator of leaf senescence. Although, at 35 

DAP, overexpression lines displayed symptoms of senescence, and the chlorophyll levels 

were significantly reduced compared to wild-type,  the transcript levels of the 

photosynthesis genes, RBCS and CAB1 were not reduced significantly. Rather, a 

significant increase in the expression of chlorophyll degradation genes, NYE-1 and PPH, 

occurred in overexpression lines compared to wild-type and ANAC032-SRDX lines. This 

indicates that reduced chlorophyll content in overexpression plants may be due to the 

enhanced expression of chlorophyll degradation genes rather than a decrease in 

expression of photosynthesis related genes. On the other hand, ANAC032-SRDX lines 
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had slightly higher transcript levels RBCS and CAB1 compared to wild-type but no 

differences in NYE-1 and PPH. Transcript levels of chlorophyll degradation genes 

increase during senescence to promote chlorophyll degradation in senescing leaves (Ren 

et al., 2007, Buchanan-Wollaston et al., 2005). Many stay-green mutants having 

perturbations in chlorophyll degradation show normal senescence-associated biochemical 

and molecular changes that are similar to wild-type (Thomas & Howarth, 2000). Since 

the expression of senescence-associated genes such as SAG12, SAG113, RNS1 and 

RNS2 was induced significantly in overexpression lines compared to wild-type and 

ANAC032-SRDX lines, the increase in transcript levels of chlorophyll degradation genes 

is likely due to accelerated senescence in ANAC032 overexpression lines rather than a 

direct regulation of chlorophyll degradation genes by ANAC032. 

2.3.2 Transcriptional regulation of ROS inducing genes and ROS scavenging 
systems 

The onset and progression of leaf senescence involves a gradual reduction in the 

activities of antioxidant enzymes (Dhindsa et al., 1981, Casano et al., 1994; Prochazkova 

et al., 2001). The decrease in scavenging capacity with ageing leads to oxidative stress 

due to ROS over-accumulation in plants. Despite accelerated leaf senescence in 

ANAC032 overexpression lines, the expression of most of the genes associated with this 

activity including ascorbate peroxidase, superoxide dismutases, catalase and glutatione –

S-transferase were not reduced compared to wild-type and ANAC032-SRDX lines.  This 

suggests the accelerated senescence in ANAC032 overexpression is not due to defects in 

enzymatic antioxidant systems. Recently, a non-enzymatic component of the antioxidant 

system, L-ascorbic acid (Vitamin-C), has been shown to play an important role in leaf 

senescence. An Arabidopsis mutant impaired in vitamin-C biosynthesis, vtc1, showed an 
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accelerated leaf senescence and sensitivity to oxidative stresses (Barth et al., 2004). 

However, it is yet to be determined if vitamin-C biosynthesis is affected in ANAC032 

transgenic lines.  

Exposure of plants to abiotic stresses and to stress-related hormones like ABA 

and MeJA has been shown to promote the generation of reactive oxygen species (ROS) 

(Apel & Hirt, 2004). Furthermore, plants respond to abiotic stresses through the 

production of the important stress hormones, ABA and jasmonic acid. Interestingly, 

treatment of Arabidopsis with ABA and jasmonic acid also leads to production of ROS 

(Suhita et al., 2004, Ye et al., 2013). Recently, it has also been demonstrated that 

exogenous treatments of plants with ABA and jasmonic acid promote leaf senescence 

(Lim et al., 2007; Reinbothe et al., 2009; Shan et al., 2011). The evidence supports an 

important link between stress-induced ROS production and senescence. Interestingly, 

ANAC032 has been considered a marker of oxidative stress (Vanderauwera et al., 2005). 

Induction of ANAC032 upon treatment with osmotic and salinity stresses as well as upon 

treatment with ABA and MeJA seems to support the role of ANAC032 in ROS-mediated 

leaf senescence. Consistent with this, expression of many genes that lead to generation of 

ROS were increased significantly in ANAC032 overexpression lines, particularly 

AtrbohC (NADPH oxidase C). Recently, a membrane bound NAC transcription factor, 

NTL4, was shown to promote drought-induced leaf senescence by directly regulating the 

expression of a set of NADPH oxidases, AtbohA, AtrbohC and AtrbohE (Lee et al., 

2012). ANAC032 overexpression lines showed premature senescence even under normal 

growth conditions, suggesting a precocious generation of ROS via ANAC032. The 

Arabidopsis genome encodes at least ten NADPH oxidase genes and it is likely that the 
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expression of other members of the NADPH oxidase family were also modulated in 

ANAC032 overexpression lines, although this possibility has not yet been examined. 

Given the significant increase in the expression of ROS producing genes, it is highly 

likely that early leaf senescence is due to increased ROS production rather than defects in 

enzymatic antioxidant systems. 

2.3.3 ANAC032 negatively regulates anthocyanin biosynthesis 

Anthocyanins belong to an important class of secondary metabolites, the flavonoids. In 

plants, spatio-temporal regulation of anthocyanin biosynthesis takes place in a highly 

orderly manner (Xu et al., 2013; Martins et al., 2013). A marked increase in the 

accumulation of anthocyanin pigment has been observed during a variety of biotic and 

abiotic stresses and they have been proposed to have a protective role during stress 

conditions (Chalker-Scott, 1999). I have shown that ANAC032 also acts as a negative 

regulator of anthocyanin biosynthesis in Arabidopsis thaliana. During early vegetative 

growth, ANAC032 overexpression lines accumulated significantly lower anthocyanin 

pigment compared to wild-type, whereas the opposite was true for ANAC032 SRDX 

lines. This observation was further supported by the expression analysis of genes 

involved in anthocyanin biosynthesis. At 21 DAP, the expression of PAL was not 

changed drastically in either of the ANAC032 transgenic lines compared to wild-type. 

However, the expression of downstream genes in the anthocyanin biosynthesis pathway, 

particularly dihydroflavonol 4-reductase (DFR), was significantly decreased in the 

overexpression line compared to wild-type, and the SRDX032 line had significantly 

higher levels of DFR transcripts. A similar trend in the differential accumulation of 

anthocyanin pigments in ANAC032 transgenic lines has been observed when treated with 
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high light, 3-AT and salt stresses compared to wild-type plants. Although, the expression 

of these genes has not been determined under these stress condition, it is highly likely 

that similar types of changes will be taking place in their expression levels in ANAC032 

transgenic lines. Since, ANAC032 acts as an activator of transcription, the negative 

regulation of anthocyanin biosynthesis may be due to activation of another yet unknown 

transcription factor(s) by ANAC032 which suppress the transcription of anthocyanin 

biosynthesis genes, particularly during stress conditions. MYBL2 is a negative regulator 

of anthocyanin biosynthesis (Matsui et al., 2008) and its differential expression in 

ANAC032 transgenic lines supports this assumption. In Arabidopsis thaliana, several 

transcription factors from different families have recently been identified as negative 

regulators of anthocyanin biosynthesis including an R3-Myb protein called CPC (Zhu et 

al., 2009) and a set of transcription factors from the Lateral Boundary Domain (LBD) 

family, LBD37, LBD38 and LBD39 (Rubin et al., 2009). I have not determined whether 

the expression of these genes is altered in the ANAC032 lines. 

2.3.4 ANAC032 positively regulates responses to oxidative stresses 

Exposure of plants to unfavourable growth conditions often leads to oxidative stress due 

to enhanced generation of reactive oxygen species. Given the modulated senescence 

phenotype and the expression of ROS producing genes, ANAC032 transgenic lines were 

exposed to ROS inducing agents. ANAC032 overexpression lines were more sensitive 

and ANAC032-SRDX lines were more resistant to high light, 3-AT, and FB1 treatment 

compared to wild-type. Differential accumulation of H2O2 in ANAC032 transgenic lines 

in response to 3-AT and high light stress further support the occurrence of the altered 

ROS-mediated cell death response in ANAC032 transgenic plants. Functional analyses of 
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mutants in plants with differential responses to ROS-inducing agents have also indicated 

an increased generation of H2O2 and other ROS (Shi et al., 2007; Teng et al., 2008, 

Gechev et al., 2005). Arabidopsis mutants resistant to FB1 have been shown to 

accumulate decreased levels of ROS when treated with FB1 and paraquat (Asai et al., 

2000; Stone et al., 2000). Since FB1 is a fungal toxin produced upon infection, and has 

been used to select for Arabidopsis mutants altered in their response to fungal disease, it 

is highly likely that ANAC032 regulates responses to fungal diseases and can serve as a 

good candidate to improve tolerance against plant fungal diseases. 

ANAC032 overexpression and SRDX transgenic lines exhibited a completely 

opposite sensitivity patterns upon treatment with paraquat compared to 3-AT and FB1. 

ANAC032 overexpression lines were highly resistant and the SRDX lines were 

hypersensitive to paraquat relative to wild-type seedlings. Paraquat induces the 

generation of superoxide radicals in the chloroplasts which are subsequently dismutated 

into H2O2 by SODs in chloroplasts (Fujii et al., 1990; Suntres, 2002). Both superoxides 

and H2O2 are damaging to the photosynthetic apparatus including other cellular structures 

thereby resulting in cell death (Babbs et al., 1989; Chen et al., 2009). Since ANAC032 

overexpression lines were hypersensitive to other ROS inducing agents, such as high 

light, FB1 and 3-AT, it is highly unlikely that the observed resistance of overexpression 

lines to paraquat is primarily due to differential production of ROS. Recently, a few 

paraquat resistant mutants in Arabidopsis and in rice have been identified with modulated 

or impaired paraquat transport from roots to shoots or intracellular compartmentalization 

in leaf tissues (Fujita et al., 2012; Xi et al., 2012; Li et al., 2013).These results suggest 

that the transport of paraquat into chloroplasts is necessary for it to perform its ROS-
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producing function. Based on these observations, the possibilities of differential tissue 

specific transport and intracellular compartmentalization of paraquat in ANAC032 

transgenic lines cannot be ruled out. 

2.3.5 Relationship between superoxides and anthocyanin biosynthesis 

Recently, 3-AT has been used to screen for resistant mutants in Arabidopsis thaliana 

involved in plant cell death (Gechev et al., 2005; Gechev et al., 2013). 3-AT treatment 

results in an increased H2O2 accumulation due to inhibition of catalases which eventually 

leads to ROS-mediated cell death. It has been reported that the resistance in these mutants 

is associated with increased accumulation of anthocyanins (Gechev et al., 

2013).  However, the study did not analyse superoxide production in response to 3-AT. I 

have shown that ANAC032-SRDX lines being resistant to 3-AT treatment accumulated 

more superoxides and anthocyanin pigments compared to wild-type. This observation 

suggests an important association between superoxide generation and anthocyanin 

pigments. 

Superoxides are known to be more toxic than hydrogen peroxides. Despite 

ANAC032 SRDX lines showing increased tolerance to H2O2 mediated ROS stress, they 

accumulate more superoxides, which suggests that superoxide generation is not always 

detrimental for cell survival and may have a protective role against H2O2 mediated stress. 

Superoxides have also been shown to play a signalling role during normal plant growth 

(Mittler et al., 2002; Van Breusegem & Dat, 2006). Recently, an interesting study in 

yeast supports this observed protective role of superoxides against H2O2 mediated stress 

(Thorpe et al., 2013). Wild-type yeast cells exposed to exogenous H2O2 had an increased 

superoxide production. Yeast mutants in the mitochondrial electron transport chain of 
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complex III, which results in a reduced superoxide production, were more sensitive to 

H2O2 stress compared to the wild-type, suggesting a protective role of superoxides in 

H2O2 mediated cell death (Thorpe et al., 2013). Since superoxides are toxic to cells, 

increased accumulation of anthocyanins in ANAC032-SRDX lines may provide 

protection against superoxide-mediated ROS stress. Initial studies have shown an 

increased sensitivity of the anthocyanin biosynthesis mutant (tt18) to 3-AT and paraquat 

treatment and it will be interesting to study this in greater detail. 

One interesting result from this project is that during several stress treatments 

there was an increase in the generation of reactive oxygen species and anthocyanin 

pigments. These observations suggest an important association between the accumulation 

of anthocyanin pigments and ROS and it is highly likely that the production of ROS and 

anthocyanin pigments is co-regulated. Since a number of transcription factors have been 

identified as direct positive or negative regulators of anthocyanin biosynthesis genes, it 

would be very interesting to determine if a similar set of transcription factors also 

regulate the generation of ROS in plants. This hypothesis is being tested by analysing 

Arabidopsis regulatory mutants in the anthocyanin biosynthesis pathway to determine if 

ROS production and response to ROS-inducing treatments are also altered in these lines. 

2.3.6 ANAC032 positively regulates osmotic and salinity stress-induced senescence 

I have shown that ANAC032 expression is strongly induced upon treatment with salinity 

and osmotic stresses. Moreover, ANAC032 overexpression lines are hypersensitive to 

osmotic stress in in vitro assays as well as to salinity stress in soil-grown plants relative to 

wild-type plants. In contrast, ANAC032-SRDX lines show tolerance to both types of 

stresses, suggesting that ANAC032 promotes leaf senescence during salinity and osmotic 
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stress conditions in Arabidopsis thaliana. Plants exposed to salinity stress undergo 

diverse changes in their physiological, biochemical, and metabolic activities (Munns and 

Tester, 2008). In general, plants experience two different types of stresses due to the 

presence of high concentration of salts in their root zones. First, there is increased 

osmotic stress which creates water deprivation for the plants and results in severe growth 

reduction (Munns & Tester, 2008). Plants cope with the osmotic stress by closing their 

stomata in the shoots to avoid any further water loss through transpiration and by 

increasing water uptake (Munns & Tester, 2008). The second type of stress is due to 

over-accumulation of toxic ions over an extended period of exposure to salt, 

predominantly Na+ ions, in the shoot tissues and is referred to as ion toxicity or Na+ 

toxicity (Munns and Tester, 2008). To deal with Na+ toxicity, plants employ mechanisms 

to exclude Na+ ions from the leaf tissues and/or compartmentalize them into vacuoles 

(Munns & Tester, 2008; Blumwald, 2000). Recently, a novel mechanism of Na+ ion 

transport from root to shoot has been discovered which involves ROS-mediated vascular 

homeostatic control of Na+ ion delivery (Jiang et al., 2012).  This study emphasizes the 

importance of spatio-temporal regulation of ROS generation by NADPH oxidase 

(AtrbohF) and their signaling role during salinity stress. In addition, several lines of 

evidence suggest cell death in plants is due to increased ROS production during salinity 

stress (Asada, 1999; Miller et al., 2010). Indeed, ANAC032-SRDX lines which showed 

high tolerance to salinity stress, had lower levels of H2O2 compared to wild-type and both 

overexpression lines. However, it is difficult to ascertain if the increased tolerance and 

the decreased H2O2 accumulation in ANAC032-SRDX lines is due to efficient 

detoxification of ROS or due to decreased transport of Na+ ions from roots to leaves. 
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Given the predominant expression of ANAC032 in roots and veins, it is possible that Na+ 

ion transport is also affected in ANAC032 transgenic lines. Since, ANAC032 transgenic 

lines differentially accumulated anthocyanin pigments in their leaves during salinity 

stress, the increased tolerance in ANAC032-SRDX line could partly be contributed by 

increased anthocyanin pigments. Anthocyanins have been proposed to be involved in the 

scavenging of ROS thereby resulting in reduced ROS-mediated toxicity (Neill et al., 

2002; Shao et al., 2008; Wang et al., 2013). Plants also restrict the uptake of Na+ ions by 

establishing apoplastic barriers during salinity stress, such as suberins and lignin 

(Krishnamurthy et al., 2009; Chen et al., 2011). Given the importance of this mechanism, 

the possibility that ANAC032 transgenic lines have differential efficiencies to establish 

these apoplastic barriers cannot be ruled out as well. Interestingly, lignification also 

depends on the apoplastic ROS generating enzymatic systems (Lee et al., 2013), which 

may further support the ROS-mediated regulation of salt uptake in ANAC032 transgenic 

lines. Future work to determine the salinity stress response in ANAC032 transgenic lines 

would include determining the apoplastic movement of Na+ ions, Na+ detection in 

different cell types in the roots, root/shoot Na+ contents and the expression analysis of 

salinity stress- related genes (Na+ transporters as well as ROS producing genes) in the 

ANAC032 transgenic lines.   

2.4 Conclusion and future goals 

I have shown that ANAC032 acts a transcriptional activator in Arabidopsis thaliana and 

functions as a positive regulator of age-dependent and dark-induced leaf senescence. 

Functional analyses of ANAC032 transgenic lines exposed to oxidative and abiotic stress 

conditions have shown that ANAC032 integrates senescence signals through increased 
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generation of ROS by regulating the expression of ROS-producing genes. Furthermore, I 

have shown that ANAC032 also modulates anthocyanin biosynthesis in a negative 

manner possibly through the activation of a negative regulator of anthocyanin 

biosynthesis. The altered biosynthesis of anthocyanin in ANAC032 transgenic lines may 

also account for their differential responses to high light and salinity stress conditions. 

Future work will include the investigation of genome-wide expression changes in 

ANAC032 transgenic lines using microarray or RNA-seq analysis. Downstream targets 

will be identified and confirmed through various approaches such gel mobility shift assay 

and chromatin-immunoprecipitation (ChIP) analysis. 

2.5 Materials and Methods 

2.5.1 Cloning of cDNAs of ANAC032 full length, N- terminal and C-terminal protein 
domains into pGBKT7-DB vector, and yeast transcription activity assay 

 The ANAC032 coding sequence corresponding to the full length protein, the N-terminal 

NAM domain (1-168aa), and the C-terminal domain (168-253aa) were amplified using 

primer pairs yNAC32-F and yNAC32-R; yNAC32-F and yNAC32N-R, and yNAC32C-F 

and yNAC032-R respectively. Primer sequences are described in Appendix 1. PCR 

products were cloned into the pBGKT7-DB vector between the NdeI and BamHI 

restriction sites. For the directional and in-frame cloning into the pGBKT7-DB vector, 

NdeI and BamHI restriction sites were introduced into sequences of the forward and 

reverse primers, respectively. Fidelity of the clone sequences was confirmed by 

sequencing at the Genomic Facility, University of Guelph.  Positive clones with the 

correct sequences were then transformed into Y2HGold strain using the LiAc yeast 

transformation method according to the instructions given in Yeastmaker™ Yeast 

Transformation System 2 User Manual (Clontech).  
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2.5.2 Subcellular localization of ANAC032  

The coding sequence of ANAC032 was transferred from the pENTR/D-TOPO vector to 

a Cauliflower mosaic virus (CaMV) 35S promoter-Gateway cassette plasmid using a LR 

recombination reaction (Invitrogen). The GFP sequence was fused to the C-terminus of 

ANAC032. Protoplasts were isolated from mesophyll cells in Arabidopsis wild-type (cv. 

Col-0) plants as described previously (Yoo et al. 2007), with minor modifications. 

Plasmid transfection was performed using the polyethylene glycol (PEG) method. 

Protoplasts (2 X 105 cells) were mixed with 10 μg of each plasmid. After 12/15 h 

incubation at 22oC, the protoplasts were observed under a fluorescent microscope (Leica) 

to detect GFP signals. 

2.5.3 Generation of ANAC032 overexpression and SRDX transgenic plants 

 
Cloning & Vector Construction: Gateway® Technology was employed to clone the 

coding regions of the selected NAC transcription factors. AttB1 and AttB2 sequences 

compatible for cloning into pDONR™ 221 were introduced into the primers designed to 

amplify coding regions of ANAC032 by following the instructions given in the 

manufacturer protocol (Invitrogen, Gateway® Technology). Full length coding regions of 

the ANAC032 were amplified from Arabidopsis cDNA using primer pairs DNAC32-F 

and DNAC32-R, and DNAC32-F and DNAC32-SRDX (Appendix 1) to generate 

constructs for overexpression and dominant negative suppression (SRDX) lines, 

respectively. PCR products were extracted from agarose gel using QIAquick Gel 

Extraction Kit (Qiagen®). The BP recombination reaction was performed to clone PCR 

products into the pDONR™ 221 vector using a BP Clonase™ enzyme mix (Invitrogen®) 

by following the instructions given in the manufacturer’s protocol.  Reaction mixtures 
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were subsequently transformed into DH5α™ Competent Cells (Invitrogen®). Putatively 

transformed colonies were selected on LB agar plates containing 50μg/ml kanamycin. 

Positive clones were confirmed through the PCR polymerase chain reaction (PCR) 

technique. Sequence fidelity of the clones was confirmed by sequencing the plasmids 

using M13 forward and M13 reverse primers pair at the Genomics Facility, University of 

Guelph. Clones with the correct sequences were further used in the LR recombination 

reaction for shuttling coding regions of ANAC032 from pDONR™ 221 to a compatible 

destination vector, pB7WG2D, using the LR Clonase™ enzyme mix by following the 

instructions given in the manufacturer protocol (Invitrogen®). Reaction mixtures were 

transformed into DH5α™ Competent Cells (Invitrogen®) and putative transformants 

were selected on LB agar plates containing spectinomycin (100μg/ml). Positive clones 

were confirmed through PCR for the insertion of coding regions using a forward primer 

designed from the 35S promoter region of the destination vector, pB7WG2D, and the 

reverse primers that were initially used to amplify the ANAC032 coding regions.  

Stable transformation of Arabidopsis and selection of transgenic plants: Wild-type 

Arabidopsis thaliana (Col-0) plants were grown under a long day condition 

(16h:8h/light:dark) in a growth chamber with 150μmol m-2 s-1 light intensity. To obtain 

stable transgenic lines, Arabidopsis plants were transformed using the floral dip method 

(Clough & Bent, 1998).  Briefly, liquid LB cultures containing the aforementioned 

antibiotics appropriate for Agrobacterium growth and destination plasmids 

(35::ANAC032 and 35S::ANAC032-SRDX) were set up and incubated overnight at 

28oC. Agrobacterium cells were centrifuged and re-suspended in a 5% sucrose solution. 

Before transformation, 0.02% sylvette (surfactant) was added in the transformation 
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solution. The inflorescence of the Arabidopsis plants were dipped briefly in the culture 

solution and plants were then incubated in the dark for 24 hours. After 24 hours, plants 

were transferred to growth chambers and grown under long day conditions until seeds (T0 

seeds) were harvested. To select transgenic plants for each type of construct, seeds were 

grown on soil for 10 days until the first pair of true leaves were developed under long day 

conditions (16h:8h/light:dark), followed by spraying with 0.1% BASTA (herbicide) for 

the selection of putative transgenic lines.  

Genomic DNA isolation, RNA isolation, cDNA synthesis and quantitative RT-PCR: 

To confirm the integration of 35S:ANAC032 and 35S:ANAC032-SRDX transgenes into 

the Arabidopsis plant genome, genomic DNA was isolated from putative transgenic lines 

using a CTAB DNA extraction method, and the transgene insertion was confirmed 

through PCR. To confirm the expression levels of transgenes in transgenic lines, total 

RNA was isolated from the rosette leaves of the independent transgenic lines expressing 

35S:ANAC032 and 35S::ANAC032-SRDX constructs using the Triazole (Triagent, 

sigma) method. All the RNA samples were treated with RQ1 DNase (Promega) to 

remove any potential remaining DNA and were subsequently purified with the RNeasy 

Kit (Qiagen) according to instructions given in the manufacturer protocol. First-strand 

cDNA synthesis of RNA samples was achieved using a first-strand cDNA synthesis kit 

(Quanta) by following the manufacturer’s protocol. To quantify the relative expression of 

genes in the transgenic lines, 50-100ng of cDNA from each sample was used in a  20 µl 

reaction using the Applied Biosystems 7500/7500 Fast Real-Time PCR System (software 

version 2.0.6) using SYBRE® Green dye (Quanta) according to the manufacturer’s 
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instructions with three technical and three biological replications. GAPDH was used as 

an internal control in the qRT-PCR assay in determining the transgene transcript levels.  

2.5.4 Generation of Promoter:GUS lines 

To generate promoter:GUS lines to analyse the expression pattern of ANAC032 in 

Arabidopsis thaliana, a ~ 1.9kb region upstream of the start codon was amplified by the 

polymerase chain reaction technique using PNAC32-F and PNAC32-R primers pair 

(Appendix 1). The PCR products were cloned by recombination in the vector pDONR221 

using a BP Clonase™ enzyme mix (Invitrogen®) by following the instructions given in 

the manufacturer’s protocol. Sequence fidelity was confirmed by sequencing the clones 

using M13 forward and M13 reverse primers pair at the Genomics Facility, University of 

Guelph. Amplified sequences were then transferred into the destination vector pBGWFS7 

by recombination using a using LR Clonase™ enzyme mix by following the instructions 

given in the manufacturer protocol (Invitrogen®) to generate a transcriptional fusion with 

GUS expression. Transformation of PANAC032::GUS constructs into Agrobacterium 

tumefacien and Arabidopsis thaliana, and the selection of positive PANAC032:GUS 

transgenic lines was conducted by following the same methodology which was used 

initially to generate and select transgenic lines for ANAC032. 

2.5.5 Histochemical β-glucoronidase (GUS) activity assay 

To detect β-Glucuronidase activity in the PANAC032:GUS transgenic lines, plant materials 

from various developmental stages were collected in chilled 90% actone and then  

incubated in the GUS  staining solution {100mM Sodium phosphate buffer (pH7.2), 

10mM EDTA, 0.5mM Potassium ferricyanide, 0.5mM Potassium ferrocyanide, 2mM X-

Glu (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid), 0.1% tritonX, 20% methanol}. 
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Plant materials immersed in the GUS staining solution were briefly vacuum infiltrated 

and were then incubated at 37oC overnight in darkness. Samples were then transferred to 

70% ethanol to clear the chlorophyll from leaf tissues and then photographed. 

2.5.6 Determination of dry weights 

Above ground rosettes of plants at 30 DAP were harvested and dried in an 80oC oven for 

3d and weighed to determine the biomass accumulation from 20 individual plants 

representing each genotype. 

2.5.7 Determination of chlorophyll content 

Chlorophyll contents were determined by the spectrophotometric method according to 

Sestak (1971).  Leaf tissues were ground in liquid nitrogen and 100mg (or otherwise 

stated) of leaf powder was used to determine the chlorophyll contents in the rosette leaves 

of wild-type and ANAC032 transgenic lines. Total chlorophyll pigments were isolated by 

extraction in 80% acetone three times in the dark.  Acetone (80%) was used as a 

blank/control. Chlorophyll pigments were analysed by spectrophotometry at 645nm and 

663nm. Total chlorophyll (a+b) contents were calculated according to the following 

formula: 

𝑪𝒉𝒍𝒐𝒓𝒐𝒑𝒉𝒚𝒍𝒍 (𝒂+ 𝒃) = 𝟖.𝟎𝟓 ∗ 𝑨𝟔𝟔𝟑 + 𝟐𝟎.𝟐𝟗 ∗ 𝑨𝟔𝟒𝟓  

2.5.8 Determination of anthocyanin pigments 

Anthocyanin contents in the ANAC032 and wild-type rosette leaves were determined 

using the acidified methanol method with some modifications. Leaf tissue (50mg) was 

homogenised in 500μL of methanol-HCl (v/v 1%) and kept at 4oC overnight. Samples 

were centrifuged at 14,000rpm for 10 min. Supernatants were transferred to 2mL 
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centrifuge tubes.  To each sample, 667μL of chloroform and 385μL of deionized water 

were added and vortexed vigorously for 30s. Samples were again centrifuged at 14,000 

rpm for 10 min, and the supernatant layer was transferred to new 1.5ml centrifuge tubes. 

Samples were then transferred to 1mL cuvettes and read at 530nm and 657nm 

wavelengths. Anthocyanin contents were calculated by subtracting A530 values from those 

for A657. 

𝑨𝒏𝒕𝒉𝒐𝒄𝒚𝒂𝒏𝒊𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 = (𝑨𝟓𝟑𝟎 − 𝑨𝟔𝟓𝟕) 

2.5.9 Determination of electrolytes (ion) leakage 

Electrolyte leakage in the age-dependent leaf senescence experiment was determined by 

using two leaf discs (7mm)  in each replicate from the 5th leaf of each genotype (n= 3).  

Leaf discs were collected in deionized water and kept on the shaker for 1-2 hours before 

the initial conductivity of the samples was determined using the conductivity meter (YSI 

3100). After initial readings, samples were autoclaved and allowed to cool down to room 

temperature. Denatured samples were subjected to electrolyte leakage and analysed again 

to determine the final total conductivity after autoclaving the samples. Total electrolyte 

leakage was determined by the following formula and expressed in percent ion leakage. 

% 𝑰𝒐𝒏𝒔 𝒍𝒆𝒂𝒌𝒂𝒈𝒆 =
𝒊𝒏𝒕𝒊𝒕𝒊𝒂𝒍
𝒇𝒊𝒏𝒂𝒍

𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒗𝒊𝒕𝒚 ∗ 𝟏𝟎𝟎 

2.5.10 Oxidative stress treatments  

For the 3-AT assay, 15 surface sterilized seeds each of wild-type and ANAC032 

transgenic lines were placed on ½ MS strength agar plates supplemented with 0μM, 5μM, 

7.5μM and 15μM of 3-AT. Plates were stratified at 4oC in the dark for 2-3 days and then 

transferred to growth chambers and incubated for 17 days under long-day conditions. 
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Anthocyanin pigments after 17 days of growth were determined by pooling five seedlings 

of each ANAC032 transgenic line and wild-type with three replications. 

To analyse the response of Fumonisin B1 (FB1), 15 surface sterilized seeds of 

two overexpression and two SRDX lines were germinated and allowed to grow on ½ MS 

plates supplemented with 0μM, 0.3μM and 1μM of FB1 under continuous light 

conditions (~100μmol m
-2 

s
-1

) for 12 days and then photographed. Chlorophyll contents 

after FB1 treatment were analysed by the spectrophometric method according to Sestak 

(1971). Whole experiment was replicated twice with similar results. 

To determine the effect of chronic high light stress, seeds of wild-type and 

ANAC032 transgenic lines were germinated and grown on ½ MS agar plates (1% 

sucrose) for 15 days under normal light  (~100μmol m
-2 

s
-1

) and  moderate chronic high 

light stress (~400μmol m
-2 

s
-1

). Experiment was replicated three times with similar 

results. For high light stress in soil grown mature plants, wild-type and ANAC032 

transgenic lines at 25 DAP grown under optimal light condition (~150μmol m
-2 

s
-1

) were 

treated with high light stress (~1100μmol m
-2 

s
-1

) for 10 days. Effect of high light stress in 

soil-grown plants was examined in two independent experiments with similar trends. 

For paraquat treatment, surface sterilized seeds of each transgenic line and WT 

were placed on ½ MS agar plates supplemented with 1% sucrose and 0μM, 0.5μm, 

0.75μM and 1μM of paraquat.  Plates were incubated in the growth chamber under 

continuous light condition (~100μmol m
-2 

s
-1

) for three weeks. Data were recorded at 

different time points.  Percentage of surviving seedlings was set as a standard to 

determine the resistance to paraquat. For each genotype, 25 seeds were plated on each 

plate. Seedling survival was determined 21 days after transfer to growth chambers. Very 
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pale green to completely bleached seedlings were considered dead. The experiment was 

repeated at least three times with similar results. To determine the effect of paraquat on 

chlorophyll content during early seedling growth, seeds were germinated and grown 

vertically for 5 day on ½ MS agar plates and then transferred to fresh ½ MS agar plates 

supplemented with 1% sucrose and 0μM, 0.5μM, 1μM of paraquat. Chlorophyll contents 

were extracted using 80% acetone followed by the spectrophotometric method at 645nM 

and 663nM wavelength (Sestak 1971). Paraquat effect on root elongation was analysed 

either by growing seeds of wild-type and transgenic lines for 12 days on ½ MS agar 

plates containing 0μM and 0.05μM under continuous light, or by transferring five-day-

old seedlings to fresh ½ MS agar plates containing 0μM and 0.1μM of paraquat for six 

days. Plates were scanned, and primary roots were measured using ImageJ (NIH) 

software. Experiments to study the effect of paraquat on root growth were repeated twice 

with similar results. 

2.5.11 Stress treatments to analyse ANAC032 expression 

To analyse the expression of ANAC032 in response to different abiotic stresses and 

hormone treatment, surface sterilized seeds were grown on ½MS agar plates 

supplemented 1% agar and 1% sucrose, and allowed to grow vertically under long-day 

condition (light intensity ~100μmol m
-2 

s
-1

) for 10 days. These seedlings were then 

treated with different stresses by transferring them to liquid ½ MS containing NaCl 

(250mM), mannitol (300mM), ABA (20μM), MeJA (50μM) and SA (100μM) for one  

and four  hours. Liquid ½ MS was used as the control. For cold treatment, petri plates 

containing seedlings were transferred to ice and grown under normal light conditions for 



126 
 

1 and 4 hours. After the treatment, seedlings were ground in liquid nitrogen, followed by 

total RNA isolation.  

 To analyse the ANAC032 expression using PNAC032:GUS lines, soil grown plants 

of three independent PNAC032:GUS lines at 23 DAP under long-day condition (~150μmol 

m
-2 

s
-1

)  were irrigated with 250mM of NaCl and 300mM of mannitol solutions for eight 

hours. Whole rosettes from three to five plants from each independent PNAC032:GUS line 

were collected in chilled 80% acetone. Rosettes were vacuum infiltrated with GUS 

staining solution and incubated in darkness at 37oC overnight. Plant tissues were then 

kept in 70% ethanol to remove chlorophyll and then photographed.   

To determine the expression of ANAC032 in response to H2O2 and paraquat, 14 

day-old wild-type seedlings, grown on vertical ½ MS agar plates under long day 

conditions (light intensity ~100μmol m
-2 

s
-1

), were transferred to liquid ½ MS medium 

containing 10mM of H2O2 and 50μM of paraquat for two and six hours. Liquid ½ MS 

medium was used as a control treatment. Treated seedlings were ground in liquid 

nitrogen followed by RNA isolation and subjected to qRT-PCR analysis.   

2.5.12 Histochemical detection of superoxide and H2O2 

Superoxide and H2O2 production was analysed using Nitroblue tetrazolium and DAB 

staining procedures as described (Rao & Davis, 1999; Thordal‐Christensen et al., 1997) 

with some modifications. To detect superoxides in response to 3-AT, seeds of ANAC032 

transgenic lines were grown on ½ MS agar plates containing 0μM and 7.5μM 3-AT under 

optimal light (~100μmol m
-2 

s
-1

) for ten days. For high light stress, seeds of ANAC032 

transgenic lines were grown on ½ MS agar plates (~400μmol m
-2 

s
-1

) for ten days. 
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Seedlings from each treatment were then vacuum infiltrated with NBT staining solution 

(10mM NaN3 and 1mg/ml NBT) for 15 min at 15 PSI, followed by incubation for 4-6 

hours at room temperature with gentle shaking. After incubation, NBT staining solution 

was removed and chlorophyll was removed from the seedlings by heating at 95oC in the 

fixative solution (3:1:1; ethanol:acetic acid:glycerol) and were stored in  ethanol:glycerol 

(4:1) solution at 4oC until photographed. To detect the H2O2 in response to 3-AT 

treatment, 10-day-old seedlings grown at 0μM and 7.5μM of 3-AT under optimal light 

(~100μmol m
-2 

s
-1

) were vacuum infiltrated with DAB staining solution (10mM  

Na2HPO4, 1mg/ml DAB and 0.05% of Tween20) and incubated at room temperature for 

6-8h with gentle shaking in the darkness. For high light stress, 10 days old seedlings 

grown under high light (~400μmol m
-2 

s
-1

) intensity were used for detection of H2O2. 

Chlorophyll was removed from the seedlings using the aforementioned fixative solution 

and kept in ethanol:glycerol (4:1) solution at 4oC until photographed. 

Detection of H2O2 in response to salinity stress was analysed by vacuum 

infiltrating 3 to 5 whole rosettes from each genotype from control and salt stressed 

batches in DAB staining solution and incubating them in the dark for 12 hours. 

Chlorophyll from whole rosettes was removed as described earlier and then 

photographed. 
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CHAPTER 3: INVESTIGATING THE ROLE OF ANAC046 AND ANAC087 IN 
ARABIDOPSIS THALIANA DURING SENESCENCE AND DURING STRESS 

CONDITIONS 
 

3.1 Introduction 

Plants are continuously exposed to a variety of biotic and abiotic stresses in the 

environment throughout their life cycle. Given the sessile nature of their growth, they 

have evolved specialised mechanisms to cope with such environmental stress conditions 

to ensure their survival and reproduction. Nevertheless, abiotic stresses are known to 

drastically affect almost every physiological growth phase of crop plants such as seed 

germination, vegetative growth, flowering, seed setting, and induction of premature 

senescence.  All these negative effects on plant growth eventually translate into heavy 

yield losses in crop plants worldwide. Investigating stress responses in crop plants holds a 

great importance to improve their genetic potential under field conditions. 

Germination of seeds marks the initiation of the vegetative growth phase which is 

followed by the reproductive phase in most crop plants.  Seed germination is influenced 

by a number of internal and external factors, and the precise timing of seed germination 

ensures that a plant would complete its vegetative and reproductive phases during 

favourable seasonal and environmental growth conditions (Graeber et al., 2012). Plants 

employ a highly regulated seed dormancy mechanism to control this developmental 

transition of an intact viable seed into a young seedling (Bewely, 1997). Seed dormancy 

is, therefore, one of the most important traits determining plant fitness (Donohue et al., 

2005; Huang et al., 2010). Reduced seed dormancy may lead to premature germination 

before the start of the favourable growth season and may drastically affect the late stages 

of plant development. Similarly, high dormancy of seeds delays germination and limits 
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the time for the subsequent developmental phases in crop plants, ultimately jeopardising 

survival and yield potential (Donohue et al., 2010). Reduced seed dormancy levels also 

affect the quality of seeds and may cause pre-harvesting sprouting, resulting in yield 

losses in cereals (Gubler et al., 2005).    

Plant hormones have been shown to play important roles in the regulation of seed 

dormancy. Analysis of mutants impaired in ABA biosynthesis and signaling have shown 

the positive role of ABA in the regulation of seed dormancy (Xiong & Zhu, 2003). 

Functional analyses of GA biosynthesis and signaling mutants have shown the positive 

role of GA in seed germination (Dill & Sun 2001; Peng & Harberd, 2002). Molecular and 

biochemical analysis of mutants impaired in ABA and GA biosynthesis and signalling 

have further shown that ABA and GA act antagonistically in the regulation of seed 

dormancy and seed germination (Finkelstein et al., 2008). ABA levels are dynamically 

regulated during seed development to facilitate proper seed maturation and induce seed 

dormancy (Bentsink & Koornneef, 2002, Finkelstein et al., 2002). However, in dry stored 

seeds (after-ripening seeds), dormancy is gradually released which is linked with a 

gradual reduction of ABA and concomitant increase in GA contents (Nonogaki et al., 

2010).  Additionally, ethylene, a gaseous plant hormone, has also been shown to promote 

seed germination.  

Light, cold or high temperature treatments have been shown to release seed 

dormancy. Studies have shown that treatment with low (stratification) or high 

temperature (heat treatment) and light result in the increase of GA content in seeds which 

promotes germination due to a shift in the ABA/GA balance towards increased GA 

accumulation. Transcription factors like PHYTOCHROME INTEREACTING FACTOR 
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3-LIKE 5 (PIL5) and SPATULA (SPT) have been shown to integrate light and 

temperature signals during seed imbibition and germination through increased GA 

biosynthesis and signaling (Penfield et al., 2005; Oh et al., 2009). Recently, reactive 

oxygen species (ROS) have also been shown to play an important role in the release of 

seed dormancy. An increase in ROS production has been shown to promote seed 

germination in various plant species (Oracz et al., 2007; Job et al., 2005). Treatment with 

ABA has been shown to decrease ROS production whereas, GA treatment leads to an 

increase in ROS production in the aleurone layer of barley seeds, suggesting that the 

antagonistic role of ABA/GA also involves ROS production which may directly or 

indirectly regulate seed dormancy in plants (Ishibashi et al., 2012).    

In this study, I have investigated the role of two members of the NAC 

transcription factors, ANAC046 and ANAC87 in Arabidopsis thaliana under optimal and 

various stress conditions. These two NAC transcription factors share the highest sequence 

similarity with each other at the amino acid level compared to other members of this 

family. Although the transgenic lines of ANAC046 and ANAC087 responded to different 

oxidative stress conditions to variable extents, a common and a similar altered response 

was displayed by ANAC046 and ANAC087 transgenic lines during seed germination. 

These lines exhibited altered seed germination response when treated with ABA and 

abiotic stresses. Although the molecular basis of how ANAC046 and ANAC087 regulate 

this process is not completely known, this study shows clearly that ANAC046 and 

ANAC087 are involved in the regulation of seed germination as well as stress-induced 

senescence in Arabidopsis thaliana. 
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3.2 Results 

3.2.1 Sequence alignment of ANAC046 and ANAC087 and comparison with other 
members of NAC transcription factors in Arabidopsis thaliana 

 BLAST comparisons of protein sequences of either ANAC046 or ANAC087 in the 

Arabidopsis proteome database reveals that ANA046 and ANAC087 are the closest 

paralogs of each other. This observation is also consistent with information derived from 

the phylogenetic tree shown in Appendix 3, where ANAC046 and ANAC087 clustered 

together. Alignment of the full length ANAC046 and ANAC087 protein sequences 

showed more than 66% identity (Figure 3.1). Interestingly, the sequence similarity in the 

two proteins was not restricted to the NAM domain. The NAM domains of ANAC046 

and ANAC087 showed more than 90% sequence identity.  Similarly, the C-terminal 

domains showed approximately 36% identity. To draw a comparison, the C-terminal 

protein region of ANAC032, which does not cluster with either ANAC046 or ANAC087, 

was aligned against the C terminal domains of ANAC046 and ANAC087. The 

comparisons between ANAC032 and ANAC046, and ANAC032 andANAC087 revealed 

only ~7% and 10% sequence identity, respectively (Appendix 2). This observation is also 

consistent with the proposition that the C-terminal regions confer functional specificity to 

each member in the NAC transcription factor family.  

3.2.2 Transcription activity assay for ANAC046 and ANAC087 

The transcriptional activity of ANAC046 was determined using yeast transcription 

activation assays. The full length coding sequence (1-338 amino acids) of ANAC046 was 

fused downstream of the Gal4 DNA-binding domain in the pGBKT7-DB vector and 

expressed in the Y2HGold strain. Similar to what was observed in the case of the 

ANAC032 transcription factor, yeast cells transformed with pGBKT7-ANACO46 were  
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Figure 3.1: Amino acid sequence alignment of ANAC046 with ANAC087.  
Amino acids shaded in black are conserved between ANAC046 and ANAC087 proteins. 
Protein sequence within the arrows corresponds to NAC domain. Proteins sequences 
were aligned using DNAMAN with default parameters.  
 

 

able to grow on  SD/-Trp, SD/-Trp/X/A as well as on SD/-His, suggesting that ANAC046 

activated the expression of reporter genes. On the contrary, yeast cells transformed with 

the empty vector could only grow on SD/-Trp plates.  However, during the course of this 

assay, I observed that the expression of full length ANAC046 caused slight toxicity to 

yeast cells as these cells always grew slower than the yeast cells transformed with the 

empty pGBKT7 vector on SD/-Trp plates (Figure 3.2A). Such observations are quite 

common when using yeast as a heterologous expression system since the expression of 

certain proteins is toxic to yeast cells which may result in no growth or slow growth. 
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These results show that ANAC046 acts as a transcription activator. To determine the 

domain responsible for activation, truncated versions of the protein, namely the N-

terminal encompassing NAM domain (from 1-172 amino acids) and the C-terminal 

domain (from 173-338 amino acids) were cloned into the pGBKT7-DB vector and 

expressed in yeast. Only the yeast cells transformed with the C-terminal domain construct 

(pGBKT7-ANAC046173-338) could grow on SD/-Trp/X/A and SD/His plates, suggesting 

that ANAC046 transcriptional activity lies in its C-terminal domain. Interestingly, 

expression of N-terminal truncated protein was not toxic to yeast cells when grown on 

SD/-Trp, while expression of the C-terminal domain still caused slight toxicity, indicating 

that ANAC046-associated toxicity is due to its C-terminal domain (Figure 3.2A). 

The transcription activity of ANAC087 was also determined using the same yeast 

system. The full length sequence encoding ANAC087 protein (1-335 amino acids) was 

cloned into pGBKT7-DB vector and transformed into yeast. The pGBKT7-DB vector 

was used as a negative control. Similar to what was observed for ANAC046, full length 

ANAC087 protein activated the expression of reporter genes and resulted in the growth 

of yeast cells on SD/-Trp, SD/-Trp/X/A and SD/-His. Yeast cells transformed with the 

empty vector could not grow on SD/-Trp/X/A and SD/-His medium. These results show 

that ANAC087 also acts as an activator of transcription (Figure 3.2B). 

3.2.3 Expression analysis of ANAC046 and ANAC087 in senescing leaves 

Similar to ANAC032, the expression of ANAC046 and ANAC087 has been reported to 

be induced in microarray studies of senescing leaves in Arabidopsis thaliana (Guo et al., 

2004; Breeze et al., 2011). To confirm this, the expression of these genes was analysed in 

the 5th leaf of wild-type plants at 28 and 45 DAP grown under long day conditions. 
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Quantitative RT-PCR analysis showed that ANAC046 and ANAC087 are indeed induced 

in the senescing leaves albeit at varying levels (Figure 3.3). For example, the expression 

of ANAC046 was induced by 2.3 fold in the senescing leaves compared to green leaves. 

The expression of ANAC087 was strongly induced ~ 23 fold in the senescing leaves 

compared to green ones (Figure 3.3). These results are suggestive of their possible role in 

regulating leaf senescence in Arabidopsis thaliana. 

3.2.4 Generation of ANAC046 & ANAC087 transgenic lines 

3.2.4.1 Generation of ANAC046 transgenic lines 

To analyse the function of ANAC046 in Arabidopsis thaliana during leaf senescence, 

different transgenic plants expressing full-length ANAC046 (35S::ANAC046), full-

length ANAC046 fused with the SRDX domain (35S::ANAC046-SRDX) and a hairpin 

RNAi construct (35S::ANAC046-RNAi) under the CaMV 35S promoter were generated. 

Eight independent overexpression transgenic lines expressing the 35S::ANAC046 

construct were obtained. All these lines were confirmed through PCR for the integration 

of the transgene, followed by segregation analysis to determine number of transgene 

copies. Segregation analysis of all independent lines indicated that at least three of the 

overexpression transgenic lines have a single transgene insertion site while the remainder 

of the lines had two or multiple copies. Each line was grown until homozygosity was 

achieved. Amongst eight overexpression lines, three of them exhibited growth defects, 

characterized by the presence of wound patches on the rosette leave (Figure 3.4A). These 

lines eventually died earlier than wild-type and other overexpression lines. The remaining 

of the overexpression transgenic lines grew normally and exhibited no significant  
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Figure 3.2: Transcriptional activity assay for ANAC046 and ANAC087 using yeast 
as a model system. 
 A) Transcription activation assay for ANAC046. Sequences encoding full length protein 
(1-338 amino acids), N-terminal domain encompassing NAM domain (1-172 amino 
acids) and C-terminal domain (173-338 amino acids) were clones into pGBKT7-DB 
vector. B) Transcription activation assay for ANAC087. Sequence encoding full-length 
protein (1-335 amino acids) of ANAC087 was cloned into pGKBT7-DB vector. 
pGBKT7-DB vector was used a negative control. Transcription activity was determined 
on the basis of cloned proteins to activate the expression of reporter genes. [SD/-Trp 
(synthetic defined medium without tryptophan); X (X-α-Gal); A (Aureobasidin A); SD/-
His (synthetic defined medium without histidine)]. 
 

 

 

A) 

B) 
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phenotypic differences compared to wild-type plants (Figure 3.4B). RNA samples from 

the rosette leaves of the overexpression lines were then subjected to quantitative RT-PCR 

analysis to determine the expression levels of the transgene. The expression of ANAC046 

in transgenic lines with a single copy of a transgene (Ox46-1, Ox46-3 and Ox46-6), was 

~ 60, 130 and 115 fold, respectively, compared to wild-type (Figure 3.5A). In contrast, 

overexpression lines Ox46-2 and Ox6-8 had the lowest expression of the ANAC046 

transgene.  Interestingly, the pleiotropic/growth phenotype was observed in the high 

expression lines (Figure 3.4 A & 3.5A). However, ANAC046 expression was much 

higher in Ox-5 and Ox-7 lines (~250 and 425 folds respectively) compared to wild-type 

yet these lines did not show any pleiotropic effects (Figure 3.5B).  

I also generated RNAi lines for ANAC046. For this purpose, the vector 

containing the 35S::ANAC046-RNAi hair-pin construct (CATMA3a03030) was obtained 

from Agrikola, (NASC) and transformed into Arabidopsis thaliana. Sixteen independent 

ANAC046-RNAi transgenic lines were obtained and were further analysed for transgene 

insertion via PCR, followed by segregation analysis. Segregation analysis revealed that at 

least five of the 16 independent transgenic lines harbour single transgene insertions. None 

of the 16 independent transgenic lines exhibited any developmental or pleiotropic defects 

and were similar to wild-type plants (Figure 3.4C). Total RNA was isolated from the 

rosette leaves of five ANAC046-RNAi lines with single transgene insertions and was 

subjected to quantitative RT-PCR analysis to determine the expression levels of 

ANAC046. The expression of the 35::ANAC046-RNAi hair-pin construct successfully 

reduced the endogenous levels of ANAC046. The expression levels of ANAC046 were 

~20%, 20%, 20%, 30% and 80% in the ANAC046-RNAi- 3, -8, -9,-15, -16 transgenic  
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Figure 3.3: Expression analysis of ANAC046 and ANAC087 in senescing leaves. 
RNA samples from the 5th leaf of wild-type at 28 and 45 DAP were used to analyse the 
expression of ANAC046 (A) and ANAC087 (B) using quantitative RT-PCR. Actin7 was 
used as the internal control to normalise the expression values of the target genes. 
Expression values are the means of three biological replicates (±SD). Data were 
statistically analysed using Student’s t-test analysis (P** < 0.01). 

 

A 

B 
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lines respectively compared to wild-type (Figure 3.5C).   In addition to ANAC046 

overexpression and RNAi lines, dominant negative suppression transgenic lines were also 

generated by fusing the ANAC046 coding region at its C-terminal end with the SRDX 

domain. In this context, 15 independent transgenic lines expressing the 35S::ANAC046-

SRDX construct were obtained, and confirmed through PCR for transgene integration. 

Each line was grown to the T3 generation to analyse the segregation pattern for 

determining the transgene insertion site number as well as to obtain homozygous seeds. 

At least five independent SRDX046 lines were found to contain transgene single 

insertions. Like ANAC046-RNAi transgenic plants, all the SRDX046 transgenic lines 

were also phenotypically similar to wild-type plants (Figure 3.4D). These lines were 

further subjected to quantitative RT-PCR to determine the expression levels of the 

ANAC046–SRDX transgene. The expression levels of ANAC046 transgene in 

ANAC046-SRDX-1, -6, -7, -14, -16 were ~450, 300, 125, 450, 200 fold, respectively, 

compared to wild-type (Figure 3.5D). 

3.2.4.2 Generation of ANAC087 transgenic plants 

Similarly, to analyse the function of ANAC087 in Arabidopsis thaliana during plant 

senescence and/or stress related senescence, overexpression (35:ANAC087) and 

dominant negative suppression (35:ANAC087-SRDX) lines were generated as well. In 

this context, six independent transgenic lines expressing 35::ANAC087 construct were 

obtained. All six overexpression lines did not show any developmental growth defects 

and were largely similar to wild-type phenotypically (Figure 3.6A & 3.7B). Three of the 

homozygous overexpression lines were analysed using quantitative RT-PCR to determine 

the expression levels of the transgene. qRT-PCR results show that expression levels of 
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Figure 3.4: Growth and development of ANAC046 transgenic lines.  
Homozygous plants from T3 generation belonging to different transgenic events were 
grown under long-day conditions and were photographed after 32 days of planting. A) 
Three independent overexpression lines showing developmental defects. Rosette leaves 
of these overexpression lines showed irregular growth pattern with patches of 
wounds/senescence on the edges of the leaves. B) Five independent overexpression lines 
exhibiting phenotype similar to wild-type plants. C) Five independent ANAC046-RNAi 
lines. D) Five independent ANAC046-SRDX lines. Neither ANAC046-RNAi nor 
ANAC046-SRDX lines showed any developmental growth defects and were 
phenotypically similar to wild-type plants. 
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Figure 3.5: Expression analysis of ANAC046 transgene in ANAC046 transgenic 
backgrounds.  
RNA samples from rosette leaves at 28 DAP were reverse transcribed and subjected to 
quantitative RT-PCR analysis. A) Quantitative RT-PCR analysis of ANAC046 transcripts 
in three independent overexpression lines showing developmental defects. B) 
Quantitative RT-PCR analysis of ANAC046 transcripts in five independent 
overexpression lines exhibiting phenotype similar to wild-type plants. C) Transcript 
levels of ANAC046 in five independent RNAi046 lines, showing different degree of 
reduction in the endogenous levels of ANAC046 expression. D) Quantitative RT-PCR 
analysis of ANAC046 transcripts in five independent transgenic lines expressing the 
35::ANAC046-SRDX construct. All the SRDX046 lines were found to overexpress 
suppressor construct efficiently. GAPDH was used as an internal control to normalise the 
values of target transcripts. Relative expression values represent data from three 
biological replicates (±SD). Data were statistically analysed using one-way ANOVA 
LSD test (P < 0.05). 
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ANAC087 transgene in three selected overexpression lines OX087-1, OX087-2 and 

OX087-5  were ~ 17, 25 and 15 fold, respectively, compared to wild-type plants (Figure 

3.6B). 

In the case of the dominant negative suppression construct, 35S::ANAC087-

SRDX, 27 independent transgenic lines were obtained. Interestingly, one third of the 

putative transgenic lines displayed strong growth reduction and affected plant 

development. The remaining T1 ANAC087-SRDX transgenic lines were phenotypically 

similar to wild-type. Three ANAC087-SRDX lines showing the dwarf phenotype were 

chosen for further analysis. ANAC087-SRDX lines showed significant growth defects 

and were found to have smaller plant stature overall (Figure 3.6A). Inflorescence growth 

was severely affected, with inflorescence size remaining small and the development of 

siliques and seeds severely affected (Figure 3.7A).  Expression levels of the transgene in 

SRDX087-1, SRDX087-2 and SRDX087-3 were ~ 97, 113 and 143 fold, respectively, 

compared to wild-type plants (Figure 3.6C).  

Furthermore, two putative T-DNA insertion lines, SALK_097821 (T-DNA-1) and 

N459705 (T-DNA-2) were obtained from the Salk institute and NASC (a Gabi-Kat line), 

respectively, that have T-DNA insertions in the exon regions of ANAC087. Homozygous 

plants carrying the T-DNA insertion were identified via PCR. Both ANAC087 putative 

T-DNA insertion lines were phenotypically indistinguishable from wild-type plants 

(Figure 3.6A).The flanking sequences resulting from sequencing from the left-border of 

the T-DNA region were retrieved for each putative T-DNA mutant from the Salk and 

NASC mutant database and analysed to find the position of the T-DNA insertion. The 

SALK_09781 line showed T-DNA integration downstream of the stop codon within the 
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3` UTR region while the N459705 line had T-DNA integrated into the 3rd exon of the 

ANAC087. RNA isolated from the rosette leaves of both putative T-DNA mutant lines 

were analysed using quantitative RT-PCR to determine the endogenous levels of 

ANAC087 transcripts. Two different sets of primers were designed, one from the 2nd 

exon located upstream of T-DNA integration sites and the other from the 3`UTR 

downstream of the T-DNA insertions. The primers designed from the upstream region of 

the T-DNA integration sites were still able to detect the signals for ANAC087 transcripts, 

suggesting ANAC087 is being actively transcribed. However, attempts to detect 

ANAC087 signals using the primer set that was designed downstream of the T-DNA 

integration sites failed due to the inefficiency of primers (data not shown). Different sets 

of primers are being tested to determine if the synthesis of full length transcripts is 

affected.  

3.2.5 Analysing ANAC046 and ANAC087 transgenic lines for oxidative stress 
induced senescence 

Despite upregulation of ANAC046 and ANAC087 in senescing leaves, the transgenic 

plants representing ANAC087 overexpression and SRDX lines and putative T-DNA 

insertion mutants did not show any marked differences in the onset of senescence 

compared to wild-type. Similarly, except for some of the ANAC046 overexpression lines 

which displayed some degree of early senescence during age-dependent senescence and 

during dark-induced senescence in the detached leaves (Figure 3.8), ANAC046-RNAi, -

SRDX a exhibited wild-type pattern of senescence. These observations suggest that 

ANAC046 and ANAC087 do not play a significant role in age-dependent senescence in 

Arabidopsis thaliana. ANAC046 and ANAC087 transgenic lines were then tested for 

their responses to different stress conditions. Senescence in plants is also known to be  



143 
 

 

 

 
 
Figure 3.6: Growth, development and gene expression in ANAC087 transgenic lines.  
A) Wild-type, three independent SRDX087 lines and two T-DNA mutant lines at 25 days 
after planting. B) Six independent ANAC087 overexpression (OX) lines at 25 days after 
planting. Note that SRDX087 had smaller plant stature compared to wild-type, T-DNA 
mutant lines and all six overexpression lines. C) & D) Three independent overexpression 
and three SRDX lines were subjected to quantitative RT-PCR analysis to analyse the 
expression of respective transgene constructs in transgenic lines with three biological 
replicates. GAPDH was used as internal control to normalise the expression values of 
target transcripts. Data were statistically analysed using one-way ANOVA LSD test (P < 
0.05) 
 

WT             SRDX087-1       SRDX087-2       SRDX087-3         T-DNA1       T-DNA2 

A) 

OX087-1            OX087-2           OX087-3        OX087-4          OX087-5            OX087-6 
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Figure 3.7: Phenotype of 35-day old ANAC087 transgenic plants. 
A) SRDX087 lines not only remained small but also produced smaller inflorescence and 
siliques compared to wild-type plants. Seed set and eventually seed yield was also 
affected in the ANAC087-SRDX lines at the end of the life cycle. B) No phenotypic 
differences in the rosette and/or inflorescence development were observed in any of the 
overexpression lines. 
 

triggered by biotic and abiotic stresses. It was reasoned that ANAC046 and ANAC087 

may be important during stress-induced senescence. While an increase in ROS 

production has been reported during developmentally regulated senescence, premature 

senescence, which is triggered by various biotic and abiotic stresses, is also accompanied 
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by an increase in ROS production (Mittler, 2002; Apel & Hirt, 2004). As a general 

strategy, the effect of different ROS-inducing chemical agents was examined in 

ANAC046 and ANAC087 transgenic lines to determine the possible physiological role of 

ANAC046 and ANAC087. 

3.2.5.1 Expression analysis of ANAC046 and ANAC087 upon H2O2 and Paraquat 
treatment 

First, the expression of ANAC046 and ANAC087 was analysed in response to H2O2 and 

paraquat in Arabidopsis thaliana seedlings. Fourteen-day-old wild-type seedlings were  

 

 
 
Figure 3.8: Dark induced leaf senescence assay in the detached leaves of ANAC046 
transgenic lines.  
A) Dark induced leaf senescence in the 4th leaf of wild-type and ANAC046 
overexpression lines. Three-week-old detached leaves were suspended in deionized water 
and incubated in dark for three days and then photographed. B) Dark induced leaf 
senescence in the fourth leaves of wild-type and two ANAC046-RNAi and three-SRDX 
lines. Three-week-old detached leaves were suspended in deionized water and incubated 
in dark for five days and then photographed.   
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treated with 10mM H2O2 and 50μM of paraquat for two and six hours. Interestingly, the 

expression of ANAC046 was down regulated initially after two hours of H2O2 treatment 

(Figure 3.9A). However, the expression levels returned to wild-type level after six hours. 

Paraquat treatment induced the expression of the ANAC046 gene after two and six hours 

of incubation compared to control condition, reaching approximately two fold after six 

hours (Figure 3.9A). The expression of ANAC087 largely remained unaltered after two 

and six hours of treatment with H2O2. Similarly, paraquat treatment did not have an effect 

on the expression of ANAC087 after two hours of treatment, but induced its expression 

by 1.5 fold after six hours (Figure 3.9B). These results show that the expression of 

ANAC046 and ANAC087 is not affected by H2O2 treatment, while being modestly 

induced in response to paraquat treatment particularly after six hours. Genome-wide 

expression studies of Arabidopsis have revealed that H2O2 and paraquat regulate distinct 

sets of genes in Arabidopsis thaliana (Suzuki et al., 2011). The paraquat-specific 

induction of these two genes suggest that ANAC046 and ANAC087 expression is 

predominantly modulated by superoxides rather than hydrogen peroxide (H2O2).  

3.2.5.2 Response of ANAC046 and ANAC087 transgenic lines to paraquat 

The expression of ANAC046 and ANAC087 is induced upon treatment with paraquat 

and this induction was found to be statistically significant. To determine if the changes in 

the expression of these genes during oxidative stress conditions could alter ROS-induced 

physiological responses, the transgenic lines of ANAC046 and ANAC087 were analyzed 

by challenging them with three different ROS-inducing chemical agents: paraquat, 3-

Aminotrizole (3-AT) and fuminosin B1 (FB1). 
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Figure 3.9: Expression analysis of ANAC046 and ANAC087 in response to 
hydrogen peroxide and paraquat.  
A) Expression of ANAC046 in response hydrogen peroxide (H2O2) and paraquat (PQ) 
treatment. B) Expression of ANAC087 in response to hydrogen peroxide (H2O2) and 
paraquat (PQ) treatment.  14-day-old wild-type seedlings grown on ½ MS agar plates 
were incubated in liquid ½ MS supplemented with 10mM of H2O2 and 50μM of 
paraquat for two and six hours. ½ MS liquid was used as a control. Actin7 was used as 
internal control to normalise the expression values of target transcripts. Data represent 
mean values from three biological replicates (±SD) and were analysed using Student’s t-
test (P* <0.05, P** <0.0, NS-not significant).  
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The impact of paraquat-induced toxicity was studied in the ANAC046 transgenic lines by 

exposing them to different concentrations of paraquat. Surface sterilized seeds of 

transgenic lines were germinated and grown on ½ MS plates supplemented with 0μM, 

0.5μM, 0.75μM and 1μM for 21 days and seedling survival percentages were determined.  

First, the response in ANAC046-RNAi and -SRDX lines to 0μM, 0.5μM, 0.75μM and 

1μM was examined. After 21 days of growth on ½ MS plates containing different levels 

of paraquat, the three ANAC046 RNAi46 transgenic lines had slightly higher survival 

rates compared to wild-type only on 0.75μM of paraquat but behaved similar to wild-type 

on 0.5μM  and1μM of paraquat (Figure 3.10A & B).  On the other hand, the three 

ANAC046 SRDX lines displayed significant tolerance to all the levels of paraquat 

(Figure 3.10A & B). Next, the response of ANAC046 overexpression lines to paraquat 

was analysed. Five independent transgenic lines overexpressing ANAC046, OX46.1, 

OX46.3, OX46.5, OX46.6 and OX46.7, were included in this assay. Survival rates of 

overexpression lines were statistically similar to wild-type on 0μM, 0.5μM, and 1μM of 

paraquat. However, on 0.75μM of paraquat, more seedlings of OX46.1 and OX46.6 lines 

showed bleaching compared to wild-type (Figure 3.11A & B). Interestingly, these 

overexpression lines also died early when grown on soil and showed early senescence 

during dark induced senescence assay in the detached leaves. Since paraquat treatment 

leads to superoxide production in plants and ANAC046 transgenic lines showed altered 

response to paraquat treatment compared to wild-type, ANAC046 could, therefore, be 

important during superoxide-mediated oxidative stress. 

Next, I investigated if the paraquat was also modulated in ANAC087 transgenic 

lines. For this purpose, seeds of ANAC087 overexpression and SRDX were grown and 
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germinated on ½ MS agar plates containing 0μM, 0.5μM, and 1μM of paraquat. After 10 

days of growth, no visibly distinct phenotypic responses were shown by any of the 

ANAC087 overexpression or SRDX lines compared to wild-type, suggesting that 

ANAC087 does not alter plant responses to paraquat induced superoxide production in 

Arabidopsis thaliana (data not shown). 

3.2.5.3 Response of ANAC046 and ANAC087 transgenic lines to 3-Aminotriazole (3-
AT) treatment 

ANAC046 transgenic lines were further tested for their response to another oxidative 

stress inducing agent, 3-Aminotriazole (3-AT). Treatment with 3-AT in plants is known 

to inhibit the catalase activity and ultimately results in the accumulation of cellular H2O2. 

Previously, I have shown that 3-AT treatment also induces the generation of superoxides 

in wild-type seedlings (Figure 2.32). Given the altered response of ANAC046 transgenic 

lines to paraquat which primarily induces superoxide generation, it was hypothesized that 

the ANAC046 transgenic lines would also respond to 3-AT-induced ROS stress in a 

similar fashion.  First, the short term response of ANAC046 transgenic lines was 

determined at 0μM and 15μM 3-AT after five days of seedlings growth. Results showed 

that the three ANAC046-RNAi lines behaved similar to wild-type in terms of percent 

seedlings exhibiting chlorotic symptoms. However, the three ANAC046 SRDX lines 

were considerably more resistant to 15μM 3-AT compared to wild-type, showing a 

significant resistance in the development of chlorotic symptoms (Figure 3.12A & B). 

Then, I investigated the response of five independent ANAC046 overexpression lines to 

15μM 3-AT.  After five days of growth on 15μM 3-AT, no statistically significant  
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Figure 3.10: Response of ANAC046 SRDX and RNAi lines to paraquat.  
A) Phenotypic response to different concentration of paraquat (PQ) in the nutrient 
medium. B) Percent seedling survival after 21 days of growth on different concentration 
of paraquat. Values are the means of four biological replicates (±SD). Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters 
at each concentration of paraquat are not statistically different from each other. 
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Figure 3.11: Response of ANAC046 overexpression lines to paraquat.  
A) Phenotypic response to different concentration of paraquat (PQ) in the nutrient 
medium. B) Percent seedling survival after 21 days of growth on different concentration 
of paraquat. Values are the means of four biological replicates. Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters 
at each concentration of paraquat are not statistically different from each other. 
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differences were observed in the sensitivity of the ANAC046 overexpression line to 3-AT 

treatment compared to wild-type (Figure 3.13A & B). This suggests that the 

overexpression of ANAC046 in Arabidopsis thaliana does not alter sensitivity to 3-AT-

mediated H2O2 and/or superoxide response. To further confirm these findings, the 

response of ANAC046 transgenic lines was further investigated using 0μM, 5μM, 7.5μM 

and 15μM of 3-AT of 3-AT over an extended growth period. Percent seedlings displaying 

chlorotic symptoms were determined on these concentrations of 3-AT. After 12 days of 

growth, the development of chlorotic symptoms on different concentrations of 3-AT 

exhibited the same trend as was observed during short term treatment (Figure 3.14A & 

B). The three ANAC046 SRDX lines demonstrated resistance to 3-AT treatment, while 

the response of the three RNAi and five overexpression lines was comparable to wild-

type (Figure 3.14A & B).     

The effect of 3-AT was also determined in ANAC087 transgenic lines by growing 

the seeds of ANAC087 overexpression and SRDX lines on 0μM,5μM, 7.5μM and 15μM 

of 3-AT. After 12 days of growth under long day condition, no statistically significant 

differences were found in terms of seedling chlorosis in any of the ANAC087 

overexpression and SRDX lines on any concentration of 3-AT compared to wild-type 

(Figure 3.15). This suggests that ANAC087 does not regulate responses to 3-AT 

mediated ROS stress in Arabidopsis thaliana. 

3.2.5.4 Response of ANAC046 and ANAC087 transgenic lines to fumonisin B1 (FB1) 
treatment 

In addition to investigating the response to paraquat and 3-AT, ANAC046 transgenic 

lines were further challenged with 0μM, 0.3μM and 1μM of FB1. In this assay, surface  
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Figure 3.12: Early response of ANAC046-SRDX and RNAi lines to 3-aminotriazole 
(3-AT). 
  
A) Response of three ANAC046-SRDX and three ANAC046-RNAi lines to 15μM of 3-
AT after five days of growth under long-day condition (16h/8h, light/dark). B) Percent 
seedlings displaying chlorotic phenotype at 15μM of 3-AT after five days of growth 
under long-day condition (16h/8h, light/dark). Values represent means of three biological 
replicates (±SD). Bars with the same letters are not statistically different according to the 
one-way ANOVA LSD test (P < 0.05) 
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Figure 3.13: Early response of ANAC046 overexpression lines to 3-aminotriazole (3-
AT).  
A) Response of five independent ANAC04 overexpression lines to 15μM of 3-AT after 
five days of growth under long-day condition (16h/8h, light/dark). B) Percent seedlings 
displaying chlorotic phenotype at 15μM of 3-AT after five days of growth under long-
day condition (16h/8h, light/dark). Values represent means of three biological replicates 
(±SD). Bars with the same letters are not statistically different according to the one-way 
ANOVA LSD test (P < 0.05) 
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Figure 3.14: Response of ANAC046 transgenic lines to 3-aminotriazole (3-AT) 
treatment after 12 days.  
A) Percent chlorotic seedlings of ANAC046-SRDX and -RNAi lines. B) Percent 
chlorotic seedlings of ANAC046 overexpression lines. Values are the means of three 
biological replicates (±SD). Data were analysed statistically using one-way ANOVA 
LSD test (P < 0.05). Genotypes with the same letters at each concentration of paraquat 
are not statistically different from each other. 
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Figure 3.15: Response of ANAC087 transgenic lines to 3-aminotriazole (3-AT) 
treatment after 12 days.  
Data correspond to percentage of seedlings of ANAC087 overexpression and SRDX lines 
exhibiting chlorosis. Values are the means of three biological replicates (±SD). Data were 
analysed statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the 
same letters at each concentration of paraquat are not statistically different from each 
other. 
 

 

sterilized seeds of two RNAi, three SRDX and three overexpression lines were 

germinated and grown on ½ MS agar plates supplemented with 0μM, 0.3μM and 1μM of 

FB1. After 12 days of growth under continuous light conditions, all ANAC046 transgenic 

lines displayed similar sensitivity to different concentrations of FB1 which was 
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comparable to wild-type (Figure 3.16). These finding suggest that altering ANAC046 

expression does not modulate response to FB1 treatment in Arabidopsis thaliana. 

ANAC087 transgenic lines were also tested for their response to FB1. Seeds of 

wild-type, three ANAC087 overexpression lines, three ANAC087-SRDX lines and two 

putative T-DNA insertion mutants were germinated and grown on ½ MS agar plates 

supplemented with 0μM, 0.3μM and 1μM of FB1. After 12 days of growth under 

continuous light conditions, three ANAC087 overexpression and two putative T-DNA 

insertion mutants displayed phenotypic responses similar to wild-type on 0μM, 0.3μM 

and 1μM of FB1 (Figure 3.17). In contrast, the three ANAC087-SRDX lines were more 

sensitive to FB1 compared to wild-type, displaying complete bleaching of seedlings at 

0.3μM of FB1 (Figure 3.17). Since, the response of the ANAC087-SRDX lines was 

comparable to wild-type when challenged with the other ROS producing agents, 3-AT 

and paraquat, the FB1 specific response of ANAC087-SRDX lines shows that ANAC087 

could be important in regulating defense responses upon fungal infection rather than 

general ROS-associated response. Detailed experiments related to the detection of ROS 

upon FB1 treatment and the impact on the expression of genes related to pathogen 

infection and disease response will be conducted in the ANAC087 transgenic lines in the 

future to determine the role of ANAC087 in this process. 
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Figure 3.16: Response of ANAC046 transgenic lines to fumonisin B1 (FB1).  
Surface sterilised seeds of ANAC046 transgenic lines were germinated and grown on ½ 
MS agar plates containing 0μM, 0.3μM and 1μM of FB1 under continuous light. Plates 
were photographed after 12 day of growth. 
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Figure 3.17: Response of ANAC087 transgenic lines to fumonisin B1 (FB1).  
Surface sterilized seeds of wild-type, three overexpression lines, three SRDX lines and 
two putative T-DNA mutants of ANAC087 were germinated and grown on ½ MS agar 
plates containing 0μM, 0.3μM and 1μM of FB1 under continuous light. Plates were 
photographed after 12 day of growth. 
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3.2.6 Role of ANAC046 and ANAC087 during abiotic stress conditions 

3.2.6.1 Expression of ANAC046 and ANAC087 in response to different abiotic 
stresses 

Abscisic acid (ABA), jasmonic acid (JA) and salicylic acid (SA) are known to positively 

regulate stress-induced senescence as described earlier. To investigate if the expression of 

ANAC046 and ANAC087 is modulated by these hormones, 10-day-old wild-type 

seedlings were treated with 10μM of ABA, 50μM of MeJA (Methyl Jasmonate) or 

100μM of SA for one and four hours. Expression of ANAC046 and ANAC087 was 

analysed using quantitative RT-PCR. One hour of treatment with ABA, MeJA and SA 

had little effect on the expression of ANAC046 (Figure 3.18A). However after four hours 

of treatment, the expression of ANAC046 was induced by three fold in response to ABA, 

MeJA and SA (Figure 3.18A). The expression of ANAC087 was not affected by ABA 

after one hour of treatment, but induced significantly in response to MeJA and SA in 

Arabidopsis seedlings (Figure 3.18B). The effect of these treatments on the expression of 

ANAC087 was more pronounced after four hours reaching approximately five fold, two 

fold and three fold in response to ABA, MeJA and SA, respectively (Figure 3.18B). To 

analyse the effect of different abiotic stresses on the expression of ANAC046, 

Arabidopsis seedlings were subjected to salinity and osmotic stress for one and four 

hours after ten days of growth. The expression of ANAC046 was not induced after one 

hour of treatment with these stresses, while induced significantly after four hours of 

treatment (Figure 3.18C). A similar trend was observed for ANAC087. An approximate 

two fold induction was observed in the expression of ANAC087 after four hours of 

treatment with NaCl and mannitol (Figure 3.18D). These results show that expression of 

ANAC046 and ANAC087 is also modulated by salinity and osmotic stresses. 
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3.2.6.2 Response of ANAC046 and ANAC087 transgenic lines to ABA treatment 

3.2.6.2.1 Effect of ABA on seed germination in ANAC046 transgenic lines 

First, I examined the effect of ABA on seed germination in wild-type and ANAC046 

transgenic lines. Two different physiological responses, namely seed germination 

(emergence of radicle from the seed coat) and establishment of fully expanded green 

cotyledons were analysed. On ½ MS agar plates without any ABA, 100% of the wild-

type seeds germinated within 24 hours and the germination rates of the three ANAC046 

RNAi lines were very much comparable to wild-type (Figure 3.19 & 3.20A). However, 

the germination was slightly delayed in the three ANAC046-SRDX lines under control 

conditions (Figure 3.19 & 3.20A). Since ABA promotes seed dormancy, a dose 

dependent effect of ABA on the seed germination in wild-type was observed, yet ~100% 

and 95% of the wild-type seeds germinated by third day on 1μM and 2μM of ABA, 

respectively (Figure 3.19 & 3.20C &D). When compared with the wild-type, the three 

ANAC046-RNAi lines exhibited hypersensitivity to ABA during seed germination in a 

dose-dependent manner (Figure 3.19 & 3.20B, C &D). For example, after three days of 

incubation on 2μM ABA, the germination percentages of the three ANAC46-RNAi lines, 

RNAi46.3, RNAi46.8 and RNAi46.9, were 87.5%, 78.3% and 85%, respectively (Figure 

3.19 & 3.20D). On the other hand, the three ANAC46-SRDX lines displayed strong 

hypersensitivity to ABA compared to wild-type and ANAC046-RNAi lines during seed 

germination and the effect was found to be dose-dependent as well (Figure 3.19 & 3.20). 

For example, after three days of incubation on 2μM ABA, the three ANAC046-SRDX 

lines, SRDX46.6, SRDX46.14, and SRDX46.16 had 7.5% 0% and 16.6% seeds 

germinated, respectively, compared to wild-type (Figure 3.20D). 
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Figure 3.18: Expression analysis of ANAC046 and ANAC087 in response to 
different stress-hormones and abiotic stresses.  
A) & B) show the expression of ANAC046 and ANAC087, respectively, in response to 
ABA, MeJA and SA treatment after one and four hours. C) & D) show the expression of 
ANAC046 and ANAC087, respectively, in response to NaCl and mannitol treatment after 
one and four hours. Expression values are the means of three biological replicates (±SD). 
Data were analysed statistically using Student’s t-test (P*<0.05, P**<0.01, P***<0.001, 
NS-not significant). 
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Next, the effect of different concentrations of ABA on the establishment of fully 

expanded green cotyledons was examined after five days of incubation under long-day 

conditions. Similar to what was observed during seed germination, ABA affected the 

establishment of green cotyledons in a dose-dependent manner in wild-type with 

significantly reduced number of germinated seeds developing green cotyledons (Figure 

3.19 & 3.21). The three ANAC046-RNAi lines did not show any significant differences 

compared to wild-type at 0.5μM of ABA. However, at 1μM and 2μM of ABA, the three 

NAC046-RNAi lines had statistically lower number of seedlings with fully-expanded 

green cotyledons (Figure 3.19 & 3.21). For example, at 1μM of ABA, only 46.6%, 45.8% 

and 73.3% of RNAi46.3, RNAi46.8 and RNAi46.9 seedlings, respectively, could 

established fully-expanded green cotyledons compared to wild-type where this response 

was ~90.8%.  On the other hand, the three ANAC46-SRDX lines showed a severe 

hypersensitive phenotype on all the ABA concentrations used in this assay (Figure 3.19 

& 3.21). These results show that ANAC046 positively regulates seed germination and 

green cotyledon formation processes in response to ABA treatment.  It is yet to be 

determined if overexpression lines exhibit insensitivity during seed germination and 

cotyledon greening in response to ABA treatment. 

3.2.6.2.2 Effect of ABA during early seedling development in ANAC046 transgenic 
lines 

Given the hypersensitive seed germination response particularly in ANAC046-SRDX and 

-RNAi lines to ABA, I analysed the effect of increased concentrations of ABA during 

early seedling development.  Two ABA-related responses on plant development, 1) 

primary root elongation and 2) chlorosis/loss of chlorophyll in the leaves, were analysed 
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in wild-type and ANAC046 transgenic lines. Increased concentration of ABA in the 

nutrient medium has been shown to promote inhibition of primary root elongation and 

induction of leaf chlorosis (Kuhn et al., 2006). For this purpose, five-day-old seedlings of 

wild-type, and ANAC046-SRDX and -RNAi lines were transferred to ½ MS agar plates 

containing 0μM, 5μM and 10μM ABA. Consistent with the inhibitory role of ABA in 

root elongation, an increased concentration of ABA resulted in the reduction of primary 

root elongation in wild-type seedlings (Figure 3.22 & 3.23). A similar trend in the 

reduction of primary root growth was observed in the seedlings of ANAC046-RNAi 

(Figure 3.22A & 3.23A) and NAC046-SRDX lines (Figure 3.22B & Figure 3.23B) in 

response to ABA treatment. However, no statistically significant differences were 

observed between wild-type and any of the ANAC046-RNAi and -SRDX lines after 5 

days of growth on medium containing 5μM and 10μM of ABA (Figure 3.22 & 3.23).  

An increase in ABA promotes stomatal closure in the leaves of plants thereby 

resulting in decreased photosynthetic activity and ultimately leaf chlorosis. I also 

investigated if this response to ABA differed in the transgenic lines. Although, the 

chlorophyll content was not analysed biochemically, no obvious differences in terms of 

loss of chlorophyll or appearance of the chlorotic phenotype were observed in the leaves 

of wild-type and any of the ANAC046 transgenic lines at any concentration of ABA 

(Figure 3.22A & B). These results show that ANAC046 only mediates ABA-associated 

responses during the seed germination phase.  
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Figure 3.19: Phenotypic response of ANAC046 RNAi and SRDX lines to ABA 
during seed germination and early seedling establishment. 
 Seeds of wild-type and ANAC046 transgenic lines were placed on the ½ MS agar plates 
supplemented with 0μM (A), 0.5μM (B), 1μM (C) and 2μM (D) of ABA and were 
incubated under long-day growth conditions for five days and then photographed.  
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Figure 3.20: Analysis of seed germination in ANAC046-SRDX and -RNAi lines in 
response to ABA treatment.  
Surface sterilised seeds (n=40) of wild-type and ANAC046 RNAi and SRDX lines were 
germinated and grown on ½ MS agar plates supplemented with 0μM (A), 0.5μM (B) and 
1μM (C) and 2μM (D) of ABA. Plates were incubated under long-day condition for five 
days and percentage seed germination was determined on daily basis. Values are the 
means of three biological replicates (±SD). Data were analysed statistically using one-
way ANOVA LSD test (P < 0.05). Genotypes with the same letters at each time point are 
not statistically different from each other. 
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Figure 3.21: Effect of ABA on the establishment of expanded green cotyledons in 
ANAC046-RNAi and -SRDX transgenic lines.  
The effect of different concentrations of ABA on the establishment of expanded green 
cotyledons was analysed after five days of growth under long-day growth conditions. 
Values are the means of three biological replicates (±SD). Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters 
at each ABA concentration are not statistically different from each other. 
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Figure 3.22: Phenotypic response of ANAC046-RNAi and -SRDX lines to ABA 
during early vegetative growth.  
A) Phenotypic response of five-day-old seedlings of WT and two ANAC046-RNAi lines 
on different concentrations of ABA after six additional days of incubation under long-day 
growth conditions. B) Phenotypic response of five days old seedlings of WT and two 
independent ANAC046-SRDX lines on different concentrations of ABA after six 
additional days of incubation under long-day growth conditions. 
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Figure 3.23: Effect of ABA on the primary root growth of ANAC046-RNAi and -
SRDX lines.  
A) Primary root elongation response of WT and two independent ANAC046-RNAi lines 
on different concentrations of ABA after six days of incubation under long-day growth 
conditions. B) Primary root elongation response of wild-type (WT) and two independent 
ANAC046-SRDX lines on different concentrations of ABA after six days of incubation 
under long-day growth conditions. Fifteen to eighteen seedlings of wild-type, ANAC046-
RNAi and -SRDX lines were analysed at each concentration of ABA. Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Bars with the same letters are 
not statistically different from each other. 
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3.2.6.2.3 Effect of ABA on seed germination in ANAC087 transgenic lines 

The effect of ABA on seed germination in ANAC087 transgenic lines was analyzed 

using the two different physiological parameters: radicle emergence from seed coats, and 

establishment of green cotyledons.  First, surface sterilized seeds of three independent 

ANAC87-SRDX and wild-type were plated on ½ MS agar plates supplemented with 

0μM, 0.5μM, 1μM and 2μM of ABA. Seed germination rates were analysed on a daily 

basis for five days. On ½ MS agar plates without ABA, seed germination in three 

independent ANAC087-SRDX lines was delayed by one day compared to wild-type, 

suggesting that the ANAC087 SRDX lines had reduced seed germination efficiency even 

under normal growth conditions (Figure 3.25). However, three independent ANAC087-

SRDX lines showed drastically delayed germination compared to wild-type when 

exposed to different concentrations of ABA. For example, 100% of the wild-type seeds 

germinated within the first two days, whereas only 71.1 %, 47.7% and 76.6% of the seeds 

of SRDX87.1, SRDX87.2 and SRDX87.3 lines germinated, respectively, on 2μM of 

ABA (Figure 3.25D). A similar but weaker trend in the germination rates of wild-type 

and three independent ANAC087 SRDX lines were observed when grown on 0.5μM or 

1μM of ABA (Figure 3.24 & 3.25). Establishment of fully opened green cotyledons was 

investigated in wild-type and ANAC087-SRDX after five days of growth on different 

concentrations of ABA. The establishment of green cotyledons was comparable in the 

wild-type and the two ANAC087-SRDX lines under control condition (Figure 3.26). 

However, the third SRDX line, SRDX87.2, had significantly lower percent of seedlings 

with green cotyledons (Figure 3.24 & 3.26). This lower response is due to the poor 

germination ability of SRDX87.2 line. Similar to the seed germination assay, ABA 
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drastically affected the formation of green cotyledons in wild-type and the SRDX087 

lines (Figure 3.24 & 3.26). However, the formation of green cotyledons was strongly 

inhibited in the three SRXD lines compared to wild-type in a dose dependent manner. 

After five days of incubation on 1μM of ABA, approximately 86.6% of wild-type 

seedlings had expanded green cotyledons whereas the three ANAC087-SRDX lines, 

SRDX87.1, SRDX87.2 and SRDX87.3, had 18.8%, 11.1% and 13.3% of the seedlings 

showing this response, respectively (Figure 3.26). These results clearly demonstrate the 

importance of ANAC087 during seed germination through the ABA-mediated pathway. 

  The seed batches of the ANAC087 overexpression lines were older than the 

ANAC087 SRDX lines when the germination tests were performed and thus were studied 

separately for their response to ABA treatment. Studies have shown that seed dormancy 

decreases with ageing. Consistent with this, the effect of ABA on seed germination was 

decreased in old batches of seeds for wild-type and three overexpression lines. No 

significant differences in the germination rates were found in response to ABA treatment 

in wild-type and overexpression lines (Figure 3.27 & 3.28). Next, the effect of ABA on 

the formation of green cotyledons was analysed in wild-type and three ANAC087 

overexpression lines after four and five days of incubation on different concentrations of 

ABA. Interestingly, at least two overexpression lines, OX87.2 and OX87.3 exhibited 

insensitivity to ABA in the formation of green cotyledons compared to wild-type at 1μM 

and 2μM ABA (Figure 3.29A & B). The third overexpression line, OX87.5, behaved 

similar to wild-type (Figure 3.29A & B).  
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Figure 3.24: Phenotypic response of ANAC087-SRDX lines to ABA during seed 
germination and early seedling establishment.  
Seeds of wild-type and three ANAC087-SRDX transgenic lines were placed on the ½ MS 
agar plates supplemented with 0μM (A), 0.5μM (B), 1μM (C) and 2μM (D) of ABA and 
were incubated under long-day growth conditions for five days and then photographed.  
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Figure 3.25: Analysis of seed germination in ANAC087-SRDX transgenic lines in 
response to ABA treatment.  
Surface sterilised seeds (n=30) of wild-type and three ANAC087-SRDX lines were 
germinated and grown on ½ MS agar plates supplemented with 0μM (A), 0.5μM (B) and 
1μM (C) and 2μM (D) of ABA. Plates were incubated under long-day condition for five 
days and percentage seed germination was determined on daily basis. Values are the 
means of three biological replicates (±SD). Data were analysed statistically using one-
way ANOVA LSD test (P < 0.05). Genotypes with the same letters at each time point are 
not statistically different from each other. 
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Figure 3.26: Effect of ABA on the establishment of expanded green cotyledons in 
ANAC087-SRDX transgenic lines.  
The effect of different concentrations of ABA on the establishment of expanded green 
cotyledons was analysed after five days of growth under long-day conditions. Values are 
the means of three biological replicates (±SD). Data were analysed statistically using 
one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters at each ABA 
concentration are not statistically different from each other. 
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Figure 3.27: Phenotypic response of ANAC087 overexpression lines to ABA during 
seed germination and early seedling establishment.  
Seeds of wild-type and three ANAC087 overexpression lines were placed on the ½ MS 
agar plates supplemented with 0μM (A), 0.5μM (B), 1μM (C) and 2μM (D) of ABA and 
were incubated under long-day growth conditions for five days and then photographed. 
 
 
 
 

0μM 0.5μM 

2μM 1μM 

A B 

C D 



176 
 

 
 
 
 

 
 
Figure 3.28: Analysis of seed germination in ANAC087 overexpression lines in 
response to ABA treatment.  
Surface sterilised seeds (n= 30) of wild-type and three ANAC087 overexpression lines 
were germinated and grown on ½ MS agar plates supplemented with 0μM (A), 0.5μM 
(B) and 1μM (C) and 2μM (D) of ABA. Plates were incubated under long-day condition 
for five days and percentage seed germination was determined on daily basis. Values are 
the means of three biological replicates (±SD). Data were analysed statistically using 
one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters at each time 
point are not statistically different from each other. 
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Figure 3.29: Effect of ABA on the establishment of expanded green cotyledons in 
ANAC087 overexpression lines.  
The effect of different concentrations of ABA on the establishment of expanded green 
cotyledons was analysed after four days (A) and five days (B) of growth under long-day 
growth conditions. Values are the means of three biological replicates (±SD). Data were 
analysed statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the 
same letters at each ABA concentration are not statistically different from each other. 
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3.2.6.3 Response of ANAC046 and ANAC087 transgenic lines to salinity and osmotic 
stress 

3.2.6.3.1 Effect of salinity and osmotic stress on seed germination in ANAC046 
transgenic line 

Salinity Stress: The effect of salinity stress was analysed in ANAC046 transgenic lines 

during seed germination as it is known to be affected by several abiotic stresses like 

drought, salinity and temperature (Kim et al., 2008, Penfield et al., 2005). For seed 

germination assays, surface sterilized seeds of wild-type, three independent transgenic 

lines each representing ANAC46-RNAi and ANAC046-SRDX were exposed to different 

concentrations of NaCl in ½ MS agar plates. Results show that increasing levels of NaCl 

inhibited the seed germination in wild-type in a concentration dependent manner (Figure 

3.31). Under control conditions, 100% seeds of wild-type germinated within a day. 

However, wild-type reached 100% germination after two days on ½ MS agar plates 

containing 50mM, 100mM of NaCl. On 150mM, approximately 90% of the wild-type 

seeds germinated by the 3rd day. In ANAC46-RNAi and ANAC046-SRDX transgenic 

lines, seed germination was delayed by approximately one day under the control 

conditions. However, this delayed germination phenotype was more pronounced in 

ANAC046-SRDX lines compared to ANAC046-RNAi lines (Figure 3.31A). 

Interestingly, RNAi and SRDX transgenic lines exhibited a hypersensitive seed 

germination phenotype to increasing concentrations of NaCl in the medium compared to 

wild-type (Figure 3.31). For example, on 150mM NaCl, seed germination was 70%, 56% 

and 62% in RNAi46.3, RNAiNAC46.8 and RNAi46.9, respectively, compared to wild-

type where approximately 90% seeds had germinated by the 3rd day (Figure 3.31D). This 

hypersensitive seed germination phenotype was even more prominent in SRDX46.6, 
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SRDX46.14 and SRDX46.16 lines where only 0%, 1% and 40% of the seeds could 

germinate respectively (Figure 3.30C & 3.31D).  

 Next, the effect of salinity stress on the establishment of green cotyledons was 

analysed. This response was examined in wild-type, ANAC046-RNAi and ANAC046-

SRDX lines after five days of incubation. No significant effect on the establishment of 

fully expanded green cotyledons in Wild-type was found at any salinity stress level. 

Approximately 100% of the wild-type seedlings established fully expanded green 

cotyledons on 0, 50mM, 100mM and 150mM salt after 5 days of growth (Figure 3.32A). 

Similarly, the establishment of fully green cotyledon was not much affected in NAC046-

RNAi and NAC046-SRDX lines on 50mM and 100mM of NaCl (Figure 3.32A). 

However, after 5 days of incubation on 150mM NaCl, only 74%, 66% and 70% of 

RNAi46.3, RNAi46.8, and RNAi46.9 seedlings could establish fully expanded green 

cotyledons, respectively, compared to wild-type (Figure 3.30C & 3.32A). ANAC046-

SRDX lines exhibited a stronger phenotype at 150mM of NaCl where the three 

ANAC046-SRDX lines; SRDX46.6, SRDX46.14, and SRDX46.16 had ~13%, 2.5% and 

51% of the seedlings with fully expanded green cotyledons compared to wild-type 

(Figure 3.30C & 3.32A). The response of ANAC046 overexpression lines during seed 

germination and on formation of expanded green cotyledons is yet to be determined. 

Osmotic Stress: Plants encounter osmotic stress in response to drought and high salt 

concentrations in the soil (Kim et al., 2008). Therefore, the effect of osmotic stress was 

also studied in wild-type and ANAC046-SRDX and -RNAi transgenic lines during seed 

germination. Osmotic stress was applied using two different concentrations of D-

mannitol in ½ MS agar plates (200mM and 300mM). Mannitol-induced osmotic stress 
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delayed the germination in wild-type in dose-dependent manner (Figure 3.31E & F). 

However, ANAC046-SRDX and -RNAi lines exhibited greater hypersensitivity in 

response to increasing concentrations of D-mannitol in the nutrient medium (Figure 

3.31E & F). For example, on ½   MS agar plates containing 300mM of D-mannitol, 

SRDX46.6, SRDX46.14 and SRDX46.16 exhibited  2.5%, 1% and 87.5% germination,  

respectively, compared to wild-type by 3rd day which had reached ~100% (Figure 3.31F). 

The three ANAC046-RNAi lines also showed significantly reduced germination rates, 

reaching  87%, 83% and 82% by the 3rd day compared to wild-type (Figure 3.31F). These 

results show that in ANAC046-RNAi lines, seed germination was also affected in 

response to mannitol, albeit less prominently compared to ANAC046-SRDX lines. Next, 

the effect of osmotic stress on the formation of expanded green cotyledons was 

determined after five days of incubation on 0mM, 200mM and 300mM of mannitol. All 

of the wild-type seedlings established fully expanded green cotyledons on 200mM and 

300mM of D-mannitol after five days (Figure 3.32B). Although the formation of 

expanded green cotyledons was slightly reduced in the three ANAC046-RNAi lines 

compared to wild-type on both concentrations of mannitol, the differences were not 

statistically significant (Figure 3.32B). On the other hand, at least two of the ANAC046-

SRDX lines, SRDX46.6 and SRDX46.14, showed increased hypersensitivity to 200mM 

and 300mM of mannitol in terms of establishment of green cotyledon compared to wild 

type (Figure 3.32B). For example, only 25%, and 12.5% of SRDX46.6 and SRDX46.14 

lines, respectively, developed expanded green cotyledons compared to wild-type on 

300mM of mannitol (Figure 3.30D & 3.32B). These results show that ANAC046  
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 Figure 3.30: Phenotypic response of ANAC046 SRDX and RNAi lines to salinity 
and osmotic stress.  
Surface sterilised seeds of wild-type and ANAC046 RNAi and SRDX lines were 
germinated and grown on ½ MS agar plates supplemented with 100mM (B) and 150mM 
(C) of NaCl (for salinity stress), and  200mM and 300mM of D-Mannitol (osmotic 
stress). ½ MS agar plates without NaCl or Mannitol were used as control (A). Plates were 
incubated under long-day condition for five days and photographed.  
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Figure 3.31: Analysis of seed germination of ANAC046 SRDX and RNAi lines in 
response to salinity and osmotic stress.  
Seeds (n=40) of wild-type and ANAC046-RNAi and -SRDX lines were germinated and 
grown on ½ MS agar plates supplemented with 0mM (control) (A), 50mM (B), 100mM 
(C) and 150mM (D) of NaCl, and 200mM (E) and 300mM (F) of D-mannitol. Values are 
the means of three biological replicates (±SD). Data were analysed statistically using 
one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters at each time 
point are not statistically different from each other. 
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Figure 3.32: Effect of salinity and osmotic stress on the establishment of expanded 
green cotyledons in ANAC046 RNAi and SRDX lines.  
A) Effect of different concentrations of NaCl on the establishment of expanded green 
cotyledons in ANAC046-RNAi and -SRDX lines. B) Effect of different concentrations of 
D-mannitol on the establishment of expanded green cotyledons in ANAC046-RNAi and -
SRDX lines. Values represent the means of three biological replicates (±SD). Bars with 
the same letters are not statistically different according to the one-way ANOVA LSD test 
(P < 0.05). 
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also regulates responses to osmotic stress during seed germination and early seedling 
establishment. 

3.2.6.3.2 Effect of salinity stress on the vegetative growth of ANAC046 transgenic 
lines  

Given the hypersensitive response of ANAC046-SRDX and -RNAi lines during the seed 

germination stage, studies were further extended to investigate the effect of salinity stress 

on the growth of ANAC046-SRDX and -RNAi mature plants.  At least, five ANAC046 

overexpression lines; OX46.1, OX46.3 and OX46.6 which exhibit developmental defects, 

and OX46.5 and OX46.7 which exhibit wild-type phenotype, were also included in this 

assay. Wild-type and ANAC046 transgenic lines were irrigated with water supplemented 

with 300mM of NaCl at 23 DAP. Control plants were irrigated with water without any 

supplemental NaCl. After seven days of treatment, ANAC046-SRDX and -RNAi lines 

responded similarly to wild-type plants in response to salinity stress (Figure 3.33). The 

three ANAC046 overexpression lines, OX46.1, OX46.3 and OX46.6, showed 

hypersensitivity to salinity, characterized by the appearance of early chlorosis in response 

to salinity stress. However, the two other overexpression lines, OX46.5 and OX46.7 

behaved similar to wild-type (Figure 3.33).  Since OX46.1, OX46.3 and OX46.6 show 

pleotropic growth defects even under control conditions, the increased sensitivity to 

salinity stress in these lines could be due to their defective growth, rather than the salinity 

stress itself. These findings suggest that ANAC046 is more likely important during seed 

germination rather than vegetative growth in response to salinity stress. 
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Figure 3.33: Effect of salinity stress on soil-grown ANAC046 transgenic lines.  
A) Phenotypic response of wild-type, three independent ANAC046-SRDX and two -
RNAi lines with and without salinity stress. B) Phenotypic response of wild-type and five 
independent ANAC046 overexpression lines under control and salinity stress. Wild type 
and ANAC046 transgenic lines, grown under long-day condition, were irrigated with 
water supplemented with 0mM or 300mM of NaCl after 23 days of planting. Plants were 
photographed after seven days of salt treatment. 
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3.2.6.3.3 Effect of salinity and osmotic stress on seed germination in ANAC087 
transgenic lines 

Salinity stress: Similar to ANAC046 transgenic lines, the response of ANAC087 

transgenic lines to increasing concentration of NaCl was examined. The seed germination 

and formation of green cotyledons in three independent SRDX087 transgenic lines was 

tested. Given the differences in ages of the seed batches, response of ANAC087 

overexpression (~10 months old) and ANAC087-SRDX (~ 2 months old) lines were 

analysed separately. On ½ MS agar plates with 0mM of NaCl, wild-type seeds completed 

germination within the first day (Figure 3.35A). ANAC087-SRDX lines showed delayed 

germination, with two independent lines completing germination by the second day. 

However the third line showed a further delayed germination phenotype compared to 

other two lines (Figure 3.35A). Addition of NaCl in the nutrient medium affected the 

seed germination in a dose-dependent manner. For example, 100% of the wild-type seeds 

germinated by second and third day on 100mM and 150mM of NaCl, respectively 

(Figure 3.35B & C). The three ANAC087-SRDX lines exhibited increased 

hypersensitivity to salinity stress during seed germination compared to wild type. After 

three days of incubation on 100mM of NaCl, 81%, 57% and 78%  of SRDX87.1, 

SRDX87.2 and SRDX87.3 seeds germinated, respectively, compared to wild-type 

(3.35B). The differences in the germination rates of ANAC087-SRDX lines were most 

pronounced on 150mM NaCl, where three independent transgenic lines exhibited 47%, 

33% and 33% germination compared to wild-type after three days of incubation (Figure 

3.35C). These results show that ANAC087 positively regulates seed germination during 

salinity stress. Next, the effect of salinity stress was analysed on the establishment of 

green cotyledons in wild-type and three ANAC087-SRDX lines. After five days of 
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growth on different levels of NaCl, the establishment of green cotyledons in wild-type 

was only significantly affected on 150mM NaCl (Figure 3.36A).  However, the formation 

of expanded green cotyledons was significantly affected by salinity stress in the three 

ANAC087-SRDX lines compared to wild-type (Figure 3.36A). For example, on 150mM 

of NaCl, the three ANAC087-SRDX lines had ~ 9%, 12% and 11% expanded green 

cotyledons compared to wild-type which had 86% expanded green cotyledons  (Figure 

3.34D & 3.36A). Interestingly, the two putative T-DNA insertion mutant lines of 

ANAC087 displayed a response similar to wild-type during salinity stress when analysed 

for seed germination and establishment of expanded green cotyledons (Appendix 4). This 

further suggests the usefulness of chimeric repressor technology for overcoming the 

functional redundancy issues associated with the members of the same family of 

transcription factors.  

Given the hypersensitive response of ANAC087-SRDX lines to high levels of 

salinity, it was reasoned that transgenic lines overexpressing ANAC087 may be tolerant 

to this stress. To analyse this, seeds of wild-type and three independent transgenic lines 

overexpressing 35S::ANAC087 construct were germinated and grown on ½ MS agar 

plates with 0mM, 100mM and 150mM of NaCl for five days. All the transgenic lines 

exhibited seed germination rates comparable to wild-type on each NaCl level (Figure 

3.38B & C). Furthermore, the establishment of green cotyledons also remained unaltered 

in the overexpression lines compared to wild-type (Figure 3.37 B & C; Figure 3.39A). 

These results show that the overexpression of ANACO87 does not modulate responses to 

salinity stress during seed germination and early seedling establishment.  
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Figure 3.34: Phenotypic response of ANAC087-SRDX lines to salinity and osmotic 
stress during seed germination and early seedling establishment.  
For salinity stress, surface sterilized seeds of wild-type and three ANAC087-SRDX lines 
transgenic lines were allowed to germinate and grown on the ½ MS agar plates 
supplemented with 0mM (control) (A), 100mM (B) and 150mM (C) of NaCl. For 
osmotic stress, ½ MS agar plates were supplemented with 300mM (D) of D-Mannitol. 
Plates were incubated under long-day growth conditions for five days and then 
photographed.  
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Figure 3.35: Effect of salinity and osmotic stress on seed germination in ANAC087-
SRDX lines.  
Surface-sterilized seeds (n=30) of wild-type and three ANAC087-SRDX lines were 
germinated on ½ MS agar plates supplemented with 0mM (control) (A), 100mM (B), 
150mM (C) of NaCl and 300mM (D) of Mannitol. ½ MS agar plates without any NaCl 
and Mannitol were used as control. Seed germination rates were analysed every day for 
five days. Values are the means of three biological replicates (±SD). Data were analysed 
statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with the same letters 
at each time point are not statistically different from each other. 
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Figure 3.36: Effect of salinity and osmotic stress on the establishment of green 
cotyledons in ANAC087-SRDX lines.  
Effect of salinity (0mM, 100mM, 150mM of NaCl) (A) and osmotic stress (300mM of 
Mannitol) (B) on the establishment of green cotyledons in wild-type and ANAC087-
SRDX lines. The response was analysed after five days of growth under long-day 
conditions. Values are the means of three biological replicates (±SD). Bars with the same 
letters are not statistically different according to the one-way ANOVA LSD test (P < 
0.05). 
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Osmotic stress: Given the hypersensitive seed germination phenotype exhibited by 

ANAC087-SRDX lines under high salinity conditions compared to wild-type, response 

of these transgenic lines to osmotic stress was analysed on 300mM of D-mannitol in the 

nutrient medium. On 300mM of D-mannitol, 100% of the wild-type seeds germinated 

within three days (Figure 3.35D). However as anticipated, 300mM of D-mannitol in the 

nutrient medium strongly inhibited the seed germination in the three ANAC087-SRDX 

lines compared to wild-type. For example, The three ANAC087-SRDX lines had 71%, 

56% and 68% seeds germinated by 3rd day on 300mM of mannitol compared to wild-type 

(Figure 3.35D).  Next, the effect of osmotic stress on the establishment of expanded 

green cotyledons was investigated after five days of incubation. Results showed that 

100% of the wild-type seedlings established expanded green cotyledons by the 5th day on 

300mM of mannitol, whereas only ~25%, 22% and 20% of the three ANAC087-SRDX 

lines had expanded green cotyledons (Figure 3.34 D & 3.36B). The two putative T-DNA 

insertion mutants of ANAC087, seed germination and establishment of expanded green 

cotyledons were similar to wild-type in response to mannitol treatment (Appendix 4). 

The seed germination and cotyledon greening was analysed in three ANAC087 

overexpression lines on 0mM and 300mM of mannitol. No significant differences were 

found in the germination rates of wild-type and transgenic lines in response to mannitol 

treatment (Figure 3.38D). Likewise, the wild-type and three independent ANAC087 

overexpression lines did not show any significant differences in establishment of 

expanded green cotyledons after five days of growth on 0mM and 300mM of D-mannitol 

(Figure 3.37D & 3.39B). These results show that overexpression of ANAC087 does not 
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confer any tolerance during seed germination and cotyledon greening in response to 

osmotic stress. 
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Figure 3.37: Phenotypic response of ANAC087 overexpression lines to salinity and 
osmotic stress during seed germination and early seedling establishment.  
For salinity stress, surface-sterilized seeds of wild-type and three ANAC087 
overexpression lines transgenic lines were allowed to germinate and grown on the ½ MS 
agar plates supplemented with 0mM (control) (A), 100mM (B) and 150mM (C) of NaCl. 
For osmotic stress, ½ MS agar plates were supplemented with 300mM (D) of D-
Mannitol. Plates were incubated under long-day growth conditions for five days and then 
photographed.  
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Figure 3.38: Effect of salinity and osmotic stress on seed germination in ANAC087 
overexpression lines.  
Surface sterilized (n=30) of wild-type and three ANAC087 overexpression lines were 
germinated on ½ MS agar plates supplemented with 0mM (control) (A), 100mM (B), 
150mM (C) of NaCl and 300mM (D) of D-mannitol. Seed germination rates analysed 
every day until five days. Values are the means of three biological replicates (±SD). Data 
were analysed statistically using one-way ANOVA LSD test (P < 0.05). Genotypes with 
the same letters at each time point are not statistically different from each other. 
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Figure 3.39: Effect of salinity and osmotic stress on the establishment of green 
cotyledons in ANAC087 overexpression lines.  
Effect of salinity (0mM, 100mM, 150mM NaCl) (A) and osmotic stress (300mM D-
mannitol) (B) in wild-type and ANAC087 overexpression (OX) lines on the 
establishment of green cotyledons. The response was analysed after five days of growth 
under long-day conditions. Values are the means of three biological replicates (±SD). 
Bars with the same letters are not statistically different according to the one-way 
ANOVA LSD test (P < 0.05). 
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3.3 Discussion 

In this study, I have investigated the roles of two members of the NAC transcription 

factor family. These two NAC genes share the highest sequence similarity at the amino 

acid level compared to any other members of the NAC transcription factor family and 

have been shown to be co-expressed.  Given their induction in senescing leaves as well as 

during different abiotic stress conditions in Arabidopsis thaliana, ANAC046 and 

ANAC087 were thought to be involved in the regulation of leaf senescence. Although 

ANAC046 and ANAC087 may have fine-tuning roles in the regulation of developmental 

senescence, their predominant roles are in the regulation of oxidative stress-induced 

senescence as well as in the regulation of seed germination during abiotic stresses in 

Arabidopsis thaliana. 

3.3.1 Involvement of ANAC046 and ANAC087 during natural and stress-induced 
senescence 

The role of ANAC046 in the regulation of leaf senescence was investigated using genetic 

and biochemical approaches. As stated in the previous sections, several members of the 

NAC transcription factor family are induced in senescing leaves in Arabidopsis thaliana, 

indicating the importance of this family in the execution of the senescence process (Liu et 

al., 2011, Breeze et al., 2011). I have shown that ANAC046 expression is induced in the 

senescing leaves as well as during different abiotic stress conditions, which confirms the 

previous reports.  Although the overexpression of ANAC046 resulted in accelerated 

senescence in Arabidopsis thaliana, this transgenic event also induced pleiotropic growth 

defects such as crumbling of rosette leaves and the appearance of necrotic patches on the 

leaf surfaces. ANAC046-RNAi and ANAC046-SRDX lines did not show any such 

pleiotropic defects and demonstrated senescence pattern similar to wild-type. CRES-T 
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(Chimeric repression technology) is being widely used to analyse the function of 

transcription factors by overcoming redundancy issues associated with transcription 

factors. However, it is worth noting that ANAC046-SRDX did not show delayed leaf 

senescence under optimal growth conditions, suggesting that ANAC046 has at most a 

fine-tuning role during natural leaf senescence. Studies have shown that overexpression 

of stress-related genes in plants often leads to pleiotropic growth defects, thus imposing 

difficulties in determining their physiological roles (Yang et al., 2010).  

Stress-induced senescence in plants involves the production of reactive oxygen 

species. Arabidopsis mutants displaying altered senescence also respond to oxidative 

stresses accordingly. For example, ORE-1 has been shown to tolerate salinity stress 

through the modulation of oxidative stress responsive genes (Balazadeh et al., 2010). 

JUB1/ANAC042, a H2O2 inducible NAC transcription factor, negatively regulates 

senescence through the modulation of oxidative stress responsive genes (Wu et al., 2012). 

I have shown in the previous section that ANAC032 also is a positive regulator of leaf 

senescence and also integrates stress-induced senescence signals when challenged with 

oxidative stresses or abiotic stresses. Consistent with the anticipated positive role of 

ANAC046 in stress-induced senescence, ANAC046-SRDX lines displayed significant 

tolerance to oxidative stress imposed by 3-AT and paraquat treatment. However, the 

levels of tolerance in ANAC046-SRDX lines were slightly lower than what was observed 

in case of ANAC032-SRDX lines. These observations suggest that ANAC046 also 

positively regulates senescence but this response is only restricted to oxidative stress 

conditions.   
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Similarly, I have also found that ANAC087 is not important during natural 

senescence in Arabidopsis thaliana. The putative T-DNA insertion mutants, and 

overexpression and SRDX lines demonstrated senescence phenotypes similar to wild-

type when grown under optimal growth conditions. Additionally, ANAC087 transgenic 

lines also responded similarly to wild-type when challenged with paraquat and 3-AT, 

suggesting that ANAC087 does not regulate responses to oxidative stresses originating 

from either chloroplasts or catalase inhibition. However, ANAC087-SRDX showed 

increased sensitivity to fuminosin B1 (FB1, a fungal toxin). FB1 has been used in an 

Arabidopsis protoplast system to investigate the defense-related cell death signaling 

events and a number of FB1 resistant (fbr) mutants have been isolated (Asai et al., 2000; 

Stone et al., 2000). FB1 toxin has been shown to block sphingolipids synthesis by 

competitive inhibition of ceramide synthase which leads to accumulation of free 

sphingoid bases (Abbas et al., 1994; Spassieva et al., 2002). Increased sensitivity of 

ANAC087-SRDX lines to FB1 suggest that ANAC087 may be directly regulating the 

expression of genes that regulate responses in fungal defense.  Co-expression analysis of 

ANAC087 has shown the presence of several genes responding to fungal infection that 

are co-expressed with ANAC087. An interesting candidate is LOH2/LAG1 which 

encodes one of the homologs of ceramide synthase, involved in sphingolipid synthesis, in 

Arabidopsis thaliana. LOH2 mutants display increased sensitivity to FB1 treatment 

(Markham et al., 2011).  The Arabidopsis genome contains three ceramide synthase 

encoding genes, LOH1, LOH2 and LOH3 (Markham et al., 2011). Furthermore, FB1 

treatment is also known to induce reactive oxygen species and their accumulation has 

been shown to be light-dependent (Asai et al., 2000). Since, ANAC087-SRDX did not 
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show any increased sensitivities to the other oxidative stress-inducing agents tested, it is 

possible that the increased sensitivity of ANAC087-SRDX lines to FB1 is due to altered 

sphingolipid metabolism. Alternatively, increased sensitivity to FB1 may be linked with 

the defense-related cell death signaling events. The molecular mechanism of how the 

increased sensitivity to FB1 is being regulated by ANAC087 is not yet known. The 

expression analysis of genes associated with fungal infection and sphingolipid 

metabolism will be analysed to determine if the increased sensitivity to FB1 is due to 

altered sphingolipid metabolism and disease response. It is worth noting that the two 

putative T-DNA insertion lines of ANAC087 did not show reduced sensitivity to FB1, 

which suggests the prevalence of a possible functional redundancy by other members of 

the NAC family.   

3.3.2 Role of ANAC046 and ANAC087 in seed dormancy 

ABA and GA are known to play antagonistic roles in the regulation of seed dormancy 

and germination. ABA deficient and signaling mutants show reduced seed dormancy 

whereas GA biosynthesis and signaling mutants show the opposite response.  Arabidopsis 

mutants with increased sensitivity to ABA during seed germination have also been 

identified (Nishimura et al., 2007; Yoshida et al., 2006). I have shown that the dominant 

negative suppression lines (SRDX) of both ANAC046 and ANAC087 showed slightly 

lower germination under optimal growth conditions compared to wild-type but 

significantly reduced germination rates in response to ABA, NaCl and mannitol stress, 

suggesting that both NAC transcription factors are negative regulators of ABA response 

during seed germination in Arabidopsis thaliana. Both NaCl and mannitol are known to 

induce ABA biosynthesis but reduce GA biosynthesis (Himmelbach et al., 2003; Kim et 
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al., 2008) during seed germination. Such an increase in ABA levels may be important for 

inducing seed dormancy to prevent seed germination under unfavourable conditions. 

Increased seed dormancy during unfavourable growth conditions is considered an 

important fitness trait. Since, both NAC transcription factors are transcriptional 

activators, it is highly likely that ANAC046 and ANAC087 directly regulate the 

expression of genes that negatively regulate responses to ABA. Although, the 

downstream targets of ANAC046 and ANAC087 are still not known, analysis of genes 

co-expressed with ANAC046 and ANAC087 using an online ATTED-II programme have 

shown the presence of important genes involved in the negative regulation of ABA 

signaling and ABA catabolism, such as ABF2 (ABI5 binding protein 2), ABI1 and 

AtHAI1/SAG113 (members of PP2C gene family), LecRKA4.2 (a member of A4 

subfamily of Lectin receptor kinases) and CYP707A1 (ABA 8'-hydroxylase). 

Suppression of both CYP707A1 and LecRKA4.2 in Arabidopsis thaliana results in a 

hypersensitive response to ABA during seed germination (Okamoto et al., 2006; Xin et 

al., 2009). Similarly, a knockout of AFP2 (ABI5 binding protein 2) also leads to a 

hypersensitive seed germination phenotype in response to ABA treatment. It is highly 

likely that the observed hypersensitivity in ANAC046- and ANAC087-SRDX transgenic 

lines to ABA is due to reduced expression of one or more genes that negatively regulate 

responses to ABA and this will be tested in the future.  

ANAC046-SRDX lines show slightly reduced germination rates under optimal 

growth conditions. ANAC087-SRDX lines showed a delay in seed germination under 

these conditions. Seed germination depends upon the efficient conversion and 

remobilization of carbohydrates, lipids and proteins that provide energy during this 
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process. Recent studies have shown that an increase in ROS production in seeds is 

important for the release of seed dormancy, particularly, seed dormancy in dark stored 

seeds (after-ripening seeds). Accumulation of ROS has been associated with the 

carbonylation of specific seed proteins in sunflower and Arabidopsis (Oracz et al., 2007; 

Job et al., 2005) and this has been associated with their remobilization during 

germination due to their degradation through proteolysis (Job et al., 2005).  The 

importance of ROS production during seed germination has been further supported by the 

germination analyses of freshly harvested seeds of vte1-1 (Vitamine E), cat2-1 (Catalase 

2) and RbohD (An NADPH oxidase) mutants. vte1-1 and cat2-1 mutants did not show 

any dormancy in freshly harvested seeds whereas a RbohD mutant displayed high 

dormancy compared to wild-type (Leymarie et al., 2012). Furthermore, studies have also 

shown a link between ROS production and ABA and GA metabolism and signaling in the 

regulation of seed dormancy in barley (Bahin et al., 2011). Exogenous application of 

H2O2 has been shown to release seed dormancy by reducing ABA synthesis and 

stimulating gibberellin synthesis in Arabidopsis thaliana (Liu et al., 2010). Additional 

studies using barley aleurone cells have shown that GA induces H2O2 production while 

ABA suppresses it. Moreover, exogenous application of H2O2 promotes the induction of 

α-amylase in the aleurone cells, an indicator of seed germination (Ishibashi et al., 2012).  

Although the effect of ROS, using ROS-inducing agent, paraquat and 3-AT, was not 

investigated on seed germination, it is highly likely that the observed hypersensitivity to 

ABA in ANAC046-SRDX and ANAC087-SRDX transgenic lines during seed 

germination involves the reduced production of H2O2 either due to a direct suppressive 

effect of ABA or due to suppression of GA biosynthesis or signaling components by 
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ABA. The reduced sensitivity of ANAC046-SRDX lines to 3-AT and paraquat treatment 

during early seedling establishment seems to further support this possibility. The 

probability that the ABA hypersensitivity in AANC046 and ANAC087 is due to reduced 

H2O2 production will be tested in the future by exogenous application of H2O2 or by 

inhibiting the catalase activity using 3-AT.  

3.4 Conclusion and future directions 

In this study, I have analysed the function of two members of NAC the transcription 

factor family, ANAC046 and ANAC087, in Arabidopsis thaliana. These transcription 

factors share the maximum sequence similarity at the amino acid level relative to other 

members of the NAC transcription factor family. Although the studies are incomplete at 

this moment, I have demonstrated that both ANAC046 and ANAC087 act as 

transcriptional activators in Arabidopsis thaliana. Functional studies using genetic 

approaches have demonstrated that ANAC046 has a positive role in the regulation of 

stress-induced senescence. Similarly, I have demonstrated that ANAC087 may regulate 

plant defense responses and cell death.  Future studies will involve the investigation of 

expression analysis of genes involved in fungal defense responses and sphingolipid 

metabolism in ANAC087 transgenic lines. Furthermore, sphingolipid profiling will also 

be performed to determine if the FB1-induced sensitivity is associated with altered 

sphingolipid metabolism.  Additionally, these two transcription factors have been shown 

to regulate a common physiological process, seed dormancy/seed germination. This 

common function could be attributed to their high sequence similarity.  I have also shown 

that both ANAC046 and ANAC087 regulate seed germination through negative 

regulation of ABA biosynthesis and/or signaling. Future studies will involve the 
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expression analysis of genes associated with seed dormancy, ABA and GA biosynthesis 

and signaling. Furthermore, ABA and GA content will be determined in the seeds of 

ANAC046 and ANAC087 transgenic lines.     

3.5 Materials and Methods  

3.5.1 Cloning of ANAC046 and ANAC087 into pGBKT-DB7 vector, and yeast 
transcription activity assay 

 The ANAC046 coding sequence corresponding to the full length protein (1-338aa), the 

N-terminal NAM domain (1-172aa), and the C-terminal domain (173-338aa) were 

amplified using primer pairs yNAC46-F and yNAC46-R; yNAC46-F and yNAC46N-R, 

and yNAC46C-F and yNAC46-R, respectively. Primer sequences are mentioned in 

Appendix1.  PCR products were cloned into the pGBKT7-DB vector between NdeI and 

BamHI restriction sites. Transformation of constructs into E.coli (DH5α strain) and yeast 

(Y2HGold strain), and transcription activity assays were performed as described for 

ANAC032 in chapter 2.  

3.5.2 Generation of ANAC046 and ANAC087 transgenic plants 

Vector construction and generation of overexpression and dominant negative suppression 

transgenic lines (SRDX) for ANAC046 and ANAC087 was achieved by following the 

same procedure as was described for ANAC032 in chapter 2. DNAC46-F and DNAC46-

R, and DNAC46-F and DNAC46-SRDX primer pairs were used to amplify coding 

regions of ANAC046 to generate constructs for ANAC046 overexpression and dominant 

negative suppression (SRDX) lines, respectively. ANAC046 RNAi lines were created by 

transforming wild-type Arabidopsis with 35S::ANAC046-RNAi hair-pin construct 

(CATMA3a03030), obtained from Agrikola, (NASC). For ANAC087, DNAC87-F and 
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DNAC87-R, and DNAC87-F and DNAC87-SRDX primer pairs were employed to 

amplify the coding regions of ANAC087 for generating overexpression and dominant 

negative suppression (SRDX) constructs, respectively. Primer sequences are given in 

Appendix 1. Confirmation of transgene presence and their relative expression level was 

performed as described for ANAC032 in chapter 2. Primer pairs, qNAC046-F and 

qNAC46-R, and qNAC87-F and qNAC87-R were used in quantitative RT-PCR analysis 

to determine the transcript levels of transgene expression in ANAC046 and ANAC087 

transgenic plants, respectively. GAPDH was used as an internal control to normalise the 

expression values of transgene transcript levels.  

3.5.3 Oxidative stress treatments 

 Response of ANAC046 and ANAC087 transgenic lines to the oxidative stress inducing 

agents 3-AT, paraquat and FB1 were investigated as described for ANAC032 in Chapter 

2. All the experiments were repeated 2-3 times with similar results.  

3.5.4 ABA treatment  

To analyse the effect of ABA on ANAC046 and ANAC087 transgenic lines during seed 

germination, surface sterilised seeds of transgenic lines were incubated on ½ MS agar 

plates ( 1% sucrose, 1% agar), supplemented with 0μM, 0.5μM, 1μM, and 2μM of ABA. 

Plates were photographed after 5 days of incubation. Seeds with their radicals completely 

protruded out from seed coats were considered to have germinated. The seed germination 

assays on various concentrations of ABA were repeated twice with similar results. To 

analyse the effect of ABA on primary root elongation in ANAC046 transgenic lines, five 

days old seedling grown vertically on ½ MS agar plates were transferred to fresh plates 

supplemented with 0μM, 5μM, 10μM of ABA. Plates were scanned after six days of 
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growth and the effect of ABA on primary root elongation was determined using ImageJ 

software (NIH). 

3.5.5 Salinity and osmotic stress treatment 

To investigate the effect of salinity and osmotic stress on ANAC46 and ANAC087 

transgenic lines during seed germination, surface sterilized seeds of ANAC046 and 

ANAC087 transgenic lines were incubated on ½ MS agar plates supplemented with 

different concentrations of NaCl (0mM, 50mM, 100mM and 150mM)  and mannitol 

(0mM, 200mM and 300mM). Plates were stratified at 4oC in the dark for two to three 

days before they were transferred to growth chambers under long day growth conditions. 

Seed germination was recorded on a daily basis for five days. Plates were photographed 

after five days of incubation. Seeds with their radicals completely protruded out from 

seed coats were considered to have germinated. Seed germination assays were repeated 

twice with similar results.  Effect of salinity stress on soil grown ANAC046 transgenic 

lines was investigated by irrigating three-week old plants with H2O supplemented with 

0mM and 300mM NaCl. Plants were photographed after seven days of salt treatment.  
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CHAPTER 4: GENERAL DISCUSSION 
 
In crop plants, developmentally regulated senescence ensures the efficient remobilization 

of nutrients from vegetative tissues to the harvested seeds or tubers. Therefore, 

senescence is crucial for improved crop yield as well as its nutritional quality. However, 

the induction of premature senescence in crop plants in response to biotic and abiotic 

stresses is an undesirable trait, which limits agricultural production worldwide. 

Investigating this process, therefore, holds great promise in improving yield potential and 

nutritional quality under optimal and stress conditions. In addition, for horticultural crops, 

a better understanding of this process would help to increase the shelf life of the produce, 

including fruits, vegetables, flowers and ornamental plants. 

At the transcriptional level, the onset of senescence leads to dramatic changes in 

the Arabidopsis transcriptome. Various gene expression studies have shown that more 

than 30 members of the NAC transcription factor family are induced in senescing leaves 

which suggest the importance of this family in the onset, progression and execution of the 

senescence process (Liu et al., 2011, Guo et al. 2004; Breeze et al., 2011). The current 

study involves the functional characterization of three NAC transcription factors, 

ANA032, ANAC046 and ANAC087. ANAC032 belongs to the ATAF subfamily of 

NAC transcription factors, whereas ANAC046 and ANAC087 belong to the NAM 

subfamily. Furthermore, ANAC046 and ANAC087 share the highest sequence similarity 

at the amino acid levels with each other relative to any other member of the NAC 

transcription factor family. The expression of these three NAC transcription factors has 

been shown to be induced in several transcriptome studies conducted to analyse the 
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genome wide response during natural and stress-induced senescence (Chen et al., 2002; 

Guo et al. 2004; Breeze et al., 2011; Peng et al., 2007). 

Previously, a few members of NAC transcription factor family have been shown 

to regulate leaf senescence in Arabidopsis thaliana. For example, ORE1/ANAC92 and 

AtNAP/ANAC029 have been shown to positively regulate leaf senescence (Guo & Gan, 

2006; Kim et al., 2009; Balazadeh et al., 2010). JUB1/ANAC042, an H2O2 inducible 

NAC transcription factor, also has been shown to negatively regulate leaf senescence in 

Arabidopsis thaliana (Wu et al., 2012). Similarly, NTL4, a membrane bound NAC 

transcription factor, positively regulates leaf senescence during drought stress by directly 

regulating the expression of several NADPH oxidases genes (Lee et al., 2012). In this 

study, functional studies of ANAC032 using transgenic approaches demonstrated that 

ANAC032 is a positive regulator of developmental and stress-induced senescence. 

Expression analysis of several senescence-associated genes (SAGs) and ROS producing 

genes along with the differential response to oxidative stress conditions show that the 

altered senescence in ANAC032 transgenic lines likely involves the altered production of 

reactive oxygen species (ROS). Furthermore, I have also shown that ANAC032 

negatively regulates the biosynthesis of anthocyanin pigments particularly during 

different stress conditions. Future work will involve the determination of downstream 

target genes whose expression is regulated by ANAC032. Therefore, ANAC032 appears 

to be an important regulatory component of the senescence program in Arabidopsis 

thaliana. Interestingly, the orthologs of ANAC032 are also present in most agriculturally 

important crop plants including species as diverse as rice, tomato, potato, Brassica napus, 
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Gossypium hirsutum and Glycine max, suggesting that ANAC032 homologs may also be 

performing a similar role during natural and stress induced senescence.    

The two other NAC transcription factors, ANAC046 and ANAC087, were also 

thought to be involved in regulating leaf senescence in Arabidopsis thaliana. Since these 

transcription factors share the highest sequence similarity at the amino acid level relative 

to other members of NAC transcription factors, it was also hypothesized that these two 

NAC genes may function redundantly during the senescence process. Functional analyses 

of ANAC046 and ANAC087 transgenic lines showed that these NAC genes do not have 

any significant role during natural leaf senescence. However, during different oxidative 

stress-inducing treatments, ANAC046 and ANAC087 transgenic lines exhibited variable 

oxidative stress-related responses. The use of CRES-T (Chimeric Repressor Technology) 

which overcomes the redundancy issues associated with the targeting of the same genes 

by other transcription factors shows that ANAC046 and ANAC087 have unique 

functions when exposed to different types of oxidative stresses. For example, ANAC046-

SRDX lines showed resistance to paraquat and 3-AT treatment while ANAC087-SRDX 

lines behaved similar to wild-type. In contrast, ANAC087-SRDX lines showed an 

increased sensitivity to the fungal toxin, FB1 (an inhibitor of sphingolipid biosynthesis) 

while ANAC046-SRDX lines behaved similar to wild-type suggesting that redundancy in 

case of ANAC087 in response to FB1treatment is offered by transcription factors other 

than ANAC046. FB1 inhibits sphingolipid biosynthesis and induces apoptosis like 

programmed cell death in plants (Eckardt, 2005; Asai et al., 2000; Stone et al., 2000) and 

it is therefore possible that ANAC087 regulates sphingolipid metabolism. Alternatively, 

ANAC087 may be important in regulating defense responses upon fungal infection. 
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Future studies will involve the expression analysis of genes related to sphingolipid 

metabolism and plant defense response in ANAC087 transgenic lines to determine if the 

observed phenotype is due to altered sphingolipid metabolism and/or plant defense 

response.  

The life cycle of most crop plants begins with seed germination, which is a highly 

regulated physiological process influenced by many internal and external factors 

(Graeber et al., 2012). Similar to senescence, seed germination also involves significant 

conversion and mobilization of fixed nutrients stored in the form of lipids, carbohydrates 

and proteins which provide energy for efficient germination and early seedling 

establishment (Graham, 2008; Shaik et al., 2014). The efficient recycling of nutrients 

during senescence and seed germination thus both rely on highly regulated molecular and 

biochemical processes. Plant hormones have been shown to play important roles in the 

regulation of seed dormancy and germination. ABA is an important plant hormone which 

is known to induce seed dormancy while GA promotes seed germination (Xiong & Zhu, 

2003; Dill & Sun 2001; Peng & Harberd, 2002). Molecular and biochemical analysis of 

mutants impaired in ABA and GA biosynthesis and signalling have demonstrated that 

ABA and GA act antagonistically in the regulation of seed dormancy and seed 

germination (Finkelstein et al., 2008). Under optimal growth conditions, the dominant 

negative suppression (SRDX) lines of both ANAC046 and ANAC087 showed delayed 

germination and this response was exaggerated when these lines were grown and 

germinated on media supplemented with ABA. These observations suggest both 

ANAC046 and ANAC087 regulate seed germination by negatively regulating ABA 

biosynthesis and/or signalling. Different abiotic stress conditions, such as salinity and 
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osmotic stress are known to induce ABA biosynthesis in plants. Since seed germination is 

very sensitive to external conditions, efficient sensory mechanisms localised in the seeds 

restrict their germination under unfavourable conditions (Donohue et al., 2010). 

ANAC046-SRDX and ANAC087-SRDX transgenic lines also displayed reduced 

germination rates compared to wild-type when challenged with NaCl and mannitol stress 

which is consistent with increased ABA biosynthesis and/or signaling during these 

stresses. Since, the RNAi transgenic lines of ANAC046 and the T-DNA insertion lines of 

ANAC087 displayed slight hypersensitive response or no response, respectively, to ABA 

or abiotic stresses; it is likely that ANAC046 and ANAC087 act redundantly during seed 

germination by negatively regulating ABA biosynthesis or signaling. In the context of the 

regulation of seed germination, future studies will involve the detailed expression 

analysis of genes related to ABA biosynthesis and signaling in ANAC046 and ANAC087 

transgenic lines during seed germination. Since, GA biosynthesis and signaling promotes 

seed germination, these transgenic lines will also be tested for their response to GA 

treatment along with the expression analysis of GA biosynthesis and signaling. 

Productivity potential of crop plants is determined by several parameters, such as 

the nutritional value of the produce, overall yield potential and the ability of crop plants 

to thrive under stress conditions. Senescence plays an integral role in the regulation of all 

these productivity parameters. In this thesis, I have demonstrated that the three NAC 

transcription factors, ANAC032, ANAC046 and ANAC087, play important roles in the 

regulation of senescence either in response to multiple or distinct stresses in Arabidopsis 

thaliana. Since, the homologs of these transcription factors are also found in many 

agriculturally important crop species, the use of this knowledge in such crop species may 
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provide an opportunity to improve their productivity potential particularly under stressful 

agricultural conditions. 
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APPENDIX 
 

A.1 Table shows the primers name and their sequences used in this study. 

Oligo Name 
 
Oligo Sequence 
 

 
        5'                                3' 

 
Primers used in transcription activity assays 

yNAC32-F AGAATTCCATATGATGATGAAATCTGGGGCT 
yNAC32-R TGGGATCCTCAGAAAGTTCCCTGCC 
yNAC32N-R TGGGATCCTCATCGTCGCTTCTCGATG 
yNAC32C-F AGAATTCCATATGAGCGATATCGAGGACGGG 
yNAC46-F AGAATTCCATATGATGGTGGAAGAAGGCG 
yNAC46-R CGGGATCCTTAGCTAGTATATAAATCTTCCCAGAAGATC 
yNAC46N-R CGGGATCCTCAGTTCTTGTGAAAAACCCTAC 
yNAC46C-F AGAATTCCATATGGCTCCTAGTACTACAATCACTACTAC 
yNAC87-F AGAATTCCATATGATGGCGGTTGTGGTTG 
yNAC87-R CGGGATCCTTAGAAGTCCCACAAGTCC 

  

 

Primers used to generate Overexpression and SRDX transgenic 
lines  

DNAC32-F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGATGAAATCTGGGG
CTG 

DNAC32-R 
GGGACCACTTTGTACAAGAAAGCTGGGTTTCAGAAAGTTCCCTGCCTA
AC 

DNAC32-SRDX 
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAGCAAACCCTAAACG
CAACTCCAAGTCTAAGTCAAGGAAAGTTCCCTGCCTAACCAC 

DNAC46-F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGTGGAAGAAGGCG
G 

DNAC46-R 
GGGACCACTTTGTACAAGAAAGCTGGGTTTTAGCTAGTATATAAATCT
TCCCAGAAGATC 

DNAC46-SRDX 

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAGCAAACCCTAAACG
CAACTCCAAGTCTAAGTCAAGGCTAGTATATAAATCTTCCCAGAAGAT
C 

DNAC87-F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCGGTTGTGGTTG
AAG 

DNAC87-R 
GGGACCACTTTGTACAAGAAAGCTGGGTTTTAGAAGTCCCACAAGTC
CCC 

DNAC87-SRDX 
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAGCAAACCCTAAACG
CAACTCCAAGTCTAAGTCAAGGAAGTCCCACAAGTCCCC 

F-P32  
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTTCGGTATACTCCTTAA
CCC 

R-P32  
GGGACCACTTTGTACAAGAAAGCTGGGTTAATTAACCTATTTTCCCCT
TT 

  AttB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTT 



234 
 

AttB2 GGGACCACTTTGTACAAGAAAGCTGGGTTT 
SRDX AGCAAACCCTAAACGCAACTCCAAGTCTAAGTCAAG 

  
  
 

Primers used in quantitative RT-PCR analysis 

 
Primers for NAC transcription factors 

qNAC32-F GTCGGTTGAGTAATGCCCTTGA 
qNAC32-R CCCAATAGCCGTGACACAATCT 
qNAC46-F AACCGCAACGCCAGAGATATC 
qNAC46R ACACGCTGACTTGCTACCATCC 
qNAC87-F GAGGAAGAGCTCCAAAAGGTGA 
qNAC87-R CCATTCGTCCCTTGCAGATTT 

  
 

Senescence associated genes (SAGs) 
SAG12-F GCGAAGGCGGTTTAATGGAT 
SAG12-R GCAAGTAGCGTCTTCGCCTTT 
SAG113-F AAGCTTCCATGGCTAATCTTGT 
SAG113-R AGTGAACGAGACACAGGAGAGA 
NYE1-F AGCAGCAGCAGCTCACTCTT 
NYE1-R CGGTCCAAACAACCTTGC 
PPH-F TCCCCAACGCTCCATACTAC 
PPH-R CCTCAGGGACTTCATCGTGT 
RNS1-F GCCTTCTGTCTTCTCTGCTTCT 
RNS1-R CACAGTATGATCCTGGCCATT 
RNS2-F GTTGCTCCAAAAACGCTTG 
RNS2-R AGGCCATAACCCATGAATTG 
chlAKR-F GCGGCTGTTAAGATTGGCTA 
chlAKR-R CAAATCCTCGCGTTTCACTAC 

  
 

Photosynthesis related genes 
CAB1-F ACAGAGTCGCAGGAAATGGG 
CAB1-R GGTAAAGCAAGTCCTCGGCC 
RBCS-F CATTGTTCGGATGCACCGA 
RBCS-R GGTGTTGTCGAATCCGATGATC 

  
 

Anthocyanin related genes 
PAL-F ATTAACGGGGCACACAAGAG 
PAL-R GTCTCCGCCGCATAACATAG 
CHS-F GCGTGCGTTCTCTTCATACTAGA 
CHS-R GGCCACACCATCCTTAGC 
DFR-F AACGGATGTGACGGTGTTTT 
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DFR-R TCCATTCACTGTCGGCTTTA 
MYBL2-F GAAGACGATCTCATCCTCAAGC 
MYBL2-R AACTTCGTTGTCGGTTCGTC 

  
 

ROS producing genes 
ACX1-F AAATGTGCCCATGCGTTTA 
ACX1-R ACAAACATTCCCCAGTGCAG 
ACX3-F ATGCAGCCAATTCCAGACA 
ACX3-R TCCTCTCCCTTGAAGCTGTG 
XDH1-F TGAGAAATGGGTTCACTGAAAA 
XDH1-R TAACGCCTCCGTAAACTCATC 
AtRbohC-F AGACATTCTTTGACATGGTGGAT 
AtRbohC-R TCGCAGAAGCACTAAGACTGAT 
AtRbohD-F TTTTGACATGGTGGACAAAGA 
AtRbohD-R GAGCTTGTTTGCAGAAGCACT 

  
 

Anti-oxidant system related genes 
GSTU1-F AGACAATCGGATTCTTGGACAT 
GSTU1-R TCCAATACCTTTCCAAAGTCTAGC 
GSTU7-F TTTATGTGACGGCGATGAAA 
GSTU7-R CGCTTCAACCACAGCATCT 
GSTU8-F ATATTGGTTAGGGATTTTCCAAGA 
GSTU8-R AAACTCCTCCGCGGTCAT 
GSTU19-F TTCTGGGCTGATTTCATTGAC 
GSTU19-R TGTTCCTCACCCTTTGTCG 
GSTU24-F AGACTTGGCCCGACAATAAC 
GSTU24-R TCCTTCTCGCCGTAACATTC 
DHAR2-F GTCTCCGACAAACCCCAAT 
DHAR2-R CCAACAATTACGTCAGAATCAGC 
tAPX-F CGGCGCTATTTGAAGATCC 
tAPX-R GCTTCAGCGTAGTCCTTGAAA 
sAPX-F GCCTGAGACGAAGTACACGA 
sAPX-R TCTGGTGTCCATGACTGTCC 
APX2-F GAGGAAGCTCCGTGGTCTTA 
APX2-R ATGCAAGACGGAGGACGAT 
CAT1-F CTGCTCTGGAAATCGTGAGA 
CAT1-R CGAATCGTTCTTGCCTGTCT 
CAT3-F AAGCCTATTTGGGGGATCAT 
CAT3-R TGTTCCATACAGGAGCACCA 
FSD1-F AGTTCATGTTCGAGTTTCTCTGC 
FSD1-R AGGACGTAGTTTGCGGTGAC 
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FSD2-F TGTGCTTCTTTCATACAACAAAGG 
FSD2-R AAGAACTCGTGGTTCCAAGC 
FSD3-F GGATGGGTCTGGCTTGTCT 
FSD3-R CCACGCAGATGATTGGAATA 
MSD1 -F AGAGCGCCATCAAATTCAAC 
MSD1 -R TGGCTCTCCACCACCTTC 

  
 

Internal Control 
ACT7-F TGCACCGCCAGAGAGAAAAT 
ACT7-R TGAGGGATGCAAGGATTGATC 
GAPDH-F CTTGGAAGGAGCTAGGAATTGACA 
GAPDH-R ATGTGTTTCCCTGCACCTTCTC 
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A.2 Protein sequence alignment of C-terminal regions of ANAC046, ANAC087 and 
ANAC032.  

The alignment was generated using DNAMAN with default parameters. Shaded regions 
represent the homology among the protein sequences. 
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A.3  A phylogentic tree of selected Arabidopsis NAC transcription factors.  

The tree was generated using DNAMAN with default parameters. 
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A.4 Response of two independent T-DNA insertion lines of ANAC087 to ABA, 
Salinity and Mannitol stress 

 
 

 
 
A.4: Response of ANAC087 putative T-DNA insertion mutant lines abiotic stresses. 
A) Control B) 2μM of ABA, C) 150mM of NaCl and D) 300mM of Mannitol. Surface 
sterilised seeds of wild-type (WT), SALK_097821 (T-DNA-1) and N459705 (T-DNA-2) 
were grown on different concentration of ABA, NaCl and Mannitol. No differences were 
observed during seed germination and development of green cotyledons in either of the 
ANAC087 T-DNA insertion mutant lines. 

 

Control 

A 

2μM ABA 

B 

150mM NaCl 

C 

300mM Mannitol 

D 

WT 

T-DNA-1 T-DNA-2 
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