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ABSTRACT 

Polyphenol oxidase (PPO) enzymes are ubiquitous in plant 

kingdom that catalyzes the oxidation of phenols to highly 

reactive quinones. PPO plays important role in plant defense 

mechanisms against biotic and abiotic stresses but the 

regulation of PPO promoter in response to stresses remains 

unclear. Here, Oryza sativa polyphenol oxidase (OsPPO) 

promoter was fused separately to β-glucuronidase (GUS) and 

firefly Luciferase (LUC) reporter genes. Agrobacterium strain 

GV3101 harbouring OsPPOLUC and OsPPOGUS (separate 

clones) was used to transform Arabidopsis by floral dip 

method. T1 transgenic seeds were used to obtain T2 lines 

which were finally checked for the effects of wounding, ABA, 

MJA applications and drought as well as salt stress on PPO 

regulation. Expressional profiling of OsPPO promoter by real-

time (RT-PCR) in transgenic Arabidopsis has revealed a 

higher level (11 folds) of expression by wounding. However, 

OsPPO promoter was also expressed in response to ABA by 

an induction of 3 fold but it was not induced by MJA. ABA 

plant hormone which regulates key processes biotic and 

abiotic stresses ultimately triggering plant defense related 

genes. ABA and wound inducibility of OsPPO promoter is a 

strong indicative of its role in plant defense mechanism 

against biotic and abiotic stresses. Moreover, transgenic T2 

plants were also screened against different concentrations of 

osmotic stress (PEG-6000) and salt (NaCl). Experimental data 

showed that relative GUS expression of OsPPO gene 

promoter increased with the increase of osmotic stress. In case 

of salt stress, OsPPO induction showed similar trend and GUS 

expression was increased as salt concentration increased. This 

response of OsPPO to drought and salt stress suggest the 

x 



xi 
 

possible participation of PPO in plants defense against 

drought as well as salt stress. Moreover, OsPPO promoter 

sequence was computationally analyzed by Signal Scan 

(PLACE), which indicated the presence of different cis-

regulatory elements, for example wound responsive elements, 

ABA signaling complexes responsive to drought and salt 

responsive regulatory elements. During in vivo experimental 

work, the induction and expression of reporter genes proved 

the presence and functioning of these cis-regulatory elements. 

In summary the role of OsPPO in wounding, ABA 

application, drought and salt stresses, and the subsequent 

OsPPO promoter induction indicates that these stresses induce 

PPO expression in plants as a defense mechanism. 
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INTRODUCTION 

Plants growing in nature are continuously exposed to biotic and abiotic stresses. Plants 

secure themselves by triggering several defense mechanisms which control the growth 

and spread of pathogens. These mechanisms include programmed cell death (Greenberg, 

1997; Li and Steffens, 2002), initiation of defense or defense related genes (Dixon and 

Harrison 1990), cross linking and strengthening of cell walls (Brisson et al., 1994), 

biosynthesis of phytoalexins and metabolism of phenolic compounds (Nicholson and 

Hammerschmidt, 1992), and production of active oxygen species, such as singlet oxygen, 

superoxide, hydrogen peroxide and hydroxyl radical (Bolwell, 1999). 

PPO is ubiquitous enzyme found in almost all life forms and also found in prokaryotes 

and eukaryotes including bacterium, fungi, plants, invertebrates and higher animals 

(Mayer, 2006). Mosses reported to have PPO and characterized from Physcomitrella 

patens (Richter et al., 2005). Bacillus and Marinomonas bacteria possess ability to 

produce PPO which ultimately catalyses oxidation of polyphenols.  

Different plant species were characterized for PPO as Araucaria angustifolia (Daroit et 

al., 2010), Olea europaea (Ortega-Garcia et al., 2010), 

Anacardium occidentale (Queiroz et al., 2010), Trapa acornis (Zhu and Zhan, 2009), 

Dolichos lablab (Kanade et al., 2009). Plants used for forage as Festuca arundinacea, 

Festuca pratense, Phleum pratense, Lolium multiflorum,  

Trifolium repens and cereal grasses such as Pennisetum glaucumsorghum; Triticum 

species, Hordeum vulgare, Zea mays, Aevna sativa and Brassica including 

Brassica oleraceae, Brassica rapa (Anderson et al., 2010; Parveen et al., 2010). Morus 

alba that is cheap and renewable source for food processing as it is edible having non-

toxic nature was found to have PPO (Kocabas et al., 2010). All land plant families 

possess PPO system except Arabidopsis (Tran et al., 2012). 

 

1.1 Biochemistry of Polyphenol Oxidases (PPO) 

Polyphenol oxidases (PPO) are universal in the plant kingdom and extensively studied by 

biologist for their roles in defense mechanism. They are nuclear encoded plastid-localized 

copper metallo enzymes that use molecular oxygen for the oxidation of mono and o-
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diphenols to o-diquinones. PPOs have been comprehensively studied for their role in 

plant defense and for their importance in post-harvest agricultural losses (Aniszewski et 

al., 2008). PPO enzymes are inert when they are in thaylakoid, become active upon 

release from the thylakoid by disruption such as wounding, senescence and attack by 

insect pests or pathogens. When PPO from plastid or mono/o-diphenolic substrates 

released from the vacuole, o-diphenols are oxidized to o-quinones in the presence of 

oxygen which are highly reactive electrophiles. These o-quinines undergo complex series 

of secondary and non-enzymatic reactions. During secondary reactions, these o-quinines 

covalently added to cellular nucleophiles and rearrangement of o-quinones to quinines 

occurs. 

 

An alternate pathway is reversed, disproportionate of quinones to semiquinone radicals, 

which may add covalently to other molecules or complete the single-electron reduction of 

molecular oxygen to the superoxide anion radical (O2
_), which consequently form other 

reactive oxygen species (ROS). These black and brown quinone adducts formed by PPO 

activity are renowned and the reason for interest in postharvest physiology of many 

vegetable and fruit crops (Mayer and Harel, 1991; Friedman, 1997). So, PPO catalyzes 

oxidation of phenols to quinones, highly reactive intermediates which undergo secondary 

reactions and ultimately bring about oxidative browning that accompanies plant 

senescence, wounding and responses to pathogens (Thipyapong et al., 2004). 

 

Although PPOs have been focused well for their importance in the food industry (Mayer, 

1987), the biochemical roles or functions of PPOs in plant growth and development 

remain to be fully investigated. Due to their obvious reaction products and their wound 

and pathogen inducibilities, PPOs have commonly been suggested to contribute in plant 

defense against pests and pathogens (Thipyapong and Steffens, 1997). 

 

PPO along with proteinase inhibitors (PIs) forms an important part of anti-herbivore 

defense in plants. PPOs are capable of oxidizing phenolic acids to highly reactive 

quinines. These PPO generated quinines alkylate essential amino acids of nutritional 

proteins in host plant rendering them anti-nutritive for insects and pathogens (Constabel 
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and Ryan, 1998). The role of PPO in defense has been proposed from early days of PPO 

research. Up-regulation of PPO by pathogen attacked plants indicates strong correlation 

of PPO in defense (Mayer, 2006; Raj et al., 2006). The question of PPO involvement in 

plant defense has been addressed in transgenic plants with modified PPO expression in 

different plants.  

 

1.2 Resistance in Postharvest Proteolysis 

Excessive proteolysis during silage in grasses causes economic losses (approximately 

$100 million per year) to farmers (Sullivan et al., 2004; Sullivan and Hatfield, 2006). 

Some ensilage forages such as alfalfa (Medicago sativa), the proteolysis degradation of 

forage proteins (37-87 %) causing high economic losses (Papadopoulos and McKersie, 

1983). On contrary, red clover (Trifolium pratense) contains forage protein content like to 

alfalfa but proteolysis is 90 % less during ensiling (Papadopoulos and McKersie, 1983). 

Inherent proteolytic activity was found similar in both red clover and alfalfa   (Jones et al., 

1995a). Low level of postharvest proteolysis attributed to the presence of abundant 

combination of PPO and o-diphenol substrate in leaves (Jones et al., 1995b, 1995c; 

Sullivan and Hatfield, 2006). While alfalfa showed relatively very less PPO activity or o-

diphenol in its leaves (Jones et al., 1995b; Sullivan et al., 2004). It has been investigated 

that PPO generated quinones bind to endogenous cellular proteases and inhibit 

postharvest proteolysis during silage. When o-quinones were removed from red clover 

the proteolysis increased five folds (Sullivan and Hatfield, 2006).   

 

Red clover PPO gene was expressed in alfalfa under cassava vein mosaic virus (CVMV) 

constitutive promoter. Transgenic expression of PPO gene caused browning in alfalfa 

leaf extracts when o-diphenol or caffeic acids were added. Transgenic PPO expression in 

alfalfa was also accessed by PPO antiserum immune blotting assay.  Expression of red 

clover PPO1 gene in transgenic alfalfa inhibited postharvest proteolysis shown by 80 % 

decrease in amino acid released by caffeic acid effect. Moreover transgenic alfalfa over-

expressing PPO gene exhibited five fold increased o-phenol dependent low proteolysis as 

compared with control alfalfa. Transgenic alfalfa expressing red clover PPO provides 

outstanding model system for more characterization of the red clover PPO enzymes and 
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PPO mediated inhibition of postharvest proteolysis. This natural system of protein 

protection to inhibit postharvest proteolysis can be used in a variety of ensiled forages 

(Sullivan et al., 2004; Sullivan and Hatfield, 2006).  

 

1.3 Disease Resistance 

PPO provides defense in plant pathogen interaction. It has been reported that high level 

of PPO in plants is helpful in resisting pathogen attacks (Raj et al., 2006). PPO catalyzed 

phenolic oxidation has critical role in preventive disease development. PPO genes are 

important because they are highly conserved, show differential expression, broad range 

of variation in temporal and spatial expression and induced by different abiotic and biotic 

factors (Thipyapong and Steffens, 1997; Thipyapong et al., 1997). Transgenic plants with 

altered PPO expression provide a unique system to find the relationship of PPO in plant 

disease resistance. Role of PPOs in ‘induced plant defense’ has been validated in 

transgenic plants; PPO over-expressing lines and PPO down-regulated lines showed their 

vital role in pathogen attacks (Li and Steffens, 2002; Thipyapong et al., 2004a) and pest 

infestations (Wang and Constabel, 2004).  

 

PPO over-expression depicted critical role of PPOs against bacterial disease resistance. 

Li and Steffens (2002) transformed tomato with PPO cDNA gene (with sense orientation) 

under caulimosaic virus 35S (CaMV 35S) promoter to investigate role of PPO in plant 

disease resistance. It was observed that transgenic tomato over-expressing PPO showed 

an enhanced resistance against Psedomonas syringae pv. tomato. As compared to control 

plants, transgenic tomato exhibited low sternness of disease symptoms, 15 fold fewer leaf 

lesions and higher hindrance in bacterial growth, about 100-fold decline of bacterial 

population on infected leaves. Increased PPO activity leads to the oxidation of higher 

proportion of endogenous chlorogenic acid. This higher potential of phenolic oxidation is 

attributed to considerably higher resistance to the bacterial pathogen P. syringae pv. 

tomato which cause speck disease in tomato. These outcomes reveal the significance of 

PPO catalyzed phenolic oxidation in limiting plant disease progression. On contrary 

Escobar and Shilling (2008) revealed that transgenic tobacco plants expressing walnut 

(Juglans regia) PPO gene did not show resistance against Pseudomonas syringae pv. 
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tabaci. This non anti pathogenic activity is attributed to lack of indigenous PPO substrate 

(quinines) for appropriate PPO activity.  

 

In another experiment hybrid transgenic poplar plants over-expressing PPO gene was 

screened for changes in rhizosphere populations and diversity. But a narrow effect was 

noticed on fungal and bacterial populations as compared with non transformed control 

poplar plants. The reason might be that a large number of species were screened for PPO 

expression tests. So, narrow groups or indicator species of rhizopshere may give 

significance of PPO (Oliver et al., 2008). Soybean (Glycine max [L.] Merr.) GmaPPO12 

gene was characterized by stable transformation in soybean. GmaPPO12 gene was 

induced strongly by fungus in soybean and tobacco. Moreover GmaPPO12 promoter 

showed immediate early induction of GmaPPO12 gene shortly after Phytophothora sojae 

zoospores infection in soybean. Deletion mutation analysis of GmaPPO12 highlighted 

that 113 bp fragment in promoter is important for these inducible activities (Chai et al., 

2013). In a recent report, it was found that over-expression of strawberry (Fragaria 

ananassa) FaPPO gene halts powdery mildew and grey mold infection in strawberry. 

Moreover PPO over-expression also affected the expression of other pathogen related 

genes (Jia et al., 2015). 

Accordingly the down-regulation of PPO (with anti-sense orientation) was expected to 

enhance the susceptibility to pathogen. Plants with down-regulated PPO by antisense 

expression highly increased the vulnerability of transgenic tomato against P. syringae pv. 

tomato without effecting plant growth and development in green house. Down-regulated 

PPO genes differentially induced in transgenic tomato and showed 55 fold increase in 

bacterial growth and three times larger lesions than untransformed tomato plants. Young 

leaves became more susceptible than old ones in compatible interaction while in 

incompatible interaction old leaves became more vulnerable than young ones. The 

increased in lesion size in suppressed PPO expression suggest that induced PPO activity 

adjoining to lesions may help to bound bacterial growth. So PPO clearly plays role in 

resistance of tomato against P. syringae   (Thipyapong et al., 2004a).  
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Dandelion (Taraxacum officinale) possesses a high degree of resistance against bacteria 

and fungi. Its PPO-2 gene was induced in response to Botrytis cinerea and P. syringae pv. 

tomato. When pathogen induced PPO-2 gene was specifically silenced through RNAi 

approach in transgenic dandelion plant, it became more vulnerable to P. syringae pv. 

tomato. Similarly, transgenic Arabidopsis expressing PPO-2 gene exhibited antibacterial 

activity against P. syringae in its leaf extract in the presence of substrate suggesting a 

substrate dependent antibacterial activity of PPO produced quinones. These findings 

strengthen the concept of PPO involvement in disease resistance (Richter et al., 2012). 

Dandelion PPOs are also found to be involved in latex coagulation and wound sealing. It 

is natural latex that causes wound sealing, barrier for microbes and prevent herbivory (El-

Moussaoui et al., 2001).  

  

1.4 Insect Resistance 

PPO has also been concerned in plants against insect pest resistance. Induction and 

regulation of PPO by insects confirms its role in defense. Cotton bollworm (Helicoverpa 

armigera) and beet armyworm (Spodoptera exigua) are destructive and widely 

distributed pests of tomato, sugar beet, legumes, cotton, maize, soybean, tobacco, pepper, 

alfalfa, potato, onion, sunflower, and citrus, as well as many weeds. Biological control 

failed as these both developed resistance against insecticide (Bhonwong et al., 2008). As 

PPO catalyzed qinones alkylate amino acid making them indigestible for insects (Felton 

et al., 1989). Using this strategy the cotton plants were transformed with over-expressing 

PPO gene. Over-expressed PPO plants showed higher foliage weight and resistance to 

cotton bollworm and beet armyworm than non-transformed and under-expressed PPO 

plants. Weights gained by cotton bollworm and beet armyworm were compared on PPO 

over-expressed, non-transformed and PPO under-expressed cotton plants. The lowest 

weight gained by worms was found on PPO over-expressed plants. The weight gained 

was intermediate on non-transformed and highest on under-expressed PPO plants. 

Likewise PPO activities were measured highest in PPO over-expressed, intermediate in 

non-transformed and lowest in PPO under-expressed plants respectively. These results 

implicate PPO as component of defensive system against insects (Bhonwong et al., 2008). 
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Similarly, the transgenic tomato plants over-expressing PPO also decreased insect 

growth rates and increased their mortality compared to those feeding on leaves of non-

transformed and transgenic plants with under-expressed PPO activity. Weight gained by 

common cutworm (Spodoptera litura) (F.) and cotton bollworm (Heliothis armigera) 

(Hübner) and leaf area consumed was negatively inversely related to PPO activity 

(Thipyapong et al., 2006; Mahanil et al., 2008). 

 

Polyphenol oxidase is supposed to play role in herbivory defense in biological and 

agricultural systems. A study was designed to see the direct impact of PPO elevated 

levels in transgenic poplar plant on tree feeding carter pillars. For this purpose Lymantria 

dispar and Orgyia Leucostigma two carter pillars were fed on transgenic poplar with 

over-expressing PPO. On contrary elevated levels of PPO was not found to be 

significantly correlated with insect consumption or growth rate. The efficiency of PPO 

was found weaker against caterpillar. Addition of chlorogenic acid, a substrate for PPO 

elevated activity in poplar leaves again showed no increased oxidation suggesting that 

induced PPO activity has not increased defense against tree feeding caterpillars in 

transgenic poplar (Barbehenn et al., 2007). 

            

Anti-herbivory role of poplar PPO was reported in poplar plants. PPO over-expressing 

and PPO under-expressing plants were generated without affecting phenotypes. The 

forest tent caterpillar larva (Malacosoma disstria) feeding on PPO over-expressing plant 

were not able to gain weight and consume leaf area as compared with feeding on non-

transformed and plant with under-expressing PPO. So effect of PPO over-expression 

significantly enhanced oxidative defense against forest tent caterpillar in poplar (Wang 

and Constabel, 2004). PPO genes showed an induction by feeding of forest tent 

caterpillar on hybrid poplar plants indicating PPO as anti-herbivory protein in plants 

(Constabel et al., 2000). In another experiment it was seen that Aspen (Populus 

tremuloides) PPO mRNA level elevated dramatically after feeding by forest tent 

caterpillar (Haruta et al., 2001) relating the PPO involvement against insects. 

 

1.5 Wound Stress Responses 
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Plant defense against chewing insects is thought to be signaled by jasmonic acid (JA) and 

modulated by ethylene (Stotz et al., 2000). Wounding generates H2O2 at injured sites 

which induce PPO genes along with other proteinase inhibitors showing that H2O2 is 

diffusible signaling molecule for activation of defense genes (Orozco-Cardenas et al., 

2001). Induced PPO expression by cell disruption results the generation of reactive 

oxygen species (ROS) so amplifying wounding signals and directly prevents pathogen 

spread to other plant parts (Torres et al., 2002). Quarta et al. (2013) studied PPO silenced 

walnut plants and found that PPO plays central role in the metabolism of tyrosin in 

walnut and indirect regulator of cell death. In transgenic pineapple, analysis revealed that 

PINPPO1 promoter possesses low basal activity and was cold and wound inducible. 

These cold and wound inducible effects were further tested in transgenic tobacco by 

strong expression of reporter gene. Through mutational analysis of gibberelline 

responsive complexes, it was further shown that PINPPO1 promoter was gibberellic acid 

(GA) responsive in stable transgenic tobacco (Zhou et al., 2003).  

 

Transgenic tomato plants over-expressing prosystemin gene were also found to possess 

another defensive protein that is PPO which is induced in leaves by wounding and MJA. 

Analysis showed that systemin also regulate PPO activity indicating that both systemin 

and PPO genes are induced by wounding and co-activated by octadecanoid signaling 

pathway (Constabel et al., 1995). When PPO gene was silenced by RNAi in transgenic 

dandelion, the PPO activity was reduced than control non-transformed dandelion plants. 

Knockdown plants showed significant reduction in latex abundance. Latex fluidity 

analysis in silenced plants revealed a strong connection between PPO and latex 

coagulation rate. So latex specific PPO plays important role in latex coagulation and 

wound sealing in dandelion plants (Wahler et al., 2009). 

 

Aspen (Populus tremuloides) PPO complementary DNA (cDNA) expressed by 

wounding and MJA. Unwounded leaves on wounded plants also showed PPO activity 

indicating its role in herbivory defense pattern (Haruta et al., 2001). In apple and potato, 

systemic wound induction of PPO is characterized by an increased PPO activity as a 

result of elevated steady-state levels of PPO specific mRNAs (Boss et al., 1995; 
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Thipyapong et al., 1995). In hybrid poplar, two PPO genes have been shown to be 

induced by wounding and MJA (Constabel et al., 2000; Wang and Constabel, 2004).  

 

1.6 PPO in Drought and Salt Stresses 

PPOs are also considered to play role in drought and other stresses. Phenolic content in 

osmotic stressed rice seedlings were found to be very high as compared to well watered 

seedlings. Total phenolics were accumulated at a higher amount in shoot (93 %) under 

osmotic stress which affects to decrease in PPO activity. PPOs play a role in cell 

adjustment against stress and also decrease cell membrane fluidity (Gaballah et al., 2006; 

Lee et al., 2007). Increased level of phenolics in shoot accompanied by decreased PPO 

activity was supposed to overcome osmotic stress (Ali and Abbas, 2003). Transgenic 

plants with suppressed PPO exhibited an increased drought tolerance showing wilting, 

curling and yellowing of old leaves than non transgenic and PPO over-expressing plants 

under drought. So PPO suppressed plants showed favorable water stress relations 

indicating role of PPO in osmotic stress.  PPO was induced in older leaves in response to 

water stress in non transgenic and PPO over-expressing plants facilitating abscission to 

overcome water loss and limit nutrients movement. This differential expression pattern of 

PPO may have additional roles of PPO genes in various tissues to stand against different 

stresses (Thipyapong et al., 2004b). It has also been reported that in coconut, PPO 

activity was found to be increased by water stress (Shivishankar, 1988). Similarly, Kaur 

et al. (2015) showed that PPO increased under water and salt stress in drought tolerant 

wheat (C 306). 

 

Ultraviolet (UV) and salinity can also induce PPO activity. Trigonella foenum graecum 

calli growing on medium containing sodium chloride (NaCl) showed increased PPO 

activity (Niknam et al., 2006) while in UV radiated tomato, PPO activity was decreased 

to minimize stress injury (Balakumar et al., 1997). Ali and Abbas (2003) demonstrated 

that PPO activity increases by treatment with 100mM NaCl and phenyl urea by 

decreasing phenolics, flavonoids and peroxidase enzymes in shoot. While in roots 

phenolics and indol acetic acid decreased which was accompanied by increase in PPO, 

peroxidases and flavonoides which ultimately decrease the growth of salt stressed plant 
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as compared with non saline plants. In another report, it was found that PPO activities in 

Acanthophyllum sordidum increased at 50 mM NaCl but decreased at higher 

concentrations (Meratan et al., 2008). Recently Jia et al. (2015) reported the regulation of 

FaPPO gene by sodium chloride stress. However, further investigations are required for 

clarification of PPO role in drought and salinity.  

 

Plants synthesize hormones in various organs to initiate defense mechanism to cope with 

environmental stresses. Ethylene, MJA, ABA, gibberellic acid (GA) and salicylic acid 

(SA) are signaling molecules which play a pivotal role in growth and development, plant 

defense, and senescence. These signals interact in a mutually synergistic or in an 

antagonistic manner to overcome attack of pathogen and herbivorous insects (Pieterse 

and Dicke, 2007; Spoel et al., 2007; Pieterse et al., 2009). PPO has shown response to 

various signaling molecules such as ethylene (Newman et al., 2011), ABA (Chai et al., 

2013; Jia et al., 2015; Kaur et al., 2015), GA (Zhou et al., 2003), MJA and SA (Shetty et 

al., 2011; Jia et al., 2015) indicating role of PPO in plant defensive mechanism.  

 

Among these ABA is the most important plant hormone in defense mechanisms. Plants 

are continuously exposed to diverse biotic and abiotic stresses, such as pathogens, 

drought and salt which adversely affect plant growth and development in terms of crop 

yield. ABA in plants functions as a chemical signal in reply to environmental stresses. 

Signals are changed to ABA which triggers the activation of a number of plant 

physiological and developmental processes in order to cope with environmental stress 

(Ton et al., 2009). Defense responses to biotic and abiotic stress have been extensively 

investigated (Popko et al., 2010). ABA responses to stomatal defense and biotic and 

abiotic responses through the regulation of stomatal movement has revealed that ABA is 

involved in drought and fungal defenses in plants (Lim et al., 2015). 

 

1.7 Promoter Analysis 

Upstream side of gene is needed for RNA polymerase to recognize proper motifs to start 

up the transcription. Promoter analysis is very important as they control expression of 

gene. Promoter characterization revealed PPO promoter induction by wounding and 
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wound signals. Moreover, PPO was also found to be modulated by ethylene signals   

(Thipyapong and Steffens, 1997). Tomato PPO promoter was systematically induced by 

Alternaria solani and Pseudomonas syringae pathogens. Newman et al. (2011) reported 

the PPO promoter response to ethylene. 

PPO promoter which regulate PPO expression in plants have not been enough studied so 

far. Pattern of defense responses differ in various plants such as between Arabidopsis and 

tomato because of differences in regulatory elements (Shetty et al., 2011). Analysis of 

PPO promoter from plants revealed the presence of cis-regulatory elements involved in 

various environmental stresses such as wounding (Pastuglia et al., 1997; Chai et al., 

2013), ABA or stress responsive elements (Xie et al., 2005; Li et al., 2014; Yu et al., 

2015), salt and drought responsive motifs (Urao et al., 1993; Park et al., 2004). Keeping 

in mind the importance of PPO, a study was designed for functional characterization of 

rice Oryza sativa (OsPPO) promoter against wounding, ABA, MJA, drought and salt 

stresses in transgenic Arabidopsis thaliana. 

Sense and antisense technology in transgenic plants for functional analysis of PPO and 

its roles in different biotic and abiotic stresses were addressed. Abiotic and biotic stresses 

are addressed by plants by signal transduction pathway though ABA, MJA, ethylene and 

systemin signals which trigger PPO activity. This PPO activity ultimately results 

quinones and reactive oxygen species to cope with stresses (Thipyapong et al., 2007) as 

shown in Figure1. 

 

1.8 Aims and Objectives 

The main objective of the present research project is to analyze expression profiling of 

OsPPO promoter fused separately to to LUC and GUS reporter genes in wounding, ABA, 

MJA, drought and salt stresses. For this purpose Agrbacterium based transformation was 

carried out and expression analysis was conducted on T1 transgenic Arabidopsis lines. 
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Fig. 1: Theoretical mechanisms of action of PPO in response to pathogen infection, 
insect infestation and water stress (Thipyapong et al., 2007). 
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MATERIALS AND METHODS 

2.1 Isolation of OsPPO Promoter 

Polyphenol oxidase (PPO) gene promoter sequence from rice (Oryza sativa) var. 

Basmati (Accession # JQ284399) was retrieved from Genbank. 

 

2.2 Primer Designing 

A pair of primer was designed from promoter sequence available in Genbank. 

Specific primers were designed to amplify 1020 bp region of upstream of OsPPO 

gene.  Primer 3 software tool was used for primer designing. The sequence of 

designed primer is; 

PPO F: 5ʹ CTGGTCATAACTAGATTAAGAT 3ʹ 

      PPO R: 5ʹ GTCGTAGATTAGATTACCGAT 3ʹ 

2.3 Plant Material 

Rice seeds were arranged from National Agriculture Research Center (NARC), 

Islamabad, Pakistan. Seeds were grown in petri plates on wet blotting papers on room 

temperature with 16 hours of illumination. Ten days old germinating seedlings were 

used for DNA extraction.  

 

2.4 Genomic DNA Isolation 

Genomic DNA was extracted by Cetyltrimethylammonium Bromide (CTAB) method 

(Richards, 1997) with some modifications. Almost 0.4 g leaves were homogenized 

with preheated (65 ˚C) 2X CTAB. The homogenized material was incubated for 90 

minutes at 65 ˚C and centrifuged at 12,000 rpm for 10 minutes. After shifting 

supernatant to new eppendorf, an equal amount of chloroform:isoamyle alcohol (24:1) 

was added with gentle mixing. Following centrifugation (Centurion Scientific, K3 

Series) at 12,000 rpm for 10 minutes, supernatant was again shifted to new tube and 

an equal amount of chilled isopropanol was added. The tubes were ice cooled for 10 

minutes and centrifuged at 12,000 rpm for 10 minutes. The obtained DNA pellet was 

washed with 70 % ethanol and air dried. Pellet was then dissolved in 0.1 X TE (Tris 

ethylene diamine tetra acetic acid) and DNA quality was checked on 1 % agarose gel. 
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2.5 Amplification of OsPPO Promoter  

OsPPO was amplified from rice genomic DNA by phusion polymerase. PCR 

conditions used for amplification were pre-denaturation at 94 ˚C for 5 minutes 

following 35 cycles of denatuartion at 94 ˚C for 30 seconds, annealing at gradient of 

50 ˚C to 60 ˚C for 30 seconds and extension at 72 ˚C for 40 seconds. Final extension 

was 72 ˚C for 3 minutes. A PCR reaction volume of 30 µl with 0.3 µl of 50 pico 

moles of primer (forward and reverse) mix, 6 µl of 5X buffer, 2.4 µl of 2 mM of 

dNTPs, 0.9 µl of 25 mM MgCl2, 0.9 µl Dimethyl sulfoxide  (DMSO) and 0.3 µl of 

phusion polymerase was used. Amplified product was checked on 1.5 % agarose gel.  

 

2.6 Purification of PCR Product 

PCR product was purified by phenol extraction by adding an equal volume of phenol, 

centrifuged for 10 minutes and aqueous supernatant was carefully removed. Ethanol 

precipitation was performed to concentrate PCR product by adding 0.1 volume of 

Sodium acetate (3M) and 3 volume of 100 % ethanol to phenol extracted PCR 

product and centrifuged for 10 minutes. Pellet was then washed with 70 % ethanol, 

dried and stored at – 20 ˚C. 

 

2.7 Restriction Digestion of PCR Product 

PCR product was set up for restriction digestion with SmaI restriction enzyme for 

overnight at 37 ˚C and reaction mixture was used as following 

 

PCR product 4 µl 

Buffer 10 X (NEB) 4 µl 

SmaI (NEB) 2 µl 

Distilled water (DW) 30 µl 

 

Digested PCR product was then checked on agarose gel.  

 

2.8 Gel Purification of PCR Product  
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The 40 µl of PCR product was run on low melting point agarose gel (1 %) with DNA 

marker for 20 minutes using 100 volt current. Then amplified band was column 

eluted by following method. Gel band was carefully excised and melted with GEX 

buffer (0.1g/300 µl) by incubating on 55 ˚C for 10 minutes and casual shaking to melt.  

The solution was added to QIAGEN column and centrifuged at 4,000 rpm. The flow 

through was discarded. Then 0.5 ml of binding buffer solution was applied on spin 

column and centrifuged for 1 minute. Again flow through was discarded and 0.5 ml 

of washing buffer (WB) was added to column and centrifuged at 12,000 rpm for 1 

minute. This step was repeated twice. The column was centrifuged for 2 minutes 

without adding solution to remove residual ethanol. The column was finally set in 

new eppendorf tube and 8 µl of elution buffer was applied on column membrane and 

stand for 5 minutes. Then it was centrifuged at 12,000 rpm for 1 minute and eluted 

band was finally checked on 1.5 % agarose gel. 

 

2.9 Designing the Expression Cassettes of OsPPO 

The next plan was to design a expression cassettes of OsPPO promoter fused to 

Luciferase (LUC) and β-glucuronidase (GUS) reporter genes in two vectors namely 

pEnOPTOEINTLUC and pEnOPTOEINTGUS. 

 

2.10 OsPPOLUC Expression Vector Designing 

 

2.10.1 Plasmid Preparation of pEnOPTOEINTLUC THSP18 Plasmid 

pEnOPTOEINTLUC THSP 18 plasmid was extracted as following: 

Single colony from streaked plate was inoculated in 35 ml of liquid Luria broth (LB) 

with 50 mg/L kanamycine and shaked overnight at 37 ˚C. Culture was spin down at 

12,000 rpm for 5 minutes and resuspended in 3 ml 1X TE. Then 6 ml of solution 2 

(4M NaCl, 16 mM Sodium Citrate, 32 mM Citric Acid) was added and solution was 

mixed gently. Then 4.5 ml of solution 3 (100% Ethanol) was added and again mixed 

well. Centrifugation was carried out at 12,000 rpm for 5 minutes. Supernatant was 

transferred to new tube, 0.6 volume of isopropanol was added and centrifuged at 

12,000 rpm for 5 minutes. Supernatant was removed and pellet was dissolved in 1X 
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TE. Again 1 ml of solution 2 and 1ml of solution 3 were added and mixed and 

centrifuged at 12,000 rpm for 5 minutes. Supernatant was transferred to new tube; 3 

ml of isopropanol was added and centrifuged at 12,000 rpm. Then pellet was 

dissolved in 1X TE, 250 µl of 12.5 M LiCl was added, mixed and kept on ice for 5 

minutes. After centrifuging at 12,000 rpm for 5 minutes, supernatant was transferred 

to new tube and 0.6 ml isopropanol was added. It was centrifuged at 12,000 rpm for 5 

minutes, supernatant was removed and 1 ml of 70 % ethanol was added.  Mixture was 

then centrifuged at 12,000 rpm for 1 minute and pellet was dried and resupended in 

100 µl 1X TE RNase. Plasmid was then checked on 1 % agarose gel. 

 

2.10.2 Digestion of Plasmid 

Luciferase (LUC) plasmid was digested with SnaBI and StuI restriction enzymes at 37 

˚C for overnight. A total reaction volume of 20 µl was set up as following; 

 

Plasmid 10 µl 

Buffer 10 X (NEB) 2 µl 

SnabI (NEB) 1 µl 

StuI (NEB) 1 µl 

Distilled water 6 µl 

 

After restriction for overnight by SnaBI and StuI, reaction mixture was treated with 

antarctic phosphatase and antarctic phosphatase buffer by keeping at 37 ˚C for 15 

minutes and again incubated at 70 ˚C for 5 minutes. Then it was stored at – 20 ˚C. 

 

2.10.3 Gel Purification of Plasmid 

Twenty micro liter of plasmid was run on low melting point agarose gel (1 %) for 20 

minutes using 100 volts. Required band was carefully excised from low melting point 

agarose gel, melted with buffer and purified by QIAGEN Kit method as described 

earlier. Plasmid was finally eluted in 8 µl autoclaved water and checked on agarose 

gel. 
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2.10.4 Ligation of OsPPO Promoter 

PPO PCR product (gel purified) and LUC vector (gel purified) were ligated in a 

following reaction setup and incubated at 4 ˚C overnight. 

 

Luciferase vector  0.5 µl 

OsPPO PCR product 2 µl 

T4 DNA ligase buffer (NEB) 0.34 µl 

T4 DNA ligase (NEB) 0.5 µl 

Distilled water 1.66 µl 

 

After overnight incubation, 0.25 µl of 800 units/ml Protienase K was added and 

reaction mixture was again incubated at 37 ˚C for 30 minutes.  

 

2.10.5 Electroporation into E. coli 

Using 1 µl ligation mixture electroporation was carried out into DH10B E.coli strain. 

Then electroporated mixture was incubated in 1 ml LB at 37 ˚C with shaking and 200 

µl LB out of 1 ml incubated mixture was then spread on solid LB plates with 50 m/gL 

Kanamycin selection for overnight.  

 

2.10.6 Screening of Right Ligation 

Antibiotic resistant colonies were analyzed through colony PCR for correct ligation 

using vector specific primers which can amplify 1.3 kb region including whole PPO 

promoter region. Few colonies were screened and colonies with desired amplified 

band were selected for further restriction digestion and sequencing. 

 

2.10.7 Restriction Digestion of Entry Clone 

Plasmid of colonies with right amplification bands were subjected to plasmid 

isolation and were checked on agarose gel. Plasmids were then digested to find out 

correct ligated clone. Restriction digestion was carried out with EcoRV enzyme. 

Reaction set up was prepared as following; 
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Plasmid OsPPOLUC entry clone 5 µl 

Restriction Buffer 10 X 1 µl 

EcoRV 1 µl 

Distilled water 3 µl 

 

The reaction was incubated at 37 ˚C overnight and then digestion pattern was 

analyzed on 1 % agarose gel. Some clones gave same pattern of digestion as 

compared with A Plasmid Editor (APE) software digested pattern of OsPPOLUC in 

LUC entry clone. Such clones were selected for further sequencing and expression 

vector designing. 

 

2.10.8 Sequencing of OsPPOLUC Clone 

After digestion, the positive clone was carried out to sequence PPO promoter region 

from entry clone vector by using Applied Biosystems® 3130 Genetic Analyzer. 

 

2.10.9 Purification of OsPPOLUC Plasmid 

Entry clones were column purified for sequencing. To 30 µl of OsPPOLUC entry 

clone plasmid, 400 µl of binding buffer was added, mixed well and purified in regular 

blue column. Again it was washed with washing buffer (WB) and then followed 

normal protocol for plasmid purification. The plasmid was finally eluted into 40 µl 

elution buffer. Then isolated plasmid was checked on agarose gel. The sequencing of 

entry clone was carried out using two primers with separate reaction for both primers 

as follows; 

 

Plasmid 0.5 µl 

Big Dye (BD) buffer 1.6 µl 

Big Dye (BD)  enzyme 0.4 µl 

Primer 0.1 µl 

Distilled water 4.4 µl 

 

The sequencing reaction was setup for overnight.  
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2.10.10 Column Preparation 

PCR tubes were used for sequencing. A hole was made in PCR tube by needle and 

placed in column tube. Silvanized beads were added with small spoon to cover the 

bottom and sephadex G50 solution was added to fill up to top of PCR tube. PCR 

tubes were centrifuged for short spin at 2800 rpm and flow through was discarded. 

This step was repeated twice. Again the tubes were centrifuged for 10 minutes. Then 

50 µl distilled water was added with sequencing PCR product, mixed well and 

applied on bead by placing it in eppendorf tube. Column was then centrifuged at 

2,800 rpm for 10 minutes and upper bead column was removed. Eluted mixture was 

finally dried in speed vacuum for 30 minutes and placed for sequencing. 

 

2.10.11 Recombination Reaction  

For recombination reaction attL-containing entry clone and an attR-containing (LR) 

destination vector (pMDC99) from E.coli host strain BD3.1 were used to generate 

expression clone. For this, OsPPOLUC entry clone was digested with NheI to cut and 

open plasmid. Following reaction mixture was prepared as follow;  

 

Plasmid 5 µl 

Cut Smart 10 X Buffer 1 µl 

NheI 1 µl 

Distilled water 3 µl 

  

The reaction mixture was incubated overnight at 37 ˚C. Then 1 µl out of 10 µl was 

used for agagrose gel check on 1 % agarose gel. Remaining 9 µl was ethanol 

precipitated, pallet was speed vacuum dried and resuspended in 5 µl distilled water. 

Then 1 µl was checked on agarose gel and 1 µl was used in LR reaction which was 

set as follow; 

 

Plasmid 1 µl 

pMDC99 Destination Vector 0.25 µl 
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1 X TE 0.75 µl 

LR Clonase enzyme 0.5 µl 

 

LR reaction was then kept at room temperature for overnight. After that 0.25 µl of 

800 units/ml Protienase K was added to it and incubated at 37 ˚C for 30 minutes and 

stored at 4 ˚C. 

 

2.10.12 Electroporation of OsPPOLUC Expression Clone into E.coli 

LR reaction mixture was electroporated into DH10B strain of E.coli by using 1 µl of 

mixture and 200 µl out of 1 ml was spread on LB (50 mg Kanamycine/L) plates and 

kept on 37 ˚C overnight. 

 

2.10.13 Screening of OsPPOLUC Expression Clone 

Colony PCR was carried out to check correct OsPPOLUC expression clone by 

amplifying 681 bp region. Sequencing primers targeted the LUC gene one from inside 

of gene and other from outside the LUC gene from expression vector. Plasmids of 

expression clones were extracted and checked on agarose gel. Then glycerol stocks 

were maintained. 

 

2.10.14 Digestion of OsPPOLUC Expression Clone 

OsPPOLUC LR recombined clones were setup for restriction digestion to check for 

correct digestion pattern of LR clones as following; 

 

Plasmid 2 µl 

Restriction Buffer  10 X 1 µl 

EcoRV 1 µl 

Distilled water 6 µl 

 

Digestion reactions were incubated at 37 ˚C for one hour and then checked on 1 % 

agarose gel and all five plasmids showed correct digestion pattern. 
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2.10.15 Agrobacterium transformation of OsPPOLUC Expression Clone 

Expression clone was electroporated into Agrobacterium GV 3101 strain and 

electroporated mixture was shaked on 28 ˚C in liquid LB (Kanamycin 50mg/L) for 

one hour and 200 µl of this mixture was spread on LB (50 mg/L Kanamycin) plates 

and incubated on 28 ˚C for 2-3 days. 

 

2.10.16 Confirmation of Agrobacterium Transformation 

The transformation of OsPPOLUC expression clones was confirmed by PCR (using 

primers designed inside and outside of LUC gene) to amplify 682 bp fragment using 

vector specific primers. Luciferase expression was also confirmed for these clones 

and glycerol stocks were maintained using 2.5 ml LB liquid media (Kanamycin 

50mg/L). 

 

2.11 OsPPOGUS Vector Designing  

GUS expression vector was designed by placing GUS gene in place of LUC gene in 

previous OsPPOLUC entry clone vector.  

 

2.11.1 Plasmid Preparation of pEnOPTOEINTGUS THSP18 Plasmid 

Plasmid was isolated from DH10B E.coli by method as described for LUC vector 

extraction before.  

 

2.11.2 Amplificaion of GUS Gene  

GUS gene (1.8 Kb) was amplified from pFAJEL2 vector as template. PCR conditions 

used for amplification were pre-denaturation at 94 ˚C for 2 minutes following 35 

cycles of denatuartion at 94 ˚C for 15 seconds, annealing at 55 ˚C for 30 seconds and 

extension at 72 ˚C for 1 minute. Final extension was 72 ˚C for 3 minutes. A PCR 

reaction volume of 30 µl with 0.3 µl of 50 pico moles of primer mix, 6 µl of 5X 

buffer, 2.4 µl of 2 mM of dNTPs, 0.9 µl of 25 mM MgCl2, 0.9 µl DMSO and 0.3 µl of 

phusion polymerase was used. Amplified product was checked on 1 % agarose gel.  

 

2.11.3 Purification of PCR Product 
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PCR product was ethanol precipitated by using 0.1 volumes of 3 molar (M) Sodium 

acetate and 3 volume of 100 % ethanol and centrifuged at 15,000 rpm for 10 minutes. 

Pellet was dried in speed vacuum and digested with NotI and NcoI enzymes.  

2.11.4 Digestion of OsPPOLUC 

OsPPOLUC entry clone was digested with NotI, NcoI and ppuMI enzymes to cut 

down LUC gene by following reaction set up; 

 

Vector  10 µl 

Cut smart 10X buffer  3 µl 

NcoI 1 µl 

NotI 1 µl 

PpuMI 1 µl 

Distilled water 14 µl 

 

The reaction was incubated at 37 ˚C overnight and checked on agarose gel for 

digestion confirmation. The digested product was treated with antarctic phosphatase 

and incubated at 37 ˚C for 15 minutes first and then at 70 ˚C for 5 minutes. Finally, it 

was stored at – 20 ˚C for further use. 

 

2.11.5 Ligation of GUS Gene 

Digested vector and purified GUS PCR product were ligated by using T4 DNA ligase 

and reaction was carried out at 4 ˚C for overnight. The reaction mixture was prepared 

as followed; 

 

 

 

 

Digested vector  2 µl 

PCR product 1 µl 

T4 DNA ligase buffer  0.5 µl 

T4 DNA ligase  0.5 µl 
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Distilled water 1 µl 

 

2.11.6 Electroporation into E.coli 

Using 0.5 µl of ligation mixture, electroporation was done in E.coli, DH10B strain. 

The electroporated cells were incubated in 1 ml LB at 37 ˚C for one hour and then 

spread on LB media with 50 mg/L Kanamycin selection for overnight.  

 

2.11.7 Screening of Colonies 

E.coli colonies were screened for finding the correct ligated clones. Colony PCR was 

carried out using vector specific primers to amplify 730 bp regions from OsPPOGUS 

and PCR positive clones were selected for further experiments.  

 

2.11.8 Restriction Digestion of Positive Clones 

 Plasmids were isolated from these clones and digested with EcoRV enzyme for 

confirmation of positive ligated clones. Reaction was carried out at 37 ˚C as 

following and digestion pattern was checked on agarose gel. Preparation of reaction 

mixture was as followed; 

Plasmid 2 µl 

Restriction Buffer 10 X 1 µl 

EcoRV 1 µl 

Distilled water 6 µl 

 
 
2.11.9 Sequencing OsPPOGUS Entry Vector 
Positive ligated clone was again confirmed by sequencing. Primers were used to 

cover whole GUS gene (1.8 kb). Clone was purified and column was prepared as 

described earlier. Three reactions were separately run and reaction mixtures were 

prepared with columns as described previously. The reaction set up was as follow;  

Plasmid 0.5 µl 

Big Dye buffer  1.6 µl 

Big Dye enzyme 0.4 µl 

Primer 0.1 µl 
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Distilled water 4.4 µl 

 

2.11.10 Recombination Reaction 

For LR reaction, OsPPOGUS entry clone was digested with NheI enzyme to cut and 

open it and reaction was set as following; 

 

Plasmid  5 µl 

Cut smart buffer 10X 1 µl 

NheI 0.5 µl 

Distilled water 3.5 µl 

 

The reaction was carried out at 37 ˚C overnight. Digested plasmid was then ethanol 

precipitated and resupended in 5 µl distilled water and checked on 1 % agarose gel. 

Using 0.5 µl out of 5 µl plasmid, LR reaction was set as following; 

 

Plasmid  1 µl 

pMDC99 0.25 µl 

1X TE buffer 0.75 µl 

LR clonase II enzyme 0.5 µl 

Total 2.5 µl 

 

 

The reaction was carried out at room temperature for overnight. Then 0.25 µl of 800 

units/ml Protienase K was added to LR mixture and incubated at 37 ˚C for 30 minutes. 

 

2.11.11 Electroporation of OsPPOGUS Expression Clone into E.coli 

Using 1 µl of reaction mixture, E.coli DH10B strain was transformed and 1 ml of LB 

was shaked at 37 ˚C for one hour. Then 200 µl LB was spread on LB plates (50 mg/L 

Kanamycin) plates. Plates were incubated for overnight at 37 ˚C. 

 

2.11.12 Confirmation of OsPPOGUS Expression Clone 



25 
 

Plasmids of some of clones with OsPPOGUS expression vectors were extracted and 

checked on 1 % agarose gel. These plasmids were digested with EcoRV enzyme to 

confirm the correct digestion pattern of right LR clones. The reaction was set as 

follow; 

 

 

Plasmid 2 µl 

Restriction Buffer D 10 X 1 µl 

EcoRV 1 µl 

Distilled water 6 µl 

 

The reaction was incubated at 37 ˚C for overnight and checked on 1 % agarose gel.  

 

2.11.13 Agrobacterium Transformation of OsPPOGUS Expression Clone 

Confirmed expression clone weas transformed into Agrobacterium GV 3101 strain by 

electroporation. The electroporated mixture was shaked on 28 ˚C for one hour and 

200 µl of this mixture was spread on LB plates having (50 mg Kanamycin/L) and 

incubated at 28 ˚C for 2-3 days. 
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2.11.14 Confirmation of Transformation of OsPPOGUS Expression Clones in 

Agrobacterium  

OsPPOGUS expression clones were confirmed by colony PCR to amplify 263 bp 

fragment of OsPPOGUS expression vector using vector specific primer set and 

glycerol stocks were maintained.  

 

2.12 Plants Transformation 

 

2.12.1 Plants Preparation 

Arabidopsis thaliana (Col-0) seeds were sterilized by 70 % ethanol. Almost 100 

seeds were placed in eppendorf tube and 1 ml of 70 % ethanol was added and shaked 

vigorously by vortex. Ethanol was removed after short spin and seeds were washed 

with sterilized distilled water three times by shaking and spinning. Seeds were soaked 

in 1 ml of 0.1 % agar and spread on MS (Murashge and Skoog, 1962) media and kept 

on 4 ˚C for 48 hours. After that plates were shifted to growth rooms.  

 

2.12.2 Soil Preparation and Shifting of Arabidopsis 

Soil was prepared from Metromix 366 (Scott) and autoclaved. After cooling soil ½ 

Marathon (insecticide) was mixed well in soil. A nutrient solution of 1 small spoon of 

Miracle-Gro and Banrot were dissolved in 1 gallon tap water. Soil was wet with 1 L 

nutrient water and mixed well. This soil was dispensed in pots. Seven days old 

Arabidopsis seedlings were shifted to soil available in pots and placed in growth 

room with 16 hours light/8 hours dark cycle at 25 ˚C in50 % humidity. Plants were 

watered after 3 days intervals. Then twenty eight days old flowering plants were used 

for transformation. 

 

2.12.3 Transformation Solution 

GV 3101 strain carrying OsPPOLUC and OsPPOGUS vectors were streaked on LB 

(Kanamycin 50 mg/L) plates. Single colony of both OsPPOLUC and OsPPOGUS 

was picked from these plates and grown in liquid LB (Kanamycin 50 mg/L) media 
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separately at 28 ˚C for overnight. Bacterial cultures were harvested by spinning at 

8,000 rpm for 10 minutes. Bacterial pellets of OsPPOLUC and OsPPOGUS were 

resuspended separately in transformation solution prepared by adding 5 % sucrose 

and 0.03 % Silwet L-77. 

 

2.12.4 Floral Dip Transformation 

Arabidopsis floral buds were sprayed with these transformation solutions separately. 

Plants were kept in growth chamber for overnight. After that plants were watered 

from top to remove excess of sugar. 

 

2.12.5 Procurement of T1 and T2 Transgenic Lines  

After 15 days of spray, T0 seeds were collected from mature plants and kept in open 

air with light for drying for 24 hours. T0 seeds were divided in five pools (1000 

seeds/pool) and sterilized with 70 % ethanol. Seeds were spread on MS media 

provided with 40 mg hygromycin for selection of transgenic seedling. After 2 days 

transgenic hygromycin resistant (T1) seedlings were collected and transferred to 

hygromycin free MS media. Shifting of these hygromycin resistant seedlings 

continued for five days. After ten days these growing seedlings were shifted to soil 

and pots were kept in growth chambers. Upon maturation, T1 plants gave T1 seeds 

that were collected and dried. Again T1 seeds were harvested, dried and used to get 

T2 lines with OsPPOLUC and OsPPOGUS stable expression which were finally 

used for stress treatments and Real-Time (RT) PCR analysis. 

 

2.13 Treatments 

Different stress and hormonal applications were designed for this study namely 

wounding stress, ABA application, MJA application, salt and osmotic stresses. Ten 

days old plants were used for each treatment. The detail of each application is 

mentioned below; 

 

2.13.1 Wounding Stress 
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T1 seeds were grown on MS media after sterilization with 70 % ethanol. For 

wounding stress OsPPOLUC and OsPPOGUS T2 plants were used. Plants leaves 

were injured with forceps on half of leaves on each plant and other half leaves 

remained unwounded. Wounding was given for 12, 24, 36 and 48 hours (h) to plants 

on MS media. Control plants left unwounded. Then plants were tested with relative 

expression of OsPPO promoter by LUC and GUS activities as well as RT-PCR. 

 

2.13.2 ABA and MJA Application 

ABA and MJA solutions for stress treatments were in concentrations of 50 µM, 150 

µM, 250 µM, 350 µM and 450 µM. These dilutions were prepared from 100 folds 

stocks of ABA and MJA with 0.01 % Silwet L-77 to facilitate infusion. Control 

solution used for control plants was prepared from distilled water with 0.01 % Silwet 

L-77. One week old plants were used for spray with ABA and MJA and plants were 

kept in growth room for 24 hours. After that plants were used for LUC and GUS 

relative expression of OsPPO promoter and qPCR screening. 

 

2.13.3 Drought and Salt Stress 

Transgenic T2 plants were grown on MS media. For osmotic stress poly ethylene 

glycol gel (PEG-6000) was used. Briefly 30 ml of MS media in each plate was 

solidified with 0.7 % agar and overlaided by 30 ml of liquid PEG-6000 containing the  

5, 10, 15, 20, 25, 30 % of PEG-6000 that finally yielded -0.3, -0.6, -0.9, -1.2,  -1.5 

and -1.8 mega pascal (MPa) water potential. Plants were placed on these PEG 

containing MS plates for 24 hours and then relative expression was checked by GUS 

staining. Similarly salt stress was applied on one week old plants in MS media 

provided with 100 mM, 200 mM, 300 mM, 400 mM, 500 mM and 600 mM. Plants 

were placed in salt stressed conditions for 24 hours and then relative expression was 

measured by GUS staining technique.  

 

2.14 RNA Isolation and cDNA Synthesis 

Total RNA was isolated from plants stressed with wounding, ABA and MJA by 

manual method using DNase (RQ1 RNase-free DNase; Promaga M6101). Total RNA 
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was checked on 1.5 % agarose gel. Total RNA quantification was done by nanodrop 

(ND 1000). Reverse transcriptase reaction was carried out using 1 µg of total RNA. A 

total 10 µl reaction volume of each sample with 2 µl 5X Goscript buffer, 1.2 µl 

MgCl2, 0.5 µl 10 mM dNTPs, 0.5 µl RNase inhibitor, 0.5 µl random hexamers and 

0.5 Goscript RT enzyme. Conditions for cDNA synthesis used were incubation at 25 

˚C for 5 minutes following cycles of 42 ˚C for 60 minutes and 70 ˚C for 15 minutes. 

Final hold was 4 ˚C. 

 

2.15 RT-PCR  

RT-PCR (Roche Light Cycler-480) analysis was done with EvaGreen protocol using 

EvaGreen reagent (Biotium). Five times diluted cDNA was used in making reaction 

for loading on RT-PCR plate. GUS and LUC genes were used as target and 18 S 

primers as reference along with control samples. Samples were loaded in duplicates 

on RT-PCR plate. Thresholds crossing point (CP) values were automatically 

calculated by giving specific targets to RT-PCR and finally CP values were used for 

calculating fold change for each treatment along with control.  
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RESULTS 
 
 

3.1 Genomic DNA Isolation  
Genomic DNA was isolated from rice (Oryza sativa var. Basmati) by CTAB method with 

few modifications (Richards, 1997). DNA was treated with RNase (Invitrogin) and run 

on 1 % agarose gel after staining with ethedium bromide (Fig. 2). DNA quantification 

was carried with the help of spectrophotometer. 

3.2 OsPPOLUC Vector Designing 

3.2.1 PCR Amplification 

Amplification of PPO promoter (~1020 bp) region was optimized by gradient PCR at 

different annealing temperatures with a range of 50 ˚C to 60 ˚C. Best PCR amplification 

quality was noted on 58 ˚C for 1 minute. For cloning purpose phusion polymerase was 

used. Then PCR product was confirmed by running on 1.5 % agarose gel (Fig. 3). 

3.2.2 Purification and Digestion of PCR Product  

Highly purified OsPPO promoter PCR product was prepared by phenol extraction and 

ethanol precipitation. Purified pellet was collected after centrifugation and washed with 

70 % ethanol. Then PCR product was digested with SmaI (NEB) restriction enzyme. 

Digested mixture was column purified by running on 1 % low melting point agarose gel 

and eluted band was confirmed on agarose gel (Fig. 4).  

3.2.3 Extraction of LUC and GUS Entry Vectors   

Following midi scale preparation from 35 ml culture shaked overnight on 37 ˚C, plasmids 

of both pEnOPTOEINTLUC THSP 18 and pEnOPTOEINTGUS THSP 18 were checked 

on agarose gel. LUC vector was digested with SnabI and StuI restriction enzymes for 

overnight and treated with antarctic phosphatase (Fig. 5). Digested and antarctic 

phosphatase treated LUC vector was agarose gel excised and eluted (Fig. 6).  
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Fig. 2: Visualization of genomic DNA isolated from Oryza sativa L var. Basasmati. 

Equal amount of DNA was loaded in each well of each sample plant. 

 

 

   

Fig. 3: PCR amplification of PPO promoter. Lane 1: showing ~1020 bp amplicon of PPO 

promoter region by phusion polymerase. Lane 2:  2 log DNA ladder (NEB). 
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Fig. 4: Digestion of PCR amplified OsPPO promoter with SmaI enzyme and column 

purification. Lane 1: Purified PCR product. Lane 2: 2 log DNA ladder (NEB).  

 

 

 

Fig. 5:  pEnOPTOEINTLUC THSP 18 entry clone extraction and digestion. Lane 1:   

LUC vector isolation by midi scale preparation. Lane 2:  Digestion of LUC Entry Clone 

with SnabI and StuI restriction enzymes. Lane 3: 2 log DNA ladder (NEB). 
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Fig. 6: Visualization of pEnOPTOEINTLUC THSP 18 entry clone vector after antarctic 

phosphatase and elution.  Lane 1: 2 log DNA ladder (NEB). Lane 2: LUC vector after 

agarose gel excision and elution.  
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3.2.4 Cloning of OsPPO Promoter  

Digested LUC vector ligated with PCR product by T4 DNA ligase (Thermo Fisher 

Scientific) and ligation mixture was electroporated into DH10B for cloning of OsPPO 

promoter region. Electroporated mixture was spread on LB plates (50 mg/L Kanamycin) 

to get transformed colonies containing cloned OsPPOLUC promoter.   

3.2.5 Confirmation of Cloning into DH10B 

Cloning of OsPPO promoter was confirmed by PCR and restriction digestion. Correct 

ligated clone was confirmed by PCR using colonies growing on LB media containing 50 

mg Kanamycine/L. Primers were chosen from vector to amplify 1.3 kb region covering 

whole OsPPO promoter (Fig. 7). Plasmids of PCR confirmed positive clones were 

extracted and subjected to EcoRV restriction digestion to see correct digestion pattern of 

ligated clones (Fig. 8). Clone that gave correct restriction banding was further selected 

for sequencing and recombination reaction.  

3.2.6 Sequencing of OsPPOLUC Clone 

Enough plasmid was isolated for sequencing of OsPPO clone. Plasmid was column 

purified and eluted. Vector specific primers set chosen from OsPPOLUC entry vector to 

cover OsPPO promoter. Sequence results were analyzed by their sequence matches. 

3.2.7 Signal Scan (PLACE) of OsPPO Promoter Sequence 

OsPPO promoter 1020 bp sequence was scanned by PLACE signal software to find cis-

regulatory elements responsive for wounding, ABA, MJA, salt and osmotic stresses. 

Signaling scan showed that OsPPO promoter possesses regulatory elements homologous 

to different stress signaling boxes. Motifs such as MYC (4), WRKY (8), MYB (2) and 

DPBF (2) transcription binding elements were found in promoter region of rice PPO 

promoter responsible for ABA, water stress and plant defense signaling. Moreover, W-

boxes (6) were also found in OsPPO promoter for wound response signaling and GT-1 (1) 

motif signaling for salt stress. The presence of these cis-regulatory elements further 

supports the involvement of OsPPO promoter in wounding, ABA, drought and salt stress 

responsive induction (Fig. 9). 

 
          1                   2                  3           
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Fig. 7: PCR confirmation of correct ligation. Lane 1: 1.3 Kb band showed the right 

ligated clone from OsPPOLUC entry vector and lane 2 showed unspecific band. Vector 

specific primer set was used to amplify entire 1020 bp PPO promoter. Lane 3: 2 log DNA 

ladder (NEB). 

 

 

Fig. 8: Confirmation of cloning of OsPPO by restriction digestion with EcoRV. PCR 

positive clones digested to see correct restriction pattern of right ligation. Lane 1: 2 log 

DNA ladder (NEB). In lane 2: Clone showed unspecific digestion pattern. Lane 3: 

Accurate restriction banding of OsPPOLUC entry clone. 
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Fig. 9: The 1020 bp region of OsPPO promoter showing distribution and positions of cis-
regulatory elements on + and – strands.  
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3.2.8 Confirmation of OsPPOLUC Expression Clone 

After recombination of entry vector with pMDC99 destination vector, OsPPOLUC 

expression clones were confirmed by PCR and restriction digestion. Colony PCR was 

performed using vector specific primers chosen from vector. A region of 682 bp was 

amplified targeting one primer from inside of LUC gene and another primer outside of it 

(Fig. 10). Further OsPPOLUC expression clone was restricted with EcoRV to confirm 

correct combined expression vector (Fig. 11).  

3.2.9 Agrobacterium Transformation and Confirmation 

OsPPOLUC expression plasmid was extracted from DH10B and electroporated into 

GV3101. This transformation was confirmed by PCR and LUC expression. Plasmids 

were extracted and subjected to PCR with the help of vector specific primer set to 

amplify 682 bp region of right OsPPOLUC expression clones (Fig. 12). Luciferase 

expression was also confirmed from growing Agrobacterium by charge couple device 

(CCD) (Fig. 13). 

3.3 OsPPOGUS Vector Designing 

OsPPOLUC entry clone was digested with NcoI, NotI and ppuMI restriction enzymes for 

overnight at 37 ˚C. After digestion the vector was checked on agarose gel (Fig. 14) and 

treated with antarctic phosphatase. 

3.3.1 Amplification of GUS Gene 

GUS gene was amplified from pFAJEL2 vector template using phusion polymerase. PCR 

product was purified by ethanol precipitation with 0.1 volume of sodium acetate and 3 

volume of ethanol and finally checked on agarose gel (Fig. 15). 

3.3.2 Cloning of GUS Gene 

Purified GUS gene was ligated in pEnOPTOEINTLUC THSP 18 entry vector by T4 

DNA ligase for overnight at 4 ˚C. Ligated mixture was electroprated in DH10B for 

cloning of GUS gene. The electroporated bacterial culture was spread on LB (50 mg/L  
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Fig. 10: Confirmation of recombined OsPPOLUC expression clones by PCR. Lane 2-11: 

682 bp region amplified by vector specific primer set covering inside of LUC and outside 

of it from OsPPOLUC expression clone. Lane 1: 2 log DNA ladder (NEB).  

 

   

Fig. 11: Confirmation of OsPPOLUC expression clones by restriction digestion with 

EcoRV. Lane 1: 2 log DNA ladder (NEB). Lane 2-6: OsPPOLUC expression clones 

showing correct digestion pattern. 
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Fig. 12: Confirmation of OsPPOLUC expression clone after Agrobacterium 

transformation by PCR. Lane 1-3: 682 bp region amplified by vector specific primer set 

covering inside of LUC and outside of it from OsPPOLUC expression clone. Lane 4: 2 

log DNA ladder (NEB). 

 

   
                                                                                 

                                          A                                                              B 

Fig. 13 A: Confirmation of OsPPOLUC expression clone after Agrobacterium 

transformation by Luciferase expression. PCR tested colonies showing Luciferase 

expression in CCD camera after spray with 2 mM Luciferine. B: Luciferase lumination 

scale. 
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Fig. 14: Digestion of OsPPOLUC entry clone. Lane 1: PPOLUC entry clone digested 

with NcoI, NotI and ppuMI restriction enzymes. Lane 2: 2 log DNA ladder (NEB). 

 

 

Fig. 15: PCR amplification of GUS gene. Lane 1: Ethanol precipitated and column eluted 

1.8 kb GUS gene amplification by phusion polymerase. Lane 2: 2 log DNA ladder (NEB). 

kanamycine) plates and incubated at 37 ˚C for overnight to get desired transgenic 

colonies containing GUS reporter gene. 

3.3.3 Confirmation of Cloning 

Cloning of GUS in OsPPOGUS clone was confirmed by PCR and restriction digestion. 

Right clones were confirmed by colony PCR amplification of 730 bp fregment by vector 
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specific set of primer from OsPPOGUS entry clones (Fig. 16). PCR positive clones were 

subjected to plasmid isolation and digested with EcoRV to check the correct digestion 

pattern of right ligated clones (Fig. 17).  

3.3.4 Sequencing of OsPPOGUS Entry Clone 

Enough plasmid was extracted for sequencing of GUS gene cloned in OsPPOGUS clone. 

After column purification and elution, sequencing reactions were run with three vector 

specific primers to cover GUS gene from vector. Sequence results were analyzed by their 

peaks for checking any mismatch. 

3.3.5 Transformation of OsPPOGUS Expression Clone in Agrobacterium  

After recombination of entry vector with pMDC99 destination vector, OsPPOGUS 

expression clones were confirmed by restriction digestion. Expression clones were 

digested with EcoRV to confirm correct banding pattern of right OsPPOGUS clones 

from E.coli (Fig. 18). Plasmid was extracted from DH10B and electroporated into 

GV3101. OsPPOGUS clones (in Agrobaterium GV3101) were confirmed by colony PCR 

to amplify 263 bp fragment by vector specific primer set (Fig. 19). 

3.3.6 Glycerol Culture Maintenance 

Glycerol cultures of Agrobaterium tumefaciens GV3101 strain containing OsPPOGUS 

and OsPPOLUC expression vectors were prepared separately in 50 % glycerol solution. 

Glycerol cultures were stored in – 80 ˚C for long term use. 
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Fig. 16: PCR confirmation of correct ligation. Lanes 3-9: 730 bp bands showed the right 

ligated clone from OsPPOGUS entry vector. Vector specific primer set was used to 

amplify 730 bp from OsPPOGUS entry clone. Lane 1: 2 log DNA ladder (NEB). 

 

 

 

Fig. 17: Confirmation of OsPPO ligation in OsPPOGUS entry clone by restriction 

digestion with EcoRV. Lane 1: 2 log DNA ladder (NEB). Lane 2-5: PCR positive 

digested clones showing correct restriction pattern. 
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Fig. 18:  Digestion confirmation of OsPPOGUS expression clone after recombination 

with pMDC99 destination vector. Lane 1: 2 log DNA ladder (NEB). Lane 2-6: PPOGUS 

LR clones digested with EcoRV restriction enzyme showing correct digestion. 

 

 

Fig. 19: Confirmation of transformation of OsPPOGUS expression clone in 

Agrobacterium by PCR. Lane 1: 2 log DNA ladder (NEB). Lane 2-5: Amplification of 

263 bp fragment vector specific primer set from OsPPOGUS expression vector. 
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3.4 Plant Transformation 

3.4.1 Plant Preparation and Floral Dip Transformation 

Arabidopsis thaliana (Col-0) seeds were sterilized with 70 % ethanol. After plating and 

48 hours cold treatment on MS media plates were placed in growth room. One week old 

growing plants were shifted to soil. Twenty eight days old flowering shoots were now 

ready for transformation (Fig. 20) by floral dip. Floral buds were transformed by spray of 

OsPPOLUC and OsPPOGUS solutions separately. Plants were watered from top after 16 

hours to remove excess of bacteria and sugar. 

3.4.2 Procurement of Transgenic Seeds 

T0 seeds were collected and dried in air for 24 hours. T0 seeds were selected on 

hygromycin to get only transgenic seedlings. Hygromycin resistant transgenic plants T1 

seedlings transferred to hygromycin free MS media then to soil (Fig. 21). Upon T1 seeds 

maturation and collection these seeds were used to get T2 transgenic plants which were 

used for stress treatment, RNA isolation and RT-PCR analysis.  

3.5 Analysis of Transgenic Plants 

3.5.1 Stress Treatments 

Wounding, MJA, ABA, drought and salt stresses were given to T2 plants growing MS 

media. For wounding, ABA, and MJA treatments ten days old plants were used. After 

stress treatments plants were subjected to RNA isolation, cDNA synthesis and RT-PCR 

analysis.   

3.5.2 RNA Isolation 

Total RNA was isolated from wounded, MJA and ABA stressed plants by manual 

method using DNase (Promega). Integrity of RNA was checked on 1.5 % agarose gel 

(Fig. 22 and 23). RNA was quantified by nanodrop and concentration of total RNA was 

measured in ng/µl. 
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3.5.4 RT-PCR 

RT-PCR (Roche Light Cycler-480) analysis was done with EvaGreen protocol using 

EvaGreen reagent. Five times diluted cDNA was used for TR-PCR. LUC and GUS gene 

were used as target and 18 S gene as internal control (Fig. 24). Samples were loaded on 

PCR plate in duplicate and CP values was automatically calculated by giving specific 

targets. These CP values were then used to calculate fold change in expression for 

wounding, MJA and ABA stress treatments. 

 

 

 

Fig. 20: Arabidopsis thaliana (Col-0) after four weeks showing appropriate flowering for 

transformation by floral spray. 
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                                      A                                                         B 

Fig. 21: Hygromycin resistant transgenic T1 seedlings on simple MS media. A: Five days 

old plants. B: Ten days old plants. 

 

 

 

 

Fig. 22: Total RNA isolation from wounded T2 transgenic Arabidopsis thaliana plants. 

Lane 1: Control plants. Lane 2-5: Total RNA isolated after wounding of 12, 24, 36 and 

48 hours intervals from T2 transgenic lines. 
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Fig. 23: Total RNA isolation from ABA and MJA stressed T2 transgenic Arabidopsis 

thaliana plants. Lane 1: Total RNA of control T2 plants. Lane 2-6: Total RNA isolated 

by application of 50, 150, 250, 350 and 450 µM ABA. Lane 7-11: Total RNA isolated by 

application of 50, 150, 250, 350 and 450 µM MJA. 

 

 

Fig. 24: RT-PCR amplification of GUS and 18 S internal control gene. Lane 1 and 14: 2 

log DNA ladder (NEB). All even number wells are indicative of GUS gene and all odd 

number amplicons showing 18 S internal control gene.  
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3.5.5 Induction of OsPPO by Wounding 

Effect of wounding was monitored on T2 transgenic Arabidopsis thaliana. Quantitative 

RT-PCR analysis was carried out to detect OsPPOLUC and OsPPOGUS transcript level 

in ten days old T2 transgenic plants wounded for 12, 24, 36 and 48 hours on MS media. 

Fold change values were calculated from RT-PCR CP values of LUC and GUS target 

genes.  

Transcript level represents OsPPOLUC and OsPPOGUS mRNA compared with 

reference. Both LUC and GUS mRNA levels showed that mechanical injury induced 

transcript accumulation of respective LUC and GUS transcripts. Response of OsPPO 

promoter showed an increasing trend with the passage of time. After 12 hours the 

transcript level increased up to 3 folds and reached maximum level of up to 11 folds after 

36 hours of wounding. After this maximum fold change OsPPO transcript level 

decreased at 48 hours (Fig. 25 and 26).  

Inducibility of OsPPO promoter was also checked by LUC expression under CCD 

camera and GUS staining. These LUC and GUS expression also confirmed that OsPPO 

promoter induced slowly after wounding and reached to higher expression after 36 hours 

and declined after 48 hours. The unwounded leaves on wounded plant also showed 

LUC/GUS activity (Fig. 27 and 28).  The relative expression levels of LUC and GUS 

revealed that OsPPO exhibited a wound induced response in transgenic Arabidopsis host. 

So OsPPO is sensitive to mechanical injuries and increases response with the passage of 

time showing wound induced OsPPO expression. 
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Fig. 25: Quantification of OsPPOLUC mRNA level induced by wounding. Ten days old 

T2 transgenic Arabidopsis lines were subjected to mechanical injury growing on MS 

media and real-time PCR was performed after intervals of 12 hours to detect wound 

induced response of PPO promoter by accumulation of OsPPOLUC transcripts (Key, H: 

hours). Each value given in the graph is a mean of three independent experiments. 

 

Fig. 26: Quantification of OsPPOGUS mRNA level induced by wounding. Ten days old 

T2 transgenic Arabidopsis lines were subjected to mechanical injury growing on MS 

media and real-time PCR was performed after intervals of 12 hours to detect wound 

induced response of PPO promoter by accumulation of OsPPOGUS transcripts (Key, H: 

hours). Each value given in the graph is a mean of three independent experiments. 
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Fig. 27: Wound induced LUC expression of OsPPO carried out on ten days old T2 

transgenic Arabidopsis lines. Control plants (transgenic unwounded) (B). Mechanically 

injured plants were incubated on MS media and tested after 12 hours (C), 24 hours (D), 

36 hours (E) and 48 hours (F) intervals. Wounds were produced on half number of leaves 

on each plant (Key. A: bright field, B: control, H: hours). 
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Fig. 28: Wound induced GUS expression of OsPPO carried out ten days old T2 

transgenic Arabidopsis lines. Control plants (transgenic unwounded) (A). Mechanically 

injured plants were incubated on MS media and tested after 12 hours (B), 24 hours (C), 

36 hours (D) and 48 hours (E) intervals. Wounds were produced on half number of leaves 

on each plant (Key. CO: Control, H: hours).  
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3.5.6 Induction of OsPPO in Response to MJA and ABA Application 

To check the response of OsPPO on hormonal applications, RT-PCR was used to 

characterize expression profile in transgenic T2 plants. ABA and MJA were sprayed on 

transgenic plants, and a wide range of concentrations of ABA and MJA (50 µM, 150 µM, 

250 µM, 350 µM, and 450 µM) were used and kept in growth chamber for 24 hours. 

Quantitative LUC and GUS gene transcripts levels indicated that OsPPO promoter 

induced only by ABA up to 3 folds at 350 µM concentrations but not by MJA (Fig. 29 

and 30). OsPPO response to ABA was supported by LUC and GUS activities (Fig. 31a 

and 32a) and no increase in LUC and GUS activity was observed by MJA stress (Fig. 31b 

and 32b). These results suggest that OsPPO promoter was induced by ABA only and not 

by MJA.  

3.5.7 Drought and Salt Response of OsPPOGUS 

To find out the response of OsPPO promoter to drought and salt, T2 Arabidopsis lines 

carrying OsPPOGUS were stressed on MS media with drought (PEG-6000) and salt 

(NaCl) for 24 hours and stained with GUS solution for overnight. Osmotic stress was 

given with PEG-6000 (5 %, 10 %, 15 %, 20 %, 25 %, and 30 %) in MS media to analyze 

the effect of PEG-6000 on OsPPO promoter. While salt stress treatments were also given 

in MS media. Salt concentrations of 50, 100, 150, 200, 250 and 300 mM were used to 

analyze the effect of salt stress on GUS expression driven by OsPPO promoter.  

GUS staining technique revealed that OsPPOGUS activity was not detectable in 

untreated control plants. The relative GUS expression of OsPPO started with PEG-6000 

at 5 % and continued to increase with increase in drought reaching maximum in whole 

plant parts at 20 % after staining in GUS for overnight (Fig. 33). Similarly increasing salt 

concentration showed more GUS activity with strong expression in root, stem and leaves 

at 200 mM and then uniform up to 300 mM (Fig. 34). OsPPO promoter induced well by 

higher drought and salt stress treatments. These results are clear indicative that OsPPO 

promoter is responsive to higher drought as well as salt stresses. 
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Fig. 29: RT-PCR analysis of OsPPOLUC activity by ABA (A) and MJA (M) 

applications. Quantitative RT- PCR was carried out to detect OsPPOLUC transcripts 

level in ten days old T2 transgenic Arabidopsis lines by sprays of ABA and MJA 

solutions (μM) growing on MS media. Each value given in the graph is a mean of three 

independent experiments. 

 

 

Fig. 30: RT-PCR analysis of OsPPOGUS activity by ABA (A) and MJA (M) 

applications. Quantitative real-time PCR was carried out to detect OsPPOGUS transcript 

level in ten days old T2 transgenic Arabidopsis lines by sprays of ABA and MJA 

solutions (μM) growing on MS media. Each value given in the graph is a mean of three 

independent experiments. 
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Fig. 31a: 5. Luciferase expression by OsPPO promoter fused with LUC reporter gene by 

ABA application. Transgenic Arabidopsis T2 lines were sprayed with different 

concentrations 50 μM (C), 150 μM (D), 250 μM (E), 350 μM (F) and 450 μM (G) of 

ABA on MS media for 24 hours (A: Bright field, B: control, ABA: abscisic acid). 
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Fig. 31b: Luciferase expression by OsPPO promoter fused with LUC reporter gene in 

MJA application. Transgenic ArabidopsisT2 lines were sprayed with different 

concentrations of 50 μM (C), 150 μM (D), 250 μM (E), 350 μM (F) and 450 μM (G) of 

MJA and kept on MS media for 24 hours (A: Bright field, B: Control, MJA: Methyl 

Jasmonate). 
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Fig. 32a: GUS expression by OsPPO promoter fused with GUS reporter gene by ABA 

application. Transgenic ArabidopsisT2 lines were sprayed with different concentrations 

50 μM (B), 150 μM (C), 250 μM (D), 350 μM (E) and 450 μM (F) of ABA on MS for 24 

hours. Plants were immersed in GUS staining solution for overnight (Key. A: Control, 

ABA: Abscisic Acid). 

 



57 
 

A B

C D

E F

 

 

Fig. 32b: GUS expression by OsPPO promoter fused with GUS reporter gene by MJA 

application. Transgenic ArabidopsisT2 lines were sprayed with different concentrations 

50 μM (B), 150 μM (C), 250 μM (D), 350 μM (E) and 450 μM (F) of MJA on MS for 24 

hours. Plants were immersed in GUS staining solution for overnight (Key. A: Control, 

MJA: Methyl Jasmonate). 
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Fig. 33: Induction of OsPPO promoter fused with GUS reporter gene in osmotic stress. 

Transgenic T2 Arabidopsis thaliana lines were subjected with different concentrations of 

PEG-6000 yielding - 0.3 to - 1.8 MPa water potential on MS for 24 hours. Plants were 

immersed in GUS staining solution for overnight and analyzed for relative GUS 

expression of OsPPO in response to water stress. (PEG-6000 used in A: Control, B: 5 %: 

C: 10 %, D: 15 %, E: 20 %, F: 25 % and G: 30 %). 
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Fig. 34: Induction of OsPPO promoter fused with GUS reporter gene in salt stress. 

Transgenic T2 Arabidopsis thaliana lines were subjected with different NaCl 

concentrations on MS media for 24 hours. Plants were immersed in GUS staining 

solution for overnight and analyzed for relative GUS expression of OsPPO in response to 

salt stress. A: Control, B: 50 mM, C: 100 mM, D: 150 mM, E: 200 mM, F: 250 mM and 

G:300mM).
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3.6 General Microscopy of Transgenic Arabidopsis 

Transgenic Arabidopsis were subjected to microscopic (Leica DMLB2, 20X and 40X) 

analysis. GUS expression showed that control plant leaves did not have any obvious GUS 

staining activity in leaf veins and other mesophyll tissue regions. In transgenic leaf after 

12 hours of wounding diffused GUS activity appeared mainly in midrib and very light in 

surrounding mesophyll tissues. With the passage of time after wounding GUS activity 

started increasing in leaf tissues. After 36 hours of injury GUS expression diffused from 

midrib outwards into mesophyll area becoming intense in all tissues of leaf including 

vascular veins, mesophyll and also in stomatal guard cells. The outer layer of vascular 

bundles was found to have more GUS expression showing more OsPPO activity than 

inner vascular layer (Fig. 35). 

In stem the GUS expression increases after injury in all regions. Diffused GUS activity 

was observed in cortex and vascular region after 12 and 24 hours. However, after 36 

hours GUS activity increased throughout stem and vascular bundles and cortex tissues 

showed somewhat uniform intensity of GUS staining. Moreover, outer layers of vascular 

cells showed more OsPPO promoter activity than inner cells (Fig. 36). In roots prominent 

GUS activity was found with more intense expression in vascular regions than cortex 

after 24 hours of injury. With the passage of time after 36 hours all root tissues cortex as 

well as vascular region showed uniform GUS activity to some extents with a little bit 

more in outer portions of vascular bundles than inner vascular region. Root hairs also 

indicated slight GUS staining after wounding (Fig. 37). 
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Fig. 35: OsPPO promoter derived GUS expression in Arabidopsis leaf tissues A: Control 

plant leaf with no GUS; B, C: Low diffused GUS expression seen in stomatal guard cells, 

leaf veins and surrounding tissues after 12 hours of wounding; D, E: Stomatal guard cells, 

veins and surrounding mesophyll area showing higher GUS activity after 24 and 36 hours 

of injury. 
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Fig. 36: OsPPO promoter derived expression of GUS in stem of transgenic Arabidopsis. 

A: Control plant showing no GUS after wounding; B, C: Diffused GUS expression in 

stem after 12 and 24 hours; D: GUS activity in stem after 36 hours of wounding. 
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Fig. 37: OsPPO promoter derived GUS expression in root of transgenic Arabidopsis. A: 

Root showing GUS expression after 24 hours of injury; B: Root showing uniform GUS 

expression in root cells; C, D: Root hairs showing slight GUS activity after wounding. 
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DISCUSSION 

Major finding of present research indicates that OsPPO promoter highly responded to 

wounding and also induced by ABA treatment as revealed by LUC, GUS activities and 

transcript accumulation analyzed by RT-PCR. Moreover, OsPPO promoter was found to 

be induced by higher drought and salt stresses. Highly wound inducible OsPPO promoter 

was profiled with relative expression in ABA, MJA, drought and salt stresses in 

transgenic Arabidopsis. Here it was found that OsPPO promoter was highly induced by 

mechanical injuries. Expression profiling pattern was elucidated by RT-PCT in T2 

transgenic Arabidopsis lines. 

 

A hormonal response of OsPPO was checked by transcript levels and LUC and GUS 

activities under ABA and MJA stresses. OsPPO promoter showed response in ABA 

application revealed by RT-PCR analysis as well as LUC and GUS activities. At 350 µM 

ABA treatment, OsPPO was induced up to 3 folds. In case of MJA, OsPPO remained 

non-responsive as revealed by LUC, GUS activities as well as by their mRNA transcripts. 

In general OsPPO induced by ABA but not by MJA. 

 

Similarly it was found that OsPPO promoter is responsive to drought and salt. Drought 

induced OsPPOGUS expression as PEG-6000 percentage increases. At 20 % PEG-6000 

maximum GUS expression was found. Likewise OsPPO promoter was induced by salt 

stress and GUS intensity was increased with increasing salt concentration and reached 

maximum at 200 mM. So OsPPO noticeably showed response to higher drought and salt 

stress.  

 

4.1 Induction of OsPPO by Wounding 

PPO is widely distributed in plant kingdom and involved in plant defense (Aniszewski et 

al., 2008). It is well known that plant PPO gene expression is induced by different biotic 

and abiotic stresses (Constabel et al., 2000; Quarta et al., 2013). Transgenic tobacco over 

expressing peroxidases showed PPO accumulation. Upon wounding treatments of one 

week overproduction of peroxidase resulted in browning indirectly through PPO 

induction (Lagrimini, 1991). Similarly transgenic tomato plants expressing systemin gene 
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were tested by wounding stress. Upon crushing leaves of these transgenic tomato leaves 

and exogenous application of systemin, excised leaves of transgenic tomato enhanced the 

PPO up to 70 fold levels than wild plants (Constabel et al., 1995). These findings of PPO 

involvement support of OsPPO relative expression induced by wounding.  

 

Moreover it was seen that unwounded leaves of wounded Arabidopsis also showed 

expression of OsPPOLUC and OsPPOGUS activities in T2 transgenic lines. This pattern 

of expression indicates the possible role of PPO in insect resistance (Haruta et al., 2001). 

The undamaged (control) hybrid poplar plants showed very minute level of detectable 

mRNA of PtPPO which increased after localized damage on leaves.  In another report it 

was found that feeding by forest tent caterpillar raised Aspen (Poplus tremuloide) PtPPO 

mRNA level as did by mechanical wounding demonstrating the induction of PtPPO by 

wound stimulation as well as by real herbivory. 

 

Similarly in hybrid poplar (Poplus trichocarpa x Poplus deltoides) PPO was also induced 

by mechanical wounding and insect attack (Constabel et al., 2000). Moreover OsPPO is 

not an early responsive as it showed late response after 36 hours that is very close to 

PtPPO wound response (Harutta et al., 2001). Relative expression of pineapple (Ananas 

comsus) PPO gene promoter after two days is also a late wound response which is 

comparable to our OsPPOGUS and OsPPOLUC transcript level expression after 36 

hours (Zhou et al., 2003). In another related study, analysis revealed that artichoke 

(Cynara cardunculus) PPO significantly induced by wounding after 48 hours (Quarta et 

al., 2013). 

 

PPO in wound responses and defense mechanism was also reported in other plants which 

are in consistent to OsPPO wound inducible activity as Strewat et al. (2001) reported 

pineapple PPO induction by wounding. In another investigation, RT-PCR expression of 

Hevea brasiliensis PPO gene varied in different tissues and developmental stages of 

leaves and HbPPO transcript regulation was also associated with wounding (Li et al., 

2014). 
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Wound induction of OsPPO promoter suggests a possible role of PPO gene in plant 

defense. This notion was also supported by experimental data in transgenic tomato lines 

over-expressing potato PPO gene improved resistance to bacterial pathogen 

Pseudomonas syringae (Li and Stiffen, 2002). PPO over-expression in dandelion was 

found to be strongly induced by Botrytis cinerea. Dandelion PPO gene expression in 

transgenic Arabidopsis showed antibacterial activity against Pseudomonas syringae 

(Richter et al., 2012). In another investigation, it was found that over-expression of PPO 

gene in transgenic populous enhanced the resistance against forest tent caterpillar (Wang 

and Constabel, 2004).  

 

Similarly altered PPO gene expression in transgenic plants showed anti-herbivory against 

various insects such as forest tent caterpillar (Haruta et al., 2001; Wang and Constabel, 

2004), tree feeding caterpillars (Constabel et al., 2000; Barbehenn et al., 2007), common 

cutworms and cotton bollworm (Thipyapong et al., 2006), cut worms (Mahanil et al., 

2008) and bollworm and armyworm (Bhonwong et al., 2009). Recently, Jia et al. (2015) 

found that in strawberry (Frgaria ananas) over-expression of FaPPO gene delayed 

fungal pathogen attack during fruit development. Fungal assays on soybean over-

expressing (Glycin max) GmaPPO gene revealed that its promoter is a Phytophthora 

sojae immediatly induced promoter (Chai et al., 2013). In a related study, it was seen that 

plant PPO is considered as part of defense mechanism due to its induction in wound and 

pathogen attacks (Tran et al., 2012).  

 

As expected on the other hand, plants with down-regulated PPO showed more 

vulnerability to pathogens. Potato antisense PPO gene expression in transgenic tomato 

reduced PPO expression 40 folds which dramatically increased susceptibility to P. 

syringae by 55 folds increased growth (Thipyapong et al., 2004a).  Richter et al. (2012) 

also reported P. syringae susceptibility of dandelion with PPO down-regulation. PPO 

knocked down walnut plants with less than 5 % PPO activity noticeably acquired necrotic 

leaves lesion even in the absence of pathogen as depicted by transcriptoms and 

metabolomes compared to wild walnut. Thus PPO possesses a role in cell death in walnut 

(Araji et al., 2014). 
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OsPPO promoter derived expression of GUS in transgenic Arabidopsis leaves, stem and 

roots may be attributed to the defensive role to the site of injury to prevent several 

pathogens (Ludlum et al., 1999; Wang et al., 2004; Madhayam et al., 2006; Raj et al., 

2006; Thipyapong et al., 2007; Bhonwong et al., 2008 and Berbehenn et al., 2009). 

OsPPO may have similar role against microbial pathogen entry at the site of injury as 

microbial activities of Botrytis and Psedumonas at lesions in Taraxacum officinale 

strongly induce GUS directed PPO expression (Richter et al., 2012). These studies 

correlate the OsPPO roles in plant defense against pathogens. 

 

4.2 Induction of OsPPO in Response to MJA and ABA Application 

To verify the role of OsPPO promoter to ABA and MJA, the transcript assembly of 

OsPPOLUC and OsPPOGUS were analyzed. RT-PCR data indicated an up-regulation of 

OsPPO promoter under ABA stress and it was also revealed by GUS and LUC activities. 

Therefore it was found that OsPPO promoter is ABA inducible. Similar results were 

found in GmaPPO gene promoter of soybean where quantitative RT-PCR was performed 

to test accumulation of GmPPO gene in transgenic soybean. Expression profiling showed 

2.5 folds up-regulation of GmPPO gene treated with ABA but there was no inductivity in 

response to MJA (Chai et al., 2013). Moreover, banana PPO gene also remained non-

responsive to MJA where 5-methyl jasmonate did not induce PPO expression in banana 

fruit and leaves (Gooding et al., 2001). 

 

As ABA signal transduction was found to be involved in biotic and osmotic stress, ABA 

plays significant role in development and adaptation to various stresses. Plants synthesize 

ABA in stress which initiates defense mechanisms and regulation of stomata. This 

regulated stomatal opening and closing is to control pathogen (Lim et al., 2015). Plant’s 

response to water and salt stress and insect and pathogen attack are biochemically 

interlinked relations. Initial biochemical models indicated that ABA is an important 

hormone in response to water and salt stresses (Thaler and Bostock, 2004).  

 

Similarly salinity exposure revealed a reduced resistance of ABA deficient lines against 

insect Spodoptera exigua signifying a positive correlation between responses to water 
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stress and herbivory through ABA signalling (Thaler and Bostock, 2004). Recently, it 

was investigated that ABA is involved in regulation of FaPPO in transgenic straw berry. 

FaPPO gene was found to be regulated by fungal pathogens of powdery mildew and gray 

mold and strawberry showed delayed fungal infection process during fruit development 

(Jia et al., 2015). OsPPO induction by ABA plant hormone is likely to be attributed to a 

possible role of OsPPO in plant defense through ABA signaling. Plant naturally evolved 

an intricate signaling mechanism to recognize environmental stress and to react through 

proper morphological and physiological changes (Xiong and Yang, 2003). ABA, MJA 

and ethylene are thought to play important role in osmotic stress (Lehmann et al., 1995). 

 

4.3 Drought and Salt Response of OsPPOGUS 

Presently, it was observed that OsPPOGUS activity showed increasing trend with higher 

osmotic stress produced by different concentrations of PEG-6000 and achieved constant 

intensity level at 20 %. Drought induction of OsPPO promoter is comparable with GUS 

expression of potato PPO in transgenic tomato in response to drought. Tomato plants 

transformed with potato sense PPO gene over-expressing PPO, antisense PPO gene 

suppressing PPO expression and non transgenic control were tested in drought 

(Thipyapong et al., 2004b).  

 

Drought induced expression of PPO in control and PPO over-expressing transgenic 

tomato plants with highest magnitude in adult leaves and abscission regions was observed 

which facilitate cell death showing an adjustment to reduce water loss and nutrients 

movement in younger leaves during drought event (Thipyapong et al., 2004b). Moreover, 

abscission in adult leaves and pith damage is earlier in non transgenic and PPO over-

expressing plants. Induction of PPO may also activate several other defensive genes to 

prevent pathogen attack after organ loss in drought (Campillo et al., 1992; Coupe et al., 

1997; Hong et al., 2002; Kong et al., 2002). This PPO induction may point out a cross 

talk between biotic and abiotic signaling to protect pathogen infection and to ensure plant 

survival in unfavorable environment (Thipyapong et al. 2004b) as revealed by 

antimicrobial activity and antifungal activity of quinon and hydrogen peroxide (Mayer 

and Harel, 1979; Peng and Kuc, 1992). 
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On the other hand transgenic tomato with suppressed PPO exhibited increased drought 

tolerance. As drought event proceeded, control and over-expressing PPO tomato plants 

began to show wilting and curling stress indications earlier than suppressed PPO plants. 

In addition leaf yellowing was also late in suppressing PPO tomato lines. Water potential 

was also measured in transgenic and control lines. Suppressing PPO genotypes has less 

negative water potential (- 1.4 MPa) than control and over-expressing lines (- 1.7 MPa) 

after 9 days of osmotic stress. The differential induction and down-regulation of PPO 

showed additional role of PPO in environmental stresses (Thipyapong et al., 2004b).  

 

Drought responsive induction of OsPPO from is in accordance with the activity of PPO 

induced by water stress that has already been demonstrated in tomato (Loeb et al., 1997). 

PPO induction was found to be elevated by water stress in coconut (Shivishankar, 1988) 

and wheat (Kaur et al., 2015). In another report Ramonda serbica desiccated leaves 

activated several fold higher PPO induction when plants were subjected near to complete 

drying conditions (Veljovic-Jovanovica et al., 2008).  

 

It was also observed that OsPPO exhibited induction in response to salt stress and 

relative GUS expression and intensity reached higher at 300 mM NaCl and expression 

attained uniform intensity. OsPPO salt responsive induction can be correlated with PPO 

activity previously noted in salt stress conditions. Bean seedling upon NaCl stress 

showed higher PPO activity (Demir and Kocacaliskan, 2001). Similarly Ali and Abbas 

(2003) also reported PPO activity by treatment with NaCl in barely decreasing growth 

rate. Moreover, it was observed that NaCl caused changes in PPO activity in calli and 

seedling.  

 

In another report, Trigonella foenum callus growing on media supplemented with salt 

(NaCl) showed gradually increased PPO activity with the increase of external salinity 

level. Similarly, PPO activity slightly increased in T. foenum seedlings up to 200 mM 

NaCl concentration (Niknam et al., 2006). Recently, over-expression of FaPPO was 

found to be regulated by NaCl in transgenic strawberry over-expressing FaPPO. Salt 
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stress along with cold damages imparts fruit susceptibility to bacterial and fungal 

infection during which FaPPO induced (Jia et al., 2015). It was also reported that salt 

stress reduced the chemical induction of pathogenesis related proteins and increased 

chance of pathogen attack on ABA deficient plants after short salinity stress (Thaler and 

Bostock, 2004).  

 

4.4 Signal Scan (PLACE) of OsPPO Promoter Sequence 

During the expression profiling of OsPPO gene promoter, it was observed that this 

promoter is performing a wide range of functions in response to different hormonal 

applications or stresses, which in indicative of the presence of different responsive 

elements related to wound, ABA, drought and salt in its promoter region. PLACE signal 

scan analysis of 1020 bp OsPPO promoter sequence revealed many such stress 

responsive elements in it with a possible role in wound, ABA, drought and salt stress 

inducibilities.  

 

Presence of W-boxes responsible for wound induced in 1020 bp region of OsPPO 

promoter were found like to W-boxes which involve in rapid activation of genes in 

wounding stress (Nishiuchi et al., 2004). At present OsPPO promoter sequence data is 

also comparable with wound responsive elements as in Cynara cardunculus (CsPPO) 

promoter (Quarta et al., 2013). Occurrence of ABA or stress responsive regulatory sites 

such as DPBF, MYB, MYC and WRKY suggest that OsPPO promoter can mediate such 

induction activities (Kim et al., 1997; Abe et al., 2003; Xie et al., 2005).  

Chai et al. (2013) reported the presence of MYB and MYC cis-regulatory elements in 

GmaPPO promoter which was found to be ABA and Phytophtora inducible. Moreover, 

OsPPO promoter also contain GT-1 motif that is salt responsive and water stress related 

cis-elements MYB were also found (Urao et al., 1993; Park et al., 2004). Occurrence of 

these ABA, drought, salt and wound responsive sites further affirms OsPPO induction by 

ABA and wounding (Urao et al., 1993; Nishiuchi et al., 2004; Park et al., 2004; Chai et 

al., 2013).  
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The induction of OsPPO promoter by ABA and wound stresses may possibly indicate its 

role to insect, pathogen and drought resistance. These results are helpful in potential 

understanding of plant responses to such stressors. These findings may also be helpful for 

studying regulatory motifs responsible for OsPPO gene expression and its role in plant 

defense mechanism against insects or pathogens. OsPPO promoter responded well under 

water and salt stress indicating its positive correlation with increased abiotic stresses such 

as drought and salt stress. This drought and salt responsiveness of OsPPO demonstrated 

that rice PPO is involved in defense mechanism against environmental stresses such as 

water shortage and saline pressure. 

 

CONCLUSIONS 

In summary OsPPO promoter showed good response to applied stresses namely 

wounding, drought and salt and hormonal application except MJA application. 

Expression profiling of mRNA transcript of reporter genes revealed that OsPPO 

promoter induced up to 11 folds by wounding and 3 folds by ABA but not by MJA. This 

mRNA accumulation was also confirmed by relative LUC and GUS expression intensity 

under wounding and ABA stresses. Moreover, the relative GUS expression intensity 

showed induction of OsPPO promoter by drought and salt conditions. Considering the 

role of OsPPO in wounding, ABA, drought and salt stresses, and the consequent OsPPO 

promoter induction indicates that these stresses induce PPO expression in plants as a 

defense mechanism.  
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