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ABSTRACT 

Tea, an evergreen woody perennial, is an important plantation crop of north 

east India. Tea industry is the second largest in India in terms of 

employment and drives the economy of the entire region where it is grown.  

Being a monoculture crop with a productive lifetime of 25 years, serious 

damages by pests and diseases are common with significant impact on 

productivity and quality. Prevention of crop loss requires spraying of huge 

amount of pesticides, several of which are copper based compounds. 

Accumulation of copper in the soil through the years can cause toxicity 

problems for the plants. The objective of this work was to study the effect of 

excess copper on tea in terms of copper accumulation in plant tissue, 

inhibition of seed germination and early seedling growth and 

physiobiochemical changes caused by copper excess.  

Before beginning the experimental work, a detailed survey of tea 

estates of sub-Himalayan West Bengal and Barak Valley region of Assam 

located in the agro-climatic zone of northeast India was undertaken to learn 

the status of copper-based fungicides which was reported to be applied in 

tea. Results revealed that all tea gardens applied copper oxychloride or 

copper hydroxide on a regular basis and some used multiple fungicides all of 

which contained copper. 

Changes in seed germination percentage and early seedling growth in 

presence of varying concentrations of excess copper was studied using tea 

seeds of three cultivars, TS-462, TS-463 and TS-520. Sixteen different 

concentrations (0.5 mM – 8.0 mM) with 0.5 mM increments of copper 

sulphate solutions were used for application in duplicate sets. TS-463 

showed maximum inhibition of germination and growth while TS-462 was 

least affected. Several morphological changes such as reduced root hair 

proliferation, reduction in the number of root hairs, blackening of the root 

tips, stunted growth, deformed root and shoot structure and substantial 

reduction in the length of the root and shoots in all tested cultivars were 

noticed.  

Copper induced changes in physiobiochemical parameters was 

studied under hydroponic system using three month old tea seedlings of TS-

462 and TS-520 cultivars. Results were noted on the 4th, 7th and 10th day 
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after start of treatment with increasing concentrations of copper (50 to 700 

µM). Control plants were exposed to nutrient solution only without excess 

copper. Tea plants were found to accumulate moderate amounts of copper 

but this copper was mainly retained in the roots and a small amount was 

transported to the leaves. As copper is a redox active metal, it generates 

reactive oxygen species (ROS) directly through Haber-Weiss reactions. 

Several stress related changes primarily due to ROS generation, which are 

part of the plant’s inner capacity to scavenge ROS and minimize the 

detrimental effects through detoxification mechanisms, were evident. Lipid 

peroxidation, which was measured in terms of TBARS accumulated, was 

found to depend on time and concentration. Increased lipid peroxidation in 

leaves showed the involvement of ROS. This was further proved when dose 

dependent increase in superoxide anion (O2
‾) production was observed in 

treated tea seedling cultivars in comparison to control. TS-462 was found to 

be less prone to ROS damage than TS-520. 

A strong indication of injury to plants was evident as chlorophyll a, 

chlorophyll b and carotenoid content was found to decrease significantly 

with increasing Cu concentrations and exposure times in both the cultivars 

of tea.Carbohydrate content in the leaves also decreased progressively in a 

similar way. The more sensitive cultivar (TS-520) recorded a significantly 

higher decrease in carbohydrate and pigments content. The quantity of 

proteins, which are the most abundant cellular component oxidized by ROS 

was found to increase marginally in the leaves with increasing copper 

concentrations when the dose was low but decreased considerably at higher 

doses.  

The level of proline, which is regarded as an important molecule in 

redox signaling and also a scavenger of ROS, increased steadily with 

increasing concentration of copper in the nutrient solution. However, at high 

exposure concentrations (> 500 µM), there was a marginal decrease in both 

cultivars. Both phenolics and o-dihydroxyphenolics content increased in the 

leaves with increase in concentration of copper in comparison to control. 

Non-protein thiol content showed an increase with time upto 7th day after 

which it declined at all exposure concentrations in both root and leaf when 

compared to control.  
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Activity of enzymes involved in ROS detoxification showed significant 

alterations in a time and dose dependent manner in leaves and roots of tea 

seedlings exposed to excess copper. Superoxide dismutase (SOD) activity 

increased with increasing Cu concentrations during the first seven days 

however, with the longer exposure time and above 400 µM Cu 

concentrations, the activity either levelled off (TS-462) or returned almost to 

the original level (TS-520). Peroxidase (POD) activity increased at lower 

exposure concentrations but declined at concentrations higher than 400 µM. 

Ascorbate peroxidase (APX) activity recorded a four-fold increase in the more 

sensitive cultivar (TS-520) but the activity declined at concentrations higher 

than 400 µM. A sharp increase in APX activity was noticed at the 10th day of 

exposure at concentrations 400 µM to 600 µM in the more tolerant cultivar, 

TS-462 but declined at 700 µM. Catalase (CAT) activity remained mainly 

unaltered in response to oxidative damage induced by Cu. A single SOD 

isozyme was evident to be present in native PAGE gels; highest band 

intensity was recorded by 500M copper exposed plants. Two new isozymes 

POD 3 (Rf 0.42) and POD 4 (Rf 0.51) which was not present in control plants 

were induced in the leaves of tea exposed to 500M of Cu. APX activity 

staining in native PAGE gels revealed two isozymes and both were regulated 

by fluctuating copper levels. APX 2 increased at 500µM concentrations and 

decreased at higher levels but APX 1 increased at lower concentrations but 

the levels did not fall at higher concentrations. CAT activity staining revealed 

a single band at all treatments; the intensities were slightly increased in 

plants exposed to higher copper doses.  

The immunolocalization and distribution of peroxidases in roots of 

copper exposed plants were studied by immunogold lebeling followed by 

silver enhancement. Gold labeling was denser in the cortex and epidermis of 

treated plants in comparison to control plants. Tansmission electron 

microscopy revealed that copper was associated with the cell wall and 

precipitated in vacuole of tea roots. 

From the results of the present study it seems most likely that Cu 

induces oxidative damage in tea leaves leading to the formation of ROS. This 

in turn caused an induction of enzymes involved in the scavenging of 

superoxide radical and H2O2.  But when the ROS production was very high, 

it exceeded the endogenous capacity of the plant to scavenge the ROS which 
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upset the regulated balance between the scavenging system and the 

generating system leading to the inactivation of defense enzymes. In 

addition, our results showed a significant difference in the two Cu stressed 

cultivars of tea where the more sensitive cultivar seems to lose its 

antioxidative capacity at Cu concentrations higher than 400 µM while the 

more tolerant cultivar being able to withstand a maximum of 600 µM of Cu2+ 

ions. Further studies on the changes that occur at the genetic level causing 

the disruption of redox poise of the plant are warranted. 
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PREFACE 

Plants have developed a very potential mechanism to combat with adverse 

environmental heavy metal toxicity problems. Therefore understanding the 

adaptations that occur in plants for survival and performance is of great 

importance for developing cultivars that can withstand the unsolicited 

environmental changes. Agricultural soils in many parts of the world are 

slightly to moderately contaminated by heavy metal toxicity. This is generally 

attributed to long-term use of phosphatic fertilizers, copper based pesticides, 

sewage sludge application, industrial waste and bad watering practices in 

agricultural lands. The chief response of plants is the generation of reactive 

oxygen species (ROS) upon exposure to high levels of heavy metals. Excess 

ROS formed within cells can incite oxidation and alterations of cellular amino 

acids, proteins, membrane lipids and DNA. These changes lead to oxidative 

injuries and result in the reduction of plant growth and development.  

Despite their destructive activity, ROS are useful second messengers in 

a variety of metabolic processes in the cell that includes tolerance to 

environmental stresses. The delicate equilibrium between ROS generation and 

scavenging decides the final function of ROS either as damaging or signalling 

molecule. It is therefore necessary for the cells to control the level of ROS very 

securely in order to avoid any oxidative injury and also to be cautious as not 

to eliminate them completely. Detoxification of excess ROS in the plant is 

achieved by an efficient antioxidative system that comprises of the 

nonenzymicas well as enzymic antioxidants. Various authors have reported 

the alterations of the components of the antioxidative defence system in 

response to excess metal stress.  

A number of heavy metals such as copper, zinc, iron, manganese, 

nickel etc. are fundamentally essential micronutrients and are required for 

normal growth and are involved in redox reactions, electron transfers and 

other important metabolic processes in plants. But these metals can be toxic 

and cause severe damage to the plant if present beyond threshold levels. 

Plants show relative differences in their capacity to tolerate heavy metals. 

Most plants are unable to tolerate high concentrations of heavy metals in the 

soil while others grow well in soil enriched with toxic levels of heavy metals. At 

present, research on underlying mechanisms of stress tolerance mainly 
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manifests in herbaceous plants such as the model plant Arabidopsis or the 

cereal food crops such as rice, wheat, maize etc. However, woody plants are 

different from herbaceous plants in many respects, including growth, 

development, physiology, morphology and so on. Moreover, tolerance 

mechanisms of woody and herbaceous plants are different. In the plants, 

metals are generally translocated via apoplastic pathway and immobilized in 

the cell walls. Some plants transport the metals to aging organs and leaves 

and get rid of the metal during seasonal fall. As toxic metals can be a threat 

when they reach the cell, the ability of the roots to direct the mobilization of 

the excess metal decides the tolerance capacity of the plant.  

The tea plant is a woody perennial with a life span of more than 60 

years. Fungal disease is very common and is a major cause of low 

productivity of tea. Besides, the plant experiences several abiotic stresses of 

which copper stress is unavoidable as it is the primary component of a 

number of fungicide.  There is therefore an urgent need of comprehensive 

scientific study of copper stress responses of this important cash crop 

especially for the identification, selection and/or production of copper 

tolerant cultivars. The research work compiled in this thesis entitled 

“Studies on copper toxicity on cultivated varieties of tea of north east India” 

was commenced in early 2007 with the main objective of investigating the 

effect of copper on tea plants in the form of morphological and 

physiobiochemical changes in different tea cultivars. Additionally, the 

enzymes involved in protecting plants from stress condition have been 

studied. The extent of copper accumulation in roots and leaves and 

cytochemical localization of copper in root cells have been investigated. The 

current thesis initiates with an introduction to the subject of study and a 

selective literature survey of the past twenty years in two different chapters. 

The experimental procedure, results and the inferences obtained from the 

present study is represented in four major chapters and the additional 

supplementary materials are provided in the appendices at the end of the 

thesis. 
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Fig. 6.2:  (A) Isozyme pattern of peroxidase in response to copper stress in 

leaves of tea (cultivar TS-462) compared to control (C); (B) 

Densitometric analysis of isozyme bands. 

Fig. 6.3:  (A) Isozyme pattern of ascorbate peroxidase in response to 

copper stress in leaves of tea (cultivar TS-462) compared to 

control (C); (B) Densitometric analysis of isozyme bands. 

Fig. 6.4:  (A) Isozyme pattern of catalase in response to copper stress in 

leaves of tea (cultivar TS-462) compared to control (C); (B) 

Densitometric analysis of isozyme bands. 

Fig. 6.5:  SDS-PAGE analysis of total protein in leaf (A) and root (B) of tea 

seedlings (cultivar TS-462) exposed to excess Cu2+ for 10 days. 

Standard molecular weight markers (M) shown at the left.  

Fig. 6.6:  (A) Western blot analysis using specific antibody against 

peroxidase induced in tea leaves (TS-462) by excess             

Cu2+; (B) The corresponding SDS-PAGE gel is shown for 

comparison (M= standard molecular weight marker, C=Control); 

(C) Densitometric analysis of immunoblots. 

Fig. 6.7:  Cellular localization of peroxidase in root tissues in TS-462 

cultivar of tea treated with different concentrations of copper 

solution by immunogold labeling and silver enhancement. [A: 

Untreated control, B: treated with 200 µM Cu2+, C: treated with 

500 µM Cu2+]. 

Fig. 6.8:  TEM photos of tea root cell of cultivar TS-462 (A) Control 

(X3000); (B) treated with 700 µM copper (X3000) showing dark 

precipitates along cell wall and inside vacuole. 
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CHAPTER-1 

INTRODUCTION 

 
1.1. Tea: an overview 

Tea beverage is an infusion of the dried leaves of the Camellia sinesis (L.) O. 

Kuntze plant. It is the second most commonly drank liquid on earth after 

water. It is being consumed socially and habitually by people since 3000 BC. 

From time immemorial, tea is regarded as a healthy beverage. ‘Lost Property 

of Medicinal Herbs’, an ancient book in China’s Chang Dynasty recorded 

that while various medicines are the cure of different diseases, ‘green tea is 

the cure to all’ (Sharangi, 2009). Green, oolong and black tea are all made 

from the same plant species, but differing in their appearance, organoleptic 

taste, chemical content as well as flavour due to their respective 

fermentation process. It is consumed in the form of fermented (black tea), 

semi-fermented (oolong) or non-fermented (green tea). Tea has been reported 

to have a wide range of beneficial physiological and pharmacological effects 

such as anti-inflammatory effect, anti-microbial and anti-oxidant properties, 

strengthening of capillaries, and a favourable role in cardiovascular ailments 

(Hamilton-Miller, 1995). Green tea is rich in catechins which are strong 

antioxidants. In addition, presence of certain minerals and vitamins 

increases the antioxidant potential of tea. Tea constituents inhibit 

carcinogenesis of the skin, lungs, oral cavity, esophagus, stomach, liver, 

prostate and other organs as revealed by animal studies (Lambert and Yang, 

2003; Parmar et al., 2012).  

The discovery of indigenous tea in Assam in 1823 led to the origin of the tea 

industry in India. However, much earlier to that, Sir Joseph Bank recorded 

the existence of indigenous tea growing wild in Coochbehar and Rangpur 

districts of Bengal in 1788 and suggested the cultivation of this plant. The 

wild teas of Coochbehar confirmed the first discovery of indigenous tea in 

India (Karmakar and Banerjee, 2005). The genus of Camellia, believed to 

comprise more than 300 species, is considered to be genetically instable and 

of high out breeding nature (Hall, 2000). According to conservative 

estimation, there are more than 30,000 cultivated varieties of ornamental 

Camellia worldwide (Mondal, 2014). Because of extensive internal 
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hybridization between different Camellia taxa, several intergrades, 

introgressants and putative hybrids had been found. They were arranged in 

a gradient based on morphological characters that extended from China 

types through intermediates to those of Assam types (Banerjee, 1992; 

Mondal, 2014). Besides this natural diversity, the different organizations 

such as the tea research institutes as well as dedicated planters had further 

developed a number of varieties with better yield, quality and traits such as 

tolerance to drought, diseases, etc. More than 1,200 such commercial 

cultivars of tea have been developed and released for cultivation worldwide 

and many of them have special characters. Currently, India is the largest 

producer of black tea as well as the largest consumer of tea in the world. It is 

the only industry where India has retained its leadership over the past 150 

years offering a variety of products, from original orthodox to CTC and now 

green tea, Darjeeling tea, Assam tea and Nilgiris tea (Selvakumar and 

Jeyaselvam, 2012). 

1.2. Economic importance of tea 

Owing to its increasing demand, tea is considered to be one of the         

major components of world beverage market. The global market for           

hot beverage (coffee and tea) is predicted to reach US$ 69.77 billion in      

value and 10.57 million tons in volume terms by the year 2015 

(http://www.strategyr.com/Hot_Beverages_Coffee_and_Tea_Market_Report.a

sp). Presently, India contributes to 23% of total world production and 

consumes about 21% of total world consumption of tea. Almost 80% of the 

tea produced in India is consumed within the country. Tea industry plays a 

pivotal role in Indian national economy with a total annual turnover of 

Rs.10000 crores. India occupies 1.016 million acres of tea growing land 

which is 16.4% of the total tea growing areas of the world. In terms of 

employment, it is the second largest industry by employing more than a 

million people directly and 2 million people indirectly, of which 50% are 

women. The tea industry, to a large extent, drives the economies of the 

regions where the tea gardens are concentrated, for example Assam. Over 

the last 20 years, India’s world ranking as an exporter has come down from 

number one to number four, in the face of stiff competition from Sri Lanka, 

Kenya and China (Basu Majumder et al., 2010).  
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1.3. Abiotic stress response in plants 

Abiotic stress is defined as the negative impact of non-living factors on the 

living organisms in a specific environment. The non-living parameter      

must influence the environment outside its normal range of deviation in 

order to adversely affect the physiology of the individual organism to a 

significant level (Vinebrooke et al., 2004). While a biotic stress includes living 

disturbances like pathogenic fungi, bacteria or harmful insects; abiotic 

stress factors are naturally occurring, and are essentially unavoidable. 

Abiotic stress affects animals, but plants are particularly dependent on 

environmental factors, so it is principally hindering to normal existence. 

Abiotic stresses such as drought, salinity, heavy metal excess, nutrient 

defiency, water excess and others are the most harmful factors concerning 

the growth and productivity of crops worldwide (Gao et al., 2007). Research 

has also shown that abiotic stressors are most harmful when they occur 

together, that is in combinations of several stress elements (Mittler, 2006). 

Plants must respond and adapt to abiotic stresses in order to survive in 

various soil and climatic conditions. Plants have acquired mechanisms for 

stress tolerance, which are essentially the different processes involving 

adaptive physiological and biochemical changes that may also result in 

morphological changes (Urano et al., 2010). Similar kinds of responses are 

often manifested at the cellular and molecular level to different 

environmental stresses occurring in a plant. This is because, the impacts of 

the different stress signals trigger similar strains and downstream signal 

transduction chains in the plant. Abiotic stresses on plants can cause 

germination inhibition, growth reduction, premature senescence, reduction 

in productivity, reduction in water uptake, altered transpiration uptake, 

reduction in photosynthesis, altered respiration, decrease in nitrogen 

assimilation, metabolic toxicity, accumulation of growth inhibitors, altered 

gene expression, breakdown of macromolecules, reduced activity of vital 

enzymes, decreased protein synthesis and disorganization of membrane 

systems (Yruela, 2005; Shanker et al., 2005; Maksymiec, 2007; Olteanu et 

al., 2013). 

Long exposure of plants to soil contaminated with an excess of various 

metals may lead to the accumulation of metals in plant organs and 
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organelles and to the induction of defense mechanisms. Plants possess 

several mechanisms by which they protect themselves from the deleterious 

effects of metals such as: exclusion, inactivation and storage as complexes 

with various natural compounds called phytochelators in the vacuole (Brune 

et al., 1994; Zenk, 1996). One important feature of metal toxicity in plants is 

the disruption of redox homeostasis because of an increased production of 

reactive oxygen species (ROS), together with a response in antioxidative 

metabolism (Prasad et al., 1999; Rao and Sresty, 2000; Bonnet et al., 2000; 

Schutzendubel and Polle, 2002). Excessive metal accumulation in the cells 

may lead to collapse of the plant’s detoxification capacity thereby causing 

oxidative damage to cellular components such as DNA, proteins and 

membrane lipids resulting in cell death (Tappel, 1973; Didierjean et al., 

1996; Casano et al., 1997; Yun et al., 1999; Sgherri et al., 2003). 

1.4. Objectives 

The hilly regions of Assam and sub-Himalayan West Bengal are among the 

major tea growing areas in India and a large population of these areas 

depend on tea for their livelihood. Tea plantations are very prone to attack 

by several fungal pathogens which results in major economical losses. 

Diseases of tea such as blister blight, brown blight, grey blight, black rot, 

cercospora leaf spot, pink disease and thread blight cause severe loss to the 

industry (Tripathi, 2006). Several fungal pathogens such as Exobasidium 

vexans, Pestalotiopsis theae, Colletotricum camelliae, Rhizoctonia solani and 

Lasiodiplodia theobromae attacks the tea plants round the year resulting in 

substantial reduction in the yield. This requires regular use of fungicides 

which are mostly based on copper because they are cheap and highly 

effective. Several reports suggest that copper fungicides are used for a long 

time in tea gardens of North East India including Assam and sub-Himalayan 

West Bengal (Sarmah, 1960; Barua, 1988; Singh, 2005). The excess 

accumulation of Cu2+ may have adverse effect on the tea plants which 

normally have a productive life-span of 25 years. Therefore, it is necessary to 

study the effect of copper on different cultivars of tea plants commonly 

grown in India. The present study proposes the following objectives for 

investigating the effect of copper in tea plants: 
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1. Studies on morphological changes in different tea varieties 

following application of copper in different concentrations. 

2. Investigations on biochemical changes in different tea varieties in 

response to copper stress. 

3. Studies on enzymatic antioxidants in response to copper stress. 

4. Cytochemical localization of related copper induced enzymes in 

affected tissues.  
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CHAPTER-2 

LITERATURE REVIEW 

 
The role of copper in plants depends greatly on its concentration. Copper in 

trace amounts is an essential micronutrient for algae and higher plants for 

its role as a cofactor for metabolic processes like photosynthesis, respiration, 

carbohydrate distribution, nitrogen fixation, protein metabolism, ethylene 

perception, oxidative stress reduction, cell expansion and cell-wall 

lignification. At higher concentrations, copper can induce several negative 

effects including generation of reactive oxygen species, exchange of essential 

metal ions from the active sites and visible symptoms such as chlorosis, 

necrosis and growth inhibition (Marschner, 1995; Prasad, 2004). A well 

coordinated procedure of uptake, buffering, translocation and storage 

processes is necessary to uphold essential concentrations of the metal in 

various tissues and compartments within the narrow physiological limits 

(Clemens et al., 2002).  

The aim of this review is to summarize the toxic effects of Cu2+ and focus on 

the recent developments on the various underlying metabolic changes that 

bring about such toxic effects. We also focus on tea, which is the most 

popular drink in the world after water. Tea (Camella sinensis (L.) O. Kuntze) 

is a perennial evergreen plantation crop with productivity round the year. 

The harvest includes tender shoots that are plucked normally at one to three 

weeks interval. This induces further vegetative growth and ensures 

continuous supply of green flushes (Burgess and Carr, 1997; Karmakar and 

Banerjee, 2005). Fungal pathogens such as Exobasidium vexans are capable 

of infecting the pluckable tender leaves thereby warranting a regular 

spraying of copper fungicides in heavy doses especially during the six month 

long monsoon period (May-October) when fungal infections assume massive 

proportions. This causes a buildup of Cu2+ in the soil over the years and the 

concentration of Cu2+ can easily overcome the threshold limit for toxicity. 
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2.1 Heavy metal stress 

Plants are contaminated by heavy metals due to the consequences of heavy 

metal pollution in soil, water and air. Heavy metals make a significant 

contribution to environmental pollution as a result of human activities such 

as mining, smelting, electroplating, energy and fuel production, power 

transmission, intensive agriculture, sludge dumping and military operations. 

They present a risk for primary and secondary consumers and ultimately 

humans (Zeller and Feller, 1999). Heavy metals have a molecular mass >5.0 

g cm-3 which was distinctly higher than the average particle density of soils 

(2.65 g cm-3). Several heavy metals such as iron (Fe), manganese (Mn), zinc 

(Zn), copper (Cu), cobalt (Co), or molybdenum (Mo) are essential for the 

growth of organisms (Bothe, 2011). According to Nedelkoska and Doran 

(2000) heavy metals like As, Cd, Co, Cu, Ni, Zn, and Cr are phytotoxic either 

at all concentrations or above certain threshold levels. The inhibitory effect 

of heavy metal compounds on growth and the performance of photosynthetic 

apparatus of plants were examined by several authors from time to time. 

There are two aspects on the interaction of plants with heavy metals: (i) 

heavy metals produce negative effects on plants and (ii) plants have their 

own resistance mechanisms against toxic effects and for detoxifying heavy 

metal pollution (Cheng, 2003). 

Heavy metal toxicity is one of the major abiotic stresses leading to hazardous 

health effects in animals and plants. Because of their high reactivity, they 

can directly influence growth, senescence and energy synthesis processes. 

Their mechanism is connected with the generation of reactive oxygen species 

and jasmonate and ethylene signaling pathways and shows that toxicity 

symptoms observed in plants may result from direct heavy metal influence 

as well as the activity of some signaling molecules induced by the stress 

action (Maksymiec, 2007). Beside these, a heavy metal in excess stimulates 

the formation of free radicals that directly damages the cellular 

macromolecules such as lipid, protein and nucleic acids (Dietz et al., 1999). 

Chlorophyll synthesis mechanism was also found to be interfered by heavy 

metals either through direct inhibition of an enzymatic step or by inducing 

deficiency of an essential nutrient (Van Assche and Clijsters, 1990).  
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2.2 Copper in plants 

Cu participates in many physiological processes because of its ability to exist 

in multiple oxidation states in vivo. Under physiological conditions Cu exists 

as Cu2+ and Cu+. The cation Cu2+ is often bound by nitrogen in histidine side 

chains, whereas Cu+ prefers interaction with the sulphur in cysteine or 

methionine. Copper is transported into the plant cell by COPT family of 

transporters on the plasma membrane which has been described as a group 

of highly hydrophobic proteins; all its members contain 3 trans-membrane 

domains and specific Cu2+ binding site rich in methionine and histidine 

residues at the amino terminus (Kampfenkel et al., 1995; Sancenon et al., 

2003; Andres-Colas et al., 2006). Copper homeostasis is maintained inside 

the cell by copper chaperones which sequester copper to a non-reactive form 

and also interact with other transport proteins for delivering copper to its 

necessary destinations (Himelblau and Amasino, 2000; Company and 

Gonzalez-Bosch, 2003; Chu et al., 2005). Two P-type ATPases, PAA1 and 

PAA2, are required for efficient copper delivery across the plastid envelope 

and the thylakoid membrane, respectively, in Arabidopsis (Shikanai et al., 

2003; Abdel-Ghany et al., 2005). Inside the root, Cu2+ is said to be strongly 

accumulated in the cortex and the concentration decreases sharply from the 

outer to the inner cell layers (Arduini et al., 1996; Ducic and Polle, 2005). 

Copper is poorly translocated by xylem and thus uptake by shoots is very 

low (Liao et al., 2000).  

One of the major sites of copper accumulation in plants is the chloroplast. 

This metal is directly involved as a component of plastocyanin (PC) in the 

photosynthetic electron transport chain. PC is one of the most abundant 

proteins of thylakoid lumen (Kieselbach et al., 1998) and is essential for 

electron transfer between the cytochrome b6f complex and photosystem II 

(Weigel et al., 2003). The metal has a distinct regulatory role in electron 

transport between the photosystems as the constituent of PC (Maksymiec, 

1997). In the chloroplast stroma, Cu/Zn superoxide dismutase (SOD) 

requires Cu2+, along with Zn, as cofactors to catalyze the dismutation of 

superoxide radicals (O2‾) threby forming H2O2 and O2‾. In Arabidopsis 

thaliana, out of seven identified SOD genes, the most active CSD1 and CSD2 

genes both encode a Cu/Zn-SOD with CSD1 activity in the cytosol and 
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CSD2 activity in the stroma (Kliebenstein et al., 1998). Polyphenol oxidase is 

another Cu2+ protein found in the thylakoids of some plants, such as 

spinach (Kieselbach et al., 1998), but not in other species such as A. 

thaliana (Schubert et al., 2002). The enzyme has been proposed to be 

involved in the photoreduction of O2‾ by PS I (Vaughn et al., 1988). Cu2+ 

mediates the activity of several other enzymes such as ascorbate oxidase 

which catalyses the reduction of O2‾ to water. The enzyme contains 8 Cu2+ 

ions which participate in the transfer of electrons in presence of ascorbate, 

the reducing substrate (Maksymiec, 1997). Other important Cu containing 

proteins within plant cells include the mitochondrial cytochrome-C oxidase 

enzyme, the ethylene receptors in the endomembrane system and various 

apoplastic oxidases (Pilon et al., 2006). Copper is also necessary for amine 

oxidase function where it catalyses oxidative deamination of polyamines with 

the simultaneous formation of aldehyde, ammonia and H2O2 (Maksymiec, 

1997).  

2.3 Copper as a toxic element 

Inspite of the indispensability of copper in plant metabolism, excess copper 

has strong toxic effects. Copper can be limiting to plant productivity in crops 

when below 5 μg g-1 dry weight (DW), whereas toxicity is reported above 30 

μg g-1 DW (Marschner, 1995). The most common feature of copper toxicity is 

the decrease in mass of roots. Copper toxicity can be damaging to plant 

roots, with symptoms ranging from disruption of the root cuticle and 

reduced root hair proliferation, to severe deformation of root structure 

(Sheldon and Menzies, 2005; Lequeux et al., 2010). Cu2+ is toxic to plant cell 

which lead to plant retardation and leaf chlorosis (Rhoads et al., 1989; 

Yadav, 2010). High Cu2+ concentrations predisposes photosystem II to 

photoinhibition (Patsikka et al., 2002) and causes reduction in chlorophyll 

content arising from partial destruction of grana and modification of the 

protein-lipid composition of thylakoid membranes (Lidon and Henriques, 

1991; Maksymiec, 1997). Copper toxicity can also result in significant 

alteration in the concentration of minerals such as Fe, Mg, Ca, Zn, K and Na 

in both root and shoot (Lidon and Henriques, 1993; Lequeux et al., 2010). 

Copper is relatively abundant in the earth’s crust and better soluble, 

therefore more mobile than other heavy metals in the surface environment 
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(Flemming and Trevors, 1989). Copper concentration in non-polluted soils 

range from 10 to 80 ppm Cu2+ but soils located near mining areas or metal-

processing industries may be contaminated by very large amounts of Cu2+ 

(Hagemeyer, 2004). The bioavailability is determined by the form taken by 

the metal (ionic, complex or precipitated) which depends on environmental 

factors and therefore, varies widely, giving rise to possible conditions of 

toxicity (Flemming and Trevors, 1989; Greger, 2004). The level of 

bioavailable copper is increased by human activities which either increases 

the abundance or causes changes in soil chemistry thus affecting the 

solubility (Rhoads et al., 1989; Flemming and Trevors, 1989). In the soil, 

copper remains immobilized onto the organic materials such as fulvic and 

humic acids and to clay and mineral surfaces. The bioavailibility in soil is 

strongly dependent on factors such as pH, cation exchange capacity (CEC), 

clay content, water hardness and organic matter content (Flemming and 

Trevors, 1989; Greger, 2004; Rooney et al., 2006). Low pH increases the 

metal availability since the hydrogen ion has a higher affinity for negative 

charges on the colloids, thus competing with the metal ions of these sites, 

therefore releasing metals (Greger, 2004). Rhoads et al. (1989) found that 

growth of tomato plants was reduced at soil pH below 6.5 with soil-copper 

levels above 150 mg. Thus soil properties have a significant impact in the 

expression of toxicity of copper in plants.  

According to Brun et al. (2001) agricultural soil in many parts of the world 

are contaminated by heavy metals. The use of Bordeaux mixture for almost 

one century against vine downy mildew has caused severe copper 

contamination of soil in many wine-producing regions (Van-Zwieten et al., 

2004). Copper contamination also caused serious problems in cereals such 

as rice (Lidon et al., 1993), wheat (Lanaras et al., 1993) and barley (Vassilev 

et al., 2003). Graham et al. (1986) found that excess fungicidal copper 

reduced seedling growth in citrus and also inhibited colonization of the roots 

by mycorrhizal fungus. In citrus orchards, stunted trees were produced with 

less mycorrhizal colonization under higher Cu concentrations and low pH 

(<5) conditions of the soil. In India, the major tea cultivation area comprises 

the eastern sub-Himalayan region where the soil is mainly acidic (pH 4.2-

5.8) in nature (Singh and Singh, 2006). While this is good for tea cultivation 

(Sarkar, 1994), but it increases the possibility of Cu2+ ions accumulated in 
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the tea garden soils to become more available for absorption by plants which 

may lead to toxicity. 

PSII is the most sensitive site for Cu toxicity, thereby affecting 

photosynthetic electron transport system (Droppa and Horvath, 1990; Baron 

et al., 1995). The most apparent affect of Cu toxicity on PSII is the inhibition 

of oxygen evolution accompanied by quenching of variable fluorescence 

(Mohanty et al., 1989). Both the acceptor and the donar sides of PSII were 

affected under copper toxicity. Vassilev et al. (2003) reported the effects of 

excess Cu on both growth and photosynthetic performance of twenty days 

old barley (Hordeum vulgare) plants with treatments like 0, 10, 15 and 20 mg 

kg-1 sand for ten days. Their results indicated that stomata conductance and 

photosynthetic electron transport linked to PS-II + OEC exhibited the highest 

sensitivity to excess Cu, followed by plant dry weight accumulation, leaf area 

formation, net photosynthetic rate and photosynthetic electron transport 

linked to PS-I and PS-II-OEC.  

Gonzalez-Mendoza et al. (2013) observed that photosynthesis and 

chlorophyll fluorescence measured after 30 h of copper stress in Avicennia 

germinans using two CuSO4 concentrations (0.062 and 0.33 M) in 

Hoagland’s solution resulted in a general reduction of the stomatal 

conductance (28 and 18% respectively) and 100% of inhibition of               

net photosynthesis. Wang et al. (2013) investigated the effect of copper stress 

(10 μM, 100 μM and 1 mM) in two cultivars of Chinese cabbage and found 

that 1mM copper significantly inhibited the photosynthesis and plant growth 

of both cultivars. Copper stress caused damage of photosystem resulting in 

reduction of PSII efficiency while non-photochemical-quenching parameter 

NPQ increased. Besides, at low concentration with 10μM, copper promoted 

the photosynthesis and plant growth. In another study, Kalaikandhan et al. 

(2014) observed that various pigments like chlorophyll a, chlorophyll b, total 

chlorophyll and carotenoid content of Sesuvium portulacastrum increased at 

low levels (copper, 100-200 mg kg-1) and decreased further with an increase 

in the soil copper levels (300-600 mg kg-1). 

Wang et al. (2004) observed that the application of 8µM Cu caused 50% 

reduction in biomass production in treated roots as compared to control. 

Sheldon and Menzies (2005) reported that the copper toxicity damaged the 
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plant roots of Rhodes grass (Cloris gayana), with symptoms ranging from 

disruption of the root cuticle and reduced root hair proliferation to severe 

deformation of root structure. An external concentration of 4 µM caused a 

reduction in root growth, with damage evidence resulting from an external 

concentration of 0.2 µM. Sfaxi-Bousbih et al. (2010) reported the 

relationships among excess copper treatment in seeds of bean (Phaseolus 

vulgaris) with germination rate, dry weight, sugar contents and carbohydrate 

activities in cotyledons. Heavy metal stress provoked a diminution in 

germination rate and biomass mobilization, as compared with control. A 

drastic disorder in soluble sugar export, especially glucose and fructose 

liberation, was also imposed after exposure to excess copper. 

Singh et al. (2007) performed a study on the seedling growth in wheat under 

the influence of different concentrations of copper. The germination 

percentage, plumule and radicle length, and number of lateral roots 

decreased with increase in copper concentration (5, 25, 50, 100 mg g-1). 

According to Khurana and Chatterjee (2007) excess copper (100 µM) in 

carrot induced interveinal chlorosis on upper leaflets. Excess copper caused 

morphological changes and poor development of root. Reduction in carrot 

yield and deterioration of its quality, nutrition value by reducing the 

concentration of sugars, starch, protein, protein nitrogen, carotene and 

increase of the non-protein nitrogen and phenols in carrot root were reported 

by them. Manivasagaperumal et al. (2011) made an attempt to study the 

influence of copper on growth of greengrams (Vigna radiate) plants.      

Copper sulphate was applied to the soil in different concentrations                           

(0, 50,100, 150, 200, 250 mg kg-1) in which the greengrams plants were 

grown. The plant samples were analyzed 45 days after sowing. The results 

indicated that moderate to high copper concentrations (100-250 mg kg-1) 

decreased the growth, dry matter production and nutrient content of green 

gram in a glass house earthen pot experiment. Kumar et al. (2012) observed 

a decline in growth, chlorophyll contents, protein and carbohydrate content, 

and DNA and RNA content. Further, the proline, total phenol and H2O2 

content increased at high concentration of Cu. Filova et al. (2013) examined 

the sensitivity of the 6 sunflower cultivars to copper ions and found that 

level of lipid peroxidation was increased by 11% and 30% in two different 

cultivars. Rout et al. (2013) investigated the effect of copper (0, 25, 50, 100 
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and 200 μM) in Withania somnifera seedlings for 7 and 14 days in MS media. 

The growth parameters (root length, shoot length, leaf length and total 

number of leaves per plant) showed a declining trend in the treated plants in 

a concentration dependant manner. In plant samples grown with 25 and 50 

μM of Cu, a rapid increase in antioxidant activities were reported but at 

higher concentration (100 and 200 μM), the activities declined. Isoforms of 

CAT, SOD and GPX were examined and concentration specific new isoforms 

were reported. The authors suggested that isoforms of the antioxidant 

enzymes synthesized due to Cu stress was useful as biomarkers for other 

species grown under metal stress. In another study on the same plant grown 

in a field pot experiment, Singh et al. (2014) observed that increasing Cu+2 

concentrations (0, 10, 20, 50, 100 and 200 mM) led to decreased stem 

length, root elongation and leaf area, decreased chlorophyll and carotenoids 

content and increased lipid peroxidation in different plant parts. They 

further reported that phenol content of leaves, stems and roots peaked at 50 

mM Cu+2 treatment and thereafter declined.  

2.4 Copper in tea gardens 

An example of an industry in India which depends primarily on copper 

fungicides is the tea industry. India is second only to China in tea 

production and the largest consumer of tea in the world. Currently, India 

produces 23% of total world production. It is the second largest industry in 

terms of employment and generally controls the economies of the regions 

where the tea gardens are clustered. This is common in the north-eastern 

states of India (Fig. 2.1 and 2.2) especially in Assam and sub-Himalayan 

West Bengal (Selvakumar and Jeyaselvam, 2012). Tea plants are cultivated 

extensively as large plantations where it is often allowed to grow under 

variant soil and climatic condition thereby making them prone to attacks by 

fungal pathogens. Perennial habit of the tea plant and warm humid climate 

of the tea growing areas are highly conducive for disease development (Hajra, 

2001). Major diseases include blister blight, brown blight, grey blight and 

black rot in leaves, and branch canker, thorny blight and pink disease in 

stems. Most of the tea diseases are of fungal origin and only a few are 

caused by bacteria, algae and viruses. Chen and Chen (1990) described 

nearly 400 pathogens that attack tea plants in varying intensities. 
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Sometimes the disease symptoms get manifested as debilitation, defoliation 

and leads to death of the bushes. The economic loss of tea due to diseases is 

generally higher compared to losses due to animal pests (Lehmann-

Danzinger, 2000). Hence, the microclimatic conditions and monoculture 

habitats invites a wide range of phytopathogens which leads to severe losses 

which was estimated to be around 25-33% during 2001 to 2010 

(Ponmurugan et al., 2010). 

To control the diseases, copper based fungicides (Table 2.1) are used 

excessively in tea gardens of North East India including Assam and sub-

Himalayan West Bengal (Barua, 1988). The fungicides that are used most 

commonly include basic copper sulphate, Bordeaux mixture (a combination 

of hydrated lime and copper sulphate), Bicoxy (a new formulation of copper 

oxychloride 50% WP) and various customized formulations of copper 

sulphate and copper oxychloride (Worthing, 1983; Singh, 2005). A survey 

covering several tea gardens of the Darjeeling and adjoining Jalpaiguri 

district of sub-Himalayan West Bengal conducted at the onset of the current 

study has revealed that copper-fungicides are extensively used in the tea 

gardens of the Dooars and Terai region and also in the hilly regions of West 

Bengal. Copper based fungicides are used in large scale because they have 

multisite activity with a low risk of pathogens developing resistance (Van-

Zwieten et al., 2004) and are relatively less phytotoxic than Ni based 

fungicides. In fact, copper based fungicides are highly recommended in 

literature and are often regarded as the most efficacious and economic 

fungicide for controlling the foliar diseases of tea (Singh, 2005). 

 
Table 2.1: Inorganic copper compounds used as fungicides  

Name Chemical formula Uses 
Cupric sulfate CuSO4.5H2O Seed treatment and preparation 

of Bordeaux mixture 
Copper dihydrazine 
Sulfate 

CuSO4(N2H5)2SO4 Control of powdery mildew 
 

Copper oxychloride 3Cu(OH)2.CuCl2 Control of powdery mildew 
Copper zinc 
chromates 

15CuO-10ZnO. 
6CrO3. 25H2O 

Control of many fungal 
diseases.  

Cuprous oxide Cu2O Control of powdery mildew 
Basic copper sulfate CuSO4.Cu(OH)2.H2O Seed treatment and preparation 

of Bordeaux mixture 
Cupric carbonate Cu(OH)2.CuCO3 Many fungal diseases 
Copper hydroxide CuH2O2 Many fungal diseases 
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2.5 Mechanisms of Cu2+ toxicity 

Copper is a redox active metal with an electrochemical potential of -260V.  

The redox nature of Cu2+ ions makes it very useful as a cofactor in electron 

transfer reactions (Ducic and Polle, 2005). However, the reversible oxidation–

reduction property of Cu2+ could also result in oxidative stress if Cu2+ would 

be present as a free ion. Heavy metals in general have been recognised as a 

major toxicant in plant cells due to their capability of generating reactive 

oxygen species (ROS) such as hydroxyl radical (OH) superoxide (O2‾) and 

hydrogen peroxide (H2O2), which can damage the biomolecules such as 

membrane lipids, proteins and nucleic acids. During the reduction of oxygen 

to water, ROS may be produced by a chain of reactions which initially need 

energy input but subsequently occur spontaneously. O2‾ is a short-lived and 

moderately reactive ROS which reduces quinines and transition metal 

complexes of Fe3+ and Cu2+ thereby affecting the metal containing 

transporters and enzymes. O2‾ can additionally combine with protons in 

aqueous medium and form hydroperoxyl radicals (HO2
) which can induce 

lipid auto-oxidation in membranes (Shaw et al., 2004). H2O2 is relatively 

long-lived and moderately reactive which oxidises the thiol groups of some 

enzymes (e.g. enzymes of the Calvin cycle and Cu/Zn-SOD) and inactivates 

them (Vranova et al., 2002). However, the most reactive of all the ROS is the 

hydroxyl radical (OH) which can potentially react with all types of 

biomolecules and in excess can cause cell death because cells do not have 

any enzymatic antioxidant system to quench it. The radical is formed from 

H2O2 by the Haber Weiss and Fenton reactions and Cu2+ being a redox active 

metal catalyzes the formation of this most harmful active radical (Arora et 

al., 2002; Vranova et al., 2002) as summarized below:  

                            H2O2 + O2‾          Cu+, Cu2+              OH ‾+ OH + O2‾ 
Haber Weiss reaction 

 

One of the richest sources of ROS in plants is the chloroplast.  These can be 

formed due to the highly energetic electron transfer reactions triggered by 

chlorophyll excitation along with an excess supply of oxygen. Singlet oxygen 

(1O2) can be formed during de-excitation of chlorophyll which causes major 

oxidative damage to biomolecules. High light intensity can cause over 

reduction of PSI and generation of excessive NADPH which cannot be utilized 
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by the CO2 fixation process thereby reducing the NADP+ pools. O2‾ which is 

abundant in the chloroplast, can take up electrons from PSI in such a 

situation, which leads to production of ROS through the Mehler reaction 

(Sharma et al., 2012). Under conditions of low CO2 fixation such as cold 

temperature or low CO2 availability, excess reduction of PSI and increase in 

ROS levels can occur even at moderate light intensities. As H2O2 or O2‾ are 

only moderately reactive, therefore, the main responsible factor for the 

intense biological damage is the metal ion which catalyzes the formation of 

the highly toxic hydroxyl free radical (OH) from H2O2 (Maksymiec, 1997). 

Thus ROS may be generated in the plant due to several abiotic as well as 

biotic causes but true damage is caused by the additional metal toxicity.  

The hydroxyl radical (OH) can either add onto the biological molecules or 

eliminate hydrogen from them by forming water. The hydroxylated 

biomolecules can in turn hydroxylated other molecules thereby initiating a 

chain of reaction or change to stable oxidized products. The activated 

hydroxylated molecules can also dismute themselves by forming 

intermolecular cross links (Shaw et al., 2004). Oxidized Cu2+ ions can be 

actively involved in electron transfer during formation of stable oxidized 

products. In reactions where the OH radical eliminates H from biomolecules, 

it leaves an unpaired electron in the organic molecule thereby forming a 

reactive organic radical which can then react with oxygen to form peroxy 

radical (ROO). The peroxy radical is again a reactive species and can 

eliminate hydrogen from other biomolecules and change them into organic 

radical products thereby creating a chain of reactions. The peroxidation 

reaction is evident in lipid peroxidation reactions that take place in cell 

membranes to form lipid peroxides (ROOH) (Shaw et al., 2004; Arora et al., 

2002). However, in presence of reduced Cu2+ ions which can participate in 

Fenton reaction (shown below), the highly reactive alkoxy radical (RO‾) is 

formed from the ROOH which is as damaging as the hydroxyl radical thus 

opening up another cascade of immensely damaging oxidative reactions.  

ROOH + Cu+                          OH‾ + Cu2+ + RO‾ 

Two common sites of ROS attack on the phospholipid molecules are the 

unsaturated (double) bond between two carbon atoms and the ester linkage 

between glycerol and the fatty acid. The polyunsaturated fatty acids (PUFAs) 
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present in membrane phospholipids are particularly sensitive to attack by 

ROS. A single •OH can result in peroxidation of many polyunsaturated fatty 

acids because the reactions involved in this process are part of a cyclic chain 

reaction. A single initiation event thus has the potential to generate multiple 

peroxide molecules by a chain reaction (Gill and Tuteja, 2010). The overall 

effects of lipid peroxidation are to decrease membrane fluidity; make it easier 

for phospholipids to exchange between the two halves of the bilayer; increase 

the leakiness of the membrane to substances that do not normally cross it 

other than through specific channels and damage membrane proteins, 

inactivating receptors, enzymes, and ion channels (Sharma et al., 2012). A 

study on the toxicity mechanisms suggest that the generation of reactive 

oxygen species is a natural phenomenon but is increased to alarming 

proportions due to presence of stress factors. Presence of Cu2+ ions above 

the threshold limit is immensely stressful to plants due to its redox nature 

as it can catalyze and enhance the formation of all types of ROS by 

participating actively in several types of oxidative reactions.   

2.6 Plant response to Copper toxicity 

Plants have developed a wide range of protective mechanisms for mitigating 

copper toxicity. Primary defence mechanisms prevent metal to enter into the 

cell via exclusion, or binding of metal to cell wall and other ligands, organic 

acids, amino acids, glutathione (GSH) or phytochelatins (PCs) to render them 

harmless (Antosiewicz and Wierzbicka, 1999; Gao et al., 2008). Antioxidative 

mechanisms that control the level of ROS and shield the system before the 

sensitive parts of the cellular machinery gets damaged are mediated by 

molecules which have been broadly divided into two types, the high 

molecular weight enzymatic catalysts and the low molecular weight 

antioxidants (Pinto et al., 2003). The enzymes involved in scavenging ROS 

include superoxide dismutases (SOD), catalase (CAT), peroxidases (POD) and 

glutathione peroxidase and those involved in detoxifying lipid peroxidation 

products include glutathione-S-transferases (GST), phospholipid-

hydroperoxide glutathione peroxidase and ascorbate peroxidase (APX). 

Besides these, a whole array of enzymes is needed for the regeneration of 

active forms of the antioxidants such as monodehydroascorbate reductase 

(MDAR), dehydroacscorbate reductase (DHAR) and glutathione reductase 
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(GR) (Blokhina et al., 2003; Pinto et al., 2003). At least four of them 

participate in a highly developed detoxification system named the ascorbate 

glutathione cycle (Halliwell-Asada cycle) (Bartosz, 1997). The low molecular 

weight compounds that act as cellular antioxidants are ascorbate, 

glutathione, phenolics, flavonoids, carotenoids and tocopherols. Non-

enzymatic scavengers are essential in the protection of cellular components 

from most ROS, but they cannot cope with reducing radicals such as 

superoxide or metastable hydroperoxides (Chaudiere and Ferrari-Iliou, 1999). 

2.6.1. Binding of copper and its sequestration  

Plant adapt to heavy metal stress by acquiring several strategies, the most 

prominent being the synthesis of phytochelatins and metallothioneins which 

contribute to metal detoxification by chelation of the metal ions. 

Phytochelatins are simple thiol rich metal binding peptides containing 

glutamate, cystein and glycine in ratios of 2:2:1 to 11:11:1 (Grill et al., 1985; 

Prasad, 2004). They are (-glutamylcysteinyl)n- glycines with n = 2 to 11, 

(Grill et al., 1985; Steffens, 1990). These peptides are synthesized non-

translationally from glutathione in the presence of heavy metals by the 

enzyme phytochelatin synthase (Grill et al., 1989). Apart from being a 

precursor to phytochelatins, glutathione is also an important antioxidant 

molecule, which plays a predominant role in protection against free radicals 

(Alscher, 1989). Copper induced increase in phytochelatin synthesis results 

in oxidative stress through the depletion of the antioxidant glutathione. 

Phytochelatin production induced by copper was reported to be accompanied 

by an increase of total glutathione in maize (Tukendorf and Rauser, 1990). 

De Vos et al. (1992) showed that copper tolerance in the plant species Silene 

cucubalus does not depend on the production of phytochelatins but is 

related to the ability of this plant to prevent glutathione depletion resulting 

from copper-induced phytochelatin production.  

Metallothioneins are low molecular weight proteins with high cystein 

content, which bind metal ions to form metal thiolates and metal thiolate 

clusters. Class III metallothioneins are found in plants and is reported to be 

induced by the presence of a variety of metals including Cd, Cu, Zn, Pb, Hg 

and Ag (Hamer, 1986; Prasad, 2004). However, phytochelatins rather than 

metallothioneins are mainly responsible for detoxification of toxic heavy 
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metals (Yadav, 2010). Moreover, metal binding ability is higher in 

phytochelatins than in metallothioneins on a per-cysteine basis (Mehra and 

Mulchandani, 1995). In addition, phytochelatins possess the ability to 

scavenge ROS and thereby aid in mitigating oxidative stress (Tsuji et al., 

2002).  

Phytochelatins are thus the major if not the only thiol-rich compounds 

induced in metal-exposed plants (Grill et al., 1985; Steffens, 1990), although 

it has been reported that copper induces metallothionein-like compounds as 

well (Tomsett et al., 1989). Phytochelatins probably play a central role in the 

homeostatic control of metal ions in plants (Steffens, 1990). They may also 

be involved in the physiological mechanism of metal tolerance of selected cell 

lines and intact plants (Steffens et al., 1986; Tomsett et al., 1989).  

2.6.2 Antioxidant response through enzymatic antioxidants 

Plants possess well developed defense system against ROS which restricts its 

formation and maneuver its removal. The antioxidant system comprises 

several enzymes such as superoxide dismutase, catalase and peroxidases 

which play a crucial role to protect plants from oxidative damage. It is widely 

accepted that the amount and activities of these antioxidant enzymes 

determine the degree of tolerance in plant (Teisseire and Guy, 2000). The 

importance of antioxidant enzymes is in their ability to scavenge ROS and 

thereby prevent oxidative damage. The balance between ROS generation and 

eradication determines the survival of the system (Khatun et al., 2008; 

Golshan et al., 2011). There has been a large body of literature describing 

the role of these antioxidant enzymes in managing stressful conditions in 

plants. Table 2.2 enlists several enzymes that have been reported in 

literature as having antioxidant potential or play prominent role in 

alleviating environmental stress. The list is selective rather than 

comprehensive and is limited to the findings published in the last 20 years. 

2.6.2.1 Superoxide dismutase (SOD) 

Inside the plant cell, superoxide dismutases (EC 1.15.1.1) provide the first 

line of defence against ROS. The enzyme is located in different cell 

compartments including mitochondria, chloroplast, glyoxisomes, 

peroxisomes, microsomes, apoplast and cytosol (Alscher et al., 2002) and 
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catalyzes the disproportionation of O2‾ to H2O2 and molecular oxygen 

(Scandalios, 1993). SOD enzymes are classified into three known types 

based on the metal cofactors: the Cu/Zn-SOD, the Mn-SOD and Fe-SOD 

(Bowler et al., 1994). The distribution of SOD isoenzymes is also distinctive. 

The Cu/Zn-SOD is found in the cytosolic fraction and also in chloroplasts in 

higher plants. The Fe-SOD isozymes, often not detected in plants (Ferreira et 

al., 2002) are usually associated with the chloroplast compartment when 

present (Alscher et al., 2002). In Arabidopsis thaliana genome, three Fe-SOD 

genes (FSD1, FSD2 and FSD3), three Cu/Zn-SOD genes (CSD1, CSD2 and 

CSD3), and one Mn-SOD gene (MSD1) have been reported (Kliebenstein et 

al., 1999). The Mn-SOD is found in the mitochondria of eukaryotic cells and 

in peroxisomes (Del Rio et al., 2003). Although each type of SOD 

predominates in specific cell compartments, their occurrences are not 

restricted, and all types can be detected in most of the cellular locations 

(Arora et al., 2002). An increased level of SOD has been correlated to 

enhanced oxidative stress protection in plants (Sen Gupta et al., 1993). The 

SODs remove O2‾ by catalyzing its dismutation, one O2‾ being reduced to 

H2O2 and another oxidized to O2 (Table 2.2). It removes O2‾ and hence 

decreases the risk of OH‾ formation via the metal catalyzed Haber Weiss -

type reaction. This reaction has a 10,000 fold faster rate than spontaneous 

dismutation. The up regulation of SODs has been observed in plants 

subjected to both abiotic (Boguszewska et al., 2010) and biotic stresses 

(Torres, 2010). Over expression of SODs in transgenic plants resulted in 

higher stress tolerance (Badawi et al., 2004). Thus, SODS have a critical role 

in the survival of plants under environmental stresses. 

Increase in SOD activity has been reported against copper induced stress in 

several plants such as Arabidopsis thaliana (Drazkiewicz et al., 2004); 

Prunus cerasifera (Lombardi and Sebastiani, 2005); Elsholtzia haichowensis 

(Zhang et al., 2008); Jatropha curcas (Gao et al., 2008); Holcus lanatus 

(Hartley-Whitaker et al., 2001); Daucus carota (Ke et al., 2007); 

Ceratophyllum demersum  (Rama Devi and Prasad, 1998); Brassica juncea 

(Wang et al., 2004); Hydrilla verticillata (Srivastava et al., 2006); Zea mays 

(Nie et al., 2012), Triticum aestivum cv. Hasaawi (Azooz et al., 2012); Allium 

sativum (Meng et al., 2007) etc. However, Weckx and Clijsters (1996) 
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observed that SOD was not involved in the defence mechanism against 

copper induced oxidative stress in primary leaves of Phaseolus vulgaris. 

2.6.2.2 Catalase (CAT) 

Catalase (EC 1.11.1.6), the first antioxidant enzyme to be discovered and 

characterized represents one of the primary enzymatic mechanisms 

employed by aerobic organisms to decompose hydrogen peroxide, a toxic 

intermediate of oxygen metabolism (Mhamdi et al., 2010). Catalase is a 

heme-containing enzyme that catalyzes the dismutation of two molecules of 

hydrogen peroxide to water and oxygen. Catalases are generally involved in 

scavenging H2O2 generated during the photo-respiration and beta-oxidation 

of fatty acids (Morita et al., 1994). Catalase is particularly abundant in the 

glyoxysomes of germinating seedlings where it destroys H2O2 generated by 

flavin oxidation, and in the peroxisomes of green leaves, where it destroys 

H2O2 arising from the oxidation of photorespiratory glycolate (Gill and Tuteja, 

2010). All forms of the enzyme are tetramers with each monomer of 50-70 

kDa. Multiple forms of catalase have been described in many plants. 

Monocots and dicots contain three catalase genes. The CAT isozymes have 

been studied extensively in higher plants (Polidoros and Scandalios, 1999) 

e.g. two in Hordeum vulgare (Azevedo et al., 1998), four in Helianthus annuus 

cotyledons (Azpilicueta et al., 2007) and as many as 12 isozymes in Brassica 

(Frugoli et al., 1996). Maize has three isoforms (CAT1, CAT2 and CAT3), 

found on separate chromosomes that are differentially expressed and 

independently regulated (Scandalias, 1990).  

CAT has one of the highest turnover rates for all enzymes: one molecule of 

CAT can convert about 6 million molecules of H2O2 to H2O and O2 per 

minute. Environmental stresses which reduce the rate of protein turnover 

cause the depletion of catalase activity. This has significance in the plant's 

ability to tolerate the oxidative components of these environmental stresses 

(Boguszewska et al., 2010; Mhamdi et al., 2010). A literature survey reveals 

contradictory results regarding the response of catalase (CAT) against copper 

stress. Catalase activity did not increase in Cu2+ stressed roots of rice 

seedlings (Chen et al., 2000) or in black gram (Vigna mungo) seedlings 

(Solanki et al., 2011). On the other hand, CAT activity was reported to 

increase in Atriplex halimus leaves (Brahim and Mohamed, 2011), Prunus 
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cerasifera roots and shoots (Lombardi and Sebastiani, 2005), Cucumis sativus 

roots (Iseri et al., 2011) and in maize roots and shoots (Pourakbar et al., 

2007) in response to excess Cu2+ concentrations. 

2.6.2.3 Peroxidase (POD) 

Peroxidases (EC 1.11.1.7) are heme containing proteins that utilize H2O2 in 

the oxidation of various organic and inorganic substrates (Asada, 1994). 

Peroxidases utilizing guaiacol as electron donor in vitro are guaiacol 

peroxidases and participate in developmental processes, lignification, 

ethylene biosynthesis, defense, wound healing, etc. (Asada, 1992). The other 

group of peroxidases scavenges H2O2 in cell and utilizes glutathione, Cyt c, 

pyridine nucleotide and ascorbate as electron donors in vitro (Asada, 1992). 

In most plants, about 90% of the peroxidase activity is referred to as 

guaiacol peroxidase (Foyer et al., 1994). Guaiacol peroxidases are 

glycoproteins, located in cytosol, vacuole, cell wall and in extracellular space, 

while the other group is non-glycosylated and localized in chloroplasts and 

cytosol (Asada, 1992). POD therefore represents an important peroxidase 

group which oxidise a large number of organic compounds such as phenols, 

aromatic amines, hydroquinones etc. But the commonly used reducing 

substrates are guaiacol or pyrogallol. Peroxidases also take part in defense 

mechanism against heavy metal toxicity through lignification of cell walls 

(Diaz et al., 2001) that confer rigidity and prevent growth. 

Both CAT and POD are therefore involved in the removal of H2O2 that 

accumulates due to dismutation of O2‾ by SOD. The mobilization of POD in 

response to Cu2+ induced oxidative stress in plants is well accepted (Fang 

and Kao 2000; Diaz et al., 2001; Cuypers et al., 2002; Meng et al., 2007; 

Solanki et al., 2011). 

2.6.2.4 Ascorbate peroxidase (APX) 

Ascorbate peroxidase (EC 1.11.1.11) is related to a peroxidase family that 

includes the microbial peroxidase, yeast cytochrome C peroxidase and 

prokaryotic catalase-peroxidase (Takeda et al., 2000; Wilkinson et al., 2002). 

APX differs from guiacol peroxidase not only in the specific donor, but also in 

the amino acid sequence and physiological functions. Ascorbate peroxidase 

(Mr 28-58 kDa) contains heme iron. It was detected in all intracellular 

compartments such as cytosol, chloroplast, mitochondria and plant cell 
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thylakoids (Mittler and Zilinskas, 1992; Bunkelman and Trelerse, 1996; 

Ishikawa et al., 1996, 2008; Jimenez et al., 1998; Caverzan et al., 2012). 

There are different isoforms of APX based on the localization: thylakoid APX 

(tAPX), glyoxysome membrane APX (gmAPX), chloroplast stromal soluble 

form (sAPX) and cytosolic form of APX (cAPX). APX is widely known to show 

an enhanced expression in plants growing under unfavourable 

environmental conditions (Boguszewska and Zagdanska, 2012). 

APX uses ascorbic acid as a reductant in the first step of the ascorbate-

glutathione cycle and is involved in scavenging of H2O2 into water. This is 

the most important peroxidase in H2O2 detoxification operating both in 

cytosol and chloroplasts (Mittova et al., 2000; Smirnoff, 2000). APX has a 

higher affinity for H2O2 (mM range) than CAT and POD (mM range) and it 

may have a more crucial role in the management of ROS during stress (Gill 

and Tuteja, 2010). Apx gene expression is rapidly induced by various stress 

conditions (Inze and van Montage, 1995). All these enzymes along with 

ascorbate and glutathione have a pivotal role in defence against ROS 

induced oxidative damage (Arora et al., 2002; Yruela, 2005; Sharma and 

Dietz, 2008; Shan et al., 2012). De Vos et al. (1992) observed that 

glutathione depletion is the major cause of Cu2+ induced oxidative damage in 

Cu2+ sensitive SiIene cucubalus plants. It has been shown that tolerance to a 

copper-enriched environment, and the accompanying oxidative stress in 

Enteromorpha compressa occurs through the accumulation of copper, 

activation of ascorbate peroxidase, synthesis of ascorbate (accumulated as 

dehydroascorbate) and consumption of glutathione and water-soluble 

phenolic compounds (Ratkevicius et al., 2003). 

2.6.2.5 Other enzymes of ascorbate-glutathione cycle 

Apart from POD and CAT, the enzymes and metabolites of the ascorbate-

glutathione cycle are also involved in the removal of H2O2. The majority of 

these enzymes such as, glutathione reductase and dehydroascorbate 

reductase have been found in chloroplasts, cytosol, mitochondria, and 

peroxisomes (Dat et al., 2000). Glutathione and ascorbate accumulate in 

these cellular compartments and their redox state is maintained through 

glutathione reductase, monodehydroascorbate reductase and 

dehydroascorbate reductase. 
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Table 2.2: Enzymes/metabolites whose level has been studied after 
copper exposure 

Enzyme/
metabolite 

Plant Enzymes activity References 

Peroxidase Zea mays Increased in both leaves and roots. Mocquot et 
al., 1996 

 
Lycopersicon 
esculentum 

Increased in both root and stem but 
no significant change occurred in 
leaves 

Mazhoudi 
et al., 1997 

 Oryza sativa Induced activity in leaves. Fang and 
Kao, 2000 

 Capsicum 
annum 

Induced activity in seedlings and two 
isoperoxidases were detected. 

Diaz et al., 
2001 

 Phaseolus 
vulgaris 

Increased activity in both leaves and 
roots. 

Cuypers et 
al., 2002 

 
Allium sativum Increased in both leaves and roots, but 

after 9th day activity dropped in only in 
root but was still higher than control. 

Meng et al., 
2007 

 Erica 
andevalensis 

Activity was significantly increased in 
leaves and roots. 

Oliva et al., 
2010 

 

Festuca 
arundinacea  
 
 Lolium 
perenne 

Activity was increased first, reached 
maximum and then decreased in 
roots.  
Activity was lower than control in 
roots. 

Zhao et al., 
2010 
 
Zhao et al., 
2010 

 Vigna mungo Activity increased but reverses at 
highly toxic condition in seedlings. 

Solanki et 
al., 2011 

 Beta vulgaris  Activity was increased in leaves. Morales et 
al., 2012 

 Camellia 
sinensis 

Activity was increased and two new 
isozymes were detected in leaves. 

Saha et al., 
2012 

 Astragalus 
neo-mobayenii 

Activity increased in both root and 
shoot with increasing concentration of 
copper. 

Karimi et 
al., 2012 

 Triticum 
aestivum 

Activity increased upto a 
concentration then decreased in 
seedlings. 

Olteanu et 
al., 2013 

 Nicotiana 
tabacum 

The activity was significantly higher in 
leaves. 

Martins et 
al., 2014 

 Withania 
somnifera 

 

Activity increased at lower 
concentration but decreased at higher 
concentration in seedlings. 

Rout et al., 
2013 

 

          contd…
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Table 2.2 (contd...):  Enzymes whose level has been studied upon copper 
exposure 

Enzyme/
metabolite Plant Enzymes activity References 

Peroxidase Aeluropus 
littoralis 

Activity decreased in leaves. Rastgoo et al., 
2014 

 Triticum aestivum Activity increased when the 
concentration of copper is 
higher in seedlings. 

Liu et al., 2014 

 Cicer arietinum Increased activity with 
increasing concentration of 
copper in leaves. 

Kumar et al., 
2014 

    

Catalase Avena sativa Decrease in activity in leaves. Luna et al., 
1994 

 Lycopersicon 
esculentum 

Activity was not modified in 
leaves and in stems, but it was 
decreased in roots. 

Mazhoudi et al., 
1997 

 Oryza sativa No effect in seedlings. Chen et al., 
2000 

 Prunus cerasifera Increased in roots and shoots, 
approximately five times 
greater than the control 
plantlets. 

Lombardi and 
Sebastiani, 
2005 

 Zea mays Higher activity in roots and 
shoots. Increased activity of 
catalase in leaf as compare to 
root. 

Pourakbar et 
al., 2007 

 Vigna mungo Activity declined in seedlings. Solanki et al., 
2011 

 Atriplex halimus Increased activity in leaves. 
Three iso-enzymes were 
observed. 

Brahim and 
Muhamed, 2011 

 Cucumis sativus Activity increased in roots Iseri et al., 2011 

 Astragalus 
neo-mobayenii 

Increasing activity from lower 
to higher concentration in roots 
and shoots. 

Karimi et al., 
2012 

 Solanum nigrum 
 

Activity remained unaltered in 
root and shoot. 

Fidalgo et al., 
2013 

 Triticum aestivum Activity decreased in seedlings Olteanu et al., 
2013 

 Nicotiana 
tabacum 

Activity decreased in leaves. Martins et al., 
2014 

contd… 
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Table 2.2 (contd...):  Enzymes whose level has been studied upon copper 
exposure 

Enzyme/
metabolite Plant Enzymes activity References 

Catalase Withania 
somnifera 
 

Activity increased at lower 
concentration but decreased 
at the higher concentration in 
seedlings. 

Rout et al., 2013 
 

 Aeluropus littoralis Activity decreased in leaves Rastgoo et al., 
2014 

    

Superoxide 
dismutase 

Glycine max Increased activity in roots. Chongpraditnun 
et al.,  1992 

 Holcus lanatus Activity was suppressed in 
roots. 

Hartley-Whitaker 
et al., 2001 

 Brassica juncea Low activity during first four 
days but increased late in 
roots. 

Wang et al., 2004 

 Prunus cerasifera Increased activity in roots 
and shoots. 

Lombardi and 
Sebastiani, 2005 

 Elsholtzia 
splendens 

Activity increased in root, 
stem and leaves 

Peng et al., 2006 

 Daucus carota Higher activity in roots and 
leaves. 

Ke et al., 2007 

 Allium sativum Activity increased in leaves 
and roots. 

Meng et al., 2007 

 Elsholtzia 
haichowensis 

Increased activity in roots. Zhang et al., 
2008 

 Jatropha curcas Slight increase in activity in 
roots, stems and leaves. 

Gao et al., 2008 

 Zea mays Stimulated activity in leaves. Nie et al., 2012 

 Triticum aestivum Activity was increased in 
seedlings. 

Azooz et al., 2012 

 Astragalus 
neo-mobayenii 

Activity was increased in 
roots and shoots with 
increasing copper 
concentration. 

Karimi et al., 
2012 

 Solanum nigrum Activity remained unaltered 
in both root and shoot.  

Fidalgo et al., 
2013 

 Triticum aestivum Activity increased at low 
concentration but decreased 
at higher concentration in 
seedlings. 

Olteanu et al., 
2013 

contd…. 
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Table 2.2 (contd...):  Enzymes whose level has been studied upon copper 
exposure 

Enzyme/
metabolite Plant Enzymes activity References 

Superoxide 
dismutase Nicotiana 

tabacum 
Activity significantly increased 
in leaves. 

Martins et al., 
2014 

 Withania 
somnifera 
 

Activity increased at lower 
concentration but decreased at 
higher concentration in 
seedlings. 

Rout et al., 
2013 
 

 Aeluropus 
littoralis 

Activity increased in leaves. Rastgoo et al., 
2014 

 Cicer arietinum Increased activity with 
increasing concentration of 
copper in leaves. 

Kumar et al., 
2014 

    

Ascorbate 
peroxidase 

Avena sativa Decreased activity in leaves. Luna et al., 
1994 

 Phaseolus 
vulgaris   

Increased activity in leaves and 
roots. 

Weckx  and 
Clijsters, 1996 

 Lycopersicon 
esculentum 

 Activity was unaltered in roots 
and in stems, while it was 
diminished in leaves. 

Mazhoudi et al., 
1997 

 Oryza sativa Activity increased in seedling. Chen et al., 
2000 

 Brassica juncea Activity in roots decreased 
initially but significantly 
increased after four days. 

Wang et al., 
2004 

 Morus rubra Activity increased in leaves. Tewari et al., 
2006 

 Oryza sativa Activity increased in roots and 
shoots. 

Thounaojamet 
al., 2012 

 Camellia sinensis Increase in activity in leaves. Saha et al., 
2012 

 Zea mays Activity increased in leaves. Nie et al., 
2012 

 Triticum aestivum Activity was reduced in 
seedlings. 

Azooz et al., 
2012  

 Nicotiana 
tabacum 

Slight increase with increase in 
Cu concentrations. 

Martins et al., 
2014 

contd…. 
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Table 2.2 (contd...):  Enzymes whose level has been studied upon copper 
exposure 

Enzyme/ 
metabolite 

Plant Enzymes activity References 

γ-glutamylcysteinyl 
synthetase 

Camellia sinensis Upregulated expression 
in leaves. 

Yadav and 
Mohanpuria, 
2009 

 Triticum aestivum Increased activity in 
leaves 

Shan et al., 
2012 

    

Glutathione 
reductase 

Silene cucubalus Depletion in activity was 
observed in root. 

De Vos et al., 
1992 

 Panax ginseng Activity increased in 
roots. 

Ali et al., 2006 

 Morus rubra Activity increased in 
leaves. 

Tewari et al., 
2006 

 Zea mays  Activity was higher in 
both roots and leaves. 

Pourakbar et 
al., 2007 

 Zea mays  Increased activity in 
roots. 

Wang et al., 
2011 

 Triticum aestivum Activity was higher in 
leaves. 

Shan et al., 
2012 

    

Glutathione 
reductase 

Oryza sativa Activity increased in both 
root and shoot. 

Thounaojam et 
al., 2012 

 Zea mays Activity increased in 
leaves. 

Nie et al., 2012 

    

Dehydroascorbater
eductase 

Triticum aestivum Increased activity in 
leaves. 

Shan et al., 
2012 

 Panax ginseng Induced activity in roots. Ali et al., 2006 
    

Phenylalanine   
ammonia lyase 

Phyllanthus 
tenellus 

Induced activity in 
leaves. 

Santiago et al., 
2000 

 Camellia sinensis Enhanced activity in 
leaves. 

Basak et al., 
2001 

contd…. 
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Table 2.2 (contd...):  Enzymes whose level has been studied upon copper 
exposure 

Enzyme/ 
metabolite 

Plant Enzymes activity References 

Phenylalanine   
ammonia lyase 

Matricaria recutita Increased activity in root 
and no effect in leaves. 

Kovacik and 
Backor, 2007 

 Jatropha curcas Unchanged in stem but 
gradually increased in root 
and leaves. 

Gao et al., 
2008 

 Glycine max 
Lupinus luteus 

Increased activity in 
Lupinus luteus roots but no 
significant effect in Glycine 
max seedlings. 

Chmielowska 
et al., 2008 

    

Polyphenol 
oxidase 

Camellia sinensis Activity declined in leaves. Basak et al., 
2001 

 

2.6.3 Response through antioxidant molecules 

2.6.3.1 Proline 

Accumulation of amino acids like proline has been observed in response to 

several biotic and abiotic stresses in plants. Proline accumulation in plant 

tissues has been suggested to result from (a) a decrease in proline 

degradation, (b) an increase in proline biosynthesis, (c) a decrease in protein 

synthesis or proline utilization, and (d) hydrolysis of proteins (Charest and 

Phan, 1990). Content of free proline has been found to be related to Cu2+ 

tolerance in plants (Backor et al., 2003; Chen et al., 2004). Excess Cu2+ has 

been found to result in inadequate proline (Thomas et al., 1998) and lead to 

the malfunctioning of copper exclusion machinery (Chen et al., 2004). 

Copper complexes with amino acids such as proline, histidine or 

nicotinamine play important role in xylem sap transport (Liao et al., 2000). 

Azooz et al. (2012) reported an increase in proline production with increase 

in copper in wheat (Triticum aestivum cv. Hasaawi) at early growing stage. 

They also proposed that, proline acts as a source of carbon and nitrogen for 

rapid recovery from the stress, and also functions as a stabilizer of plasma 

membrane and some macromolecules and free radical scavenger (Jain et al., 

2001). Moreover, proline was found to play a role in the detoxification of 

active oxygen in Brassica juncea and Cajanus cajan under heavy metal 

stress (Alia et al., 1995).  



30 
 
2.6.3.2 Glutathion-ascorbate couple 

Glutathione is a well-known antioxidant playing a prominent role in the 

defense against free radicals in plants (Sharma and Dietz, 2008). GSH and 

ascorbate accumulate to millimolar concentrations in chloroplasts and 

mitochondria owing to the ascorbate–GSH cycle, which also operates in 

peroxisomes. They have a pivotal role in defence against ROS induced 

oxidative damage. GSH functions as an HM-ligand (Canovas et al., 2004) and 

an antioxidant. Upon HM exposure, GSH concentrations drop as a 

consequence of initiated phytochelatin biosynthesis. This causes oxidative 

stress and in turn short-term toxicity (Nocito et al., 2006). 

2.7 Stress in tea 

A literature survey revealed that several studies have been conducted on 

different types of abiotic stresses in tea. Plants of different cultivars of tea 

have been grouped into the tolerance classes: susceptible and resistant, in 

response to drought stress (Chakraborty et al., 2002; Damayanthi et al., 

2010), cold stress (Upadhyaya, 2012) and heavy metal stress (Zhang et al. 

2013). Several parameters have been identified such as rates of 

photosynthesis and transpiration, relative water content, stomatal 

conductance and leaf total soluble sugar content (Damayanthi et al., 2010), 

root and shoot extension (Burgess and Carr, 1997), levels of proline and 

antioxidative enzymes (Chakraborty et al., 2002; Upadhyaya et al., 2008), 

morphological characters (Waheed et al., 2012) etc. in order to screen tea 

cultivars for drought tolerance. Additionally, studies on alterations in 

bioconstituents that determined quality of tea in the tea clones under soil 

moisture revealed a decrease in PAL activity in both tolerant and susceptible 

clones which correlated with a lower flavonol content and quality 

deterioration (Jeyaramraja et al., 2003).  

Tea plants exposed to excess heavy metals have shown several alterations in 

physiological and biochemical parameters. Increased level of lipid 

peroxidation and a reduction in photosynthetic rate, transpiration rate, 

chlorophyll and protein content and biomass production were found in 

plants exposed to excess Cd (Mohanpuria et al., 2007; Shi et al., 2009). 

Oxidative stress was evident as the transcript levels of glutathione 

biosynthetic genes showed up-regulation while glutathione-S-transferase 
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(GST), the enzyme which help in sequestration of high levels of metal ions to 

vacuole, did not show any change on Cd exposure (Mohanpuria et al., 2007). 

In a similar study on cultivars differing in metal tolerance, expression of 

glutathione biosynthetic enzymes and phytochelatin synthase was found to 

be more elevated in the more tolerant Chinary cultivar than in Assamica 

under copper and aluminium excess (Yadav and Mohanpuria, 2009). 

Hajiboland and Bastani (2012) observed that CO2 assimilation and dry 

matter production decreased while antioxidant enzyme activity and proline 

content increased significantly in tea plants under Boron deficiency and 

water stress. Mukhopadhyay et al. (2013) observed that both deficiency and 

excess in zinc caused a considerable decrease in shoot and root fresh and 

dry masses. Zinc stress decreased net photosynthetic rate, transpiration 

rate, stomatal conductance, and content of chlorophylls a and b and 

increased the content of superoxide anion, malondialdehyde, hydrogen 

peroxide, and phenols. Although the activities of ascorbate peroxidase, 

catalase, superoxide dismutase, and peroxidase as well as expression of 

respective genes were up-regulated, the authors concluded that the overall 

antioxidant system did not afford sufficient protection against oxidative 

damage (Mukhopadhyay et al., 2013). Treatment of tea plants with excess 

heavy metals such as mercury (II) and nickel (II) decreased the chlorophyll 

content of the leaves, along with a significant reduction in Hill activity 

(Basak et al., 2001). The activities of antioxidative enzymes viz. Superoxide 

dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) was 

increased by aluminium in the roots of cultured tea cells and also in intact 

plants (Ghanati et al., 2005). Aluminum (Al) inhibited tea pollen tube growth 

but the effect was found to be alleviated by fluorine (Konishi and Miyamoto, 

1983) which is accumulated by tea plants normally in high excess (Ruan 

and Wong, 2004). Tea plants tolerated fluorine at concentrations < 0.32 mM 

(Li et al., 2011). Fresh and dry mass, chlorophyll content and net 

photosynthetic rate decreased while proline, malondialdehyde and hydrogen 

peroxide contents increased with increasing fluorine concentrations. Activity 

of antioxidant enzymes also showed significant alterations thereby 

suggesting that antioxidant defence system of leaves did not sufficiently 

scavenge excessive reactive oxygen species generated due to excess fluorine 

(Li et al., 2011).  
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2.8 Cu2+ stress in tea 

Although copper based fungicides are being used in tea gardens for several 

decades (Sarmah, 1960), we know little about the role of excess Cu2+ on tea 

plants and at what concentrations it may be considered as a pervasive threat 

(Saha et al., 2012). Only a few studies have focused on Cu2+ toxicity in tea 

(Basak et al., 2001; Yadav and Mohanpuria, 2009; Saha et al., 2012) and 

these have revealed that number physiochemical parameters are altered on 

exposure to excess copper. For example, the chlorophyll and protein 

contents were found to decrease in Cu2+ treated plants (Basak et al., 2001; 

Yadav and Mohanpuria, 2009; Saha et al., 2012). Yadav and Mohanpuria 

(2009) observed that expression of the enzymes γ-glutamylcysteinyl 

synthetase, glutathione synthetase and phytochelatin synthase was elevated 

more in the tolerant tea cultivar than the susceptible one when exposed to 

excess Copper and Aluminium. Mandal et al. (2013) investigated the toxic 

effect of Cu2+ on seed germination, growth and morphological changes in tea 

seedlings. 

Heavy metal stress is one of the major problems that limit agricultural 

productivity of plants. Plants show relative differences in their heavy metal 

tolerance capacity among the species and also among cultivars of the same 

species. Copper stress in general induces ROS and generates oxidative 

stress. It has been found that in addition to accumulated metal ions, high 

levels of ROS adversely affected the plants. Such ROS related damages have 

been observed in tea cultivars also. Although the negative impact of excess 

Cu2+ in tea plants have been documented, the level of Cu2+ accumulation 

caused due to long term application of Cu2+-based fungicides in tea gardens 

and its bioavailability under tea garden conditions are yet to be studied. 

Additionally, more detailed studies on mechanisms of Cu2+ toxicity in the tea 

plant, especially at the gene level are necessary.  Identification of genetic 

determiners of tolerance may make the resistant cultivars a potential source 

for genetic manipulation of other important elite cultivars. 
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CHAPTER-3 

USE OF COPPER CONTAINING FUNGICIDES IN THE TEA GARDENS OF 
SUB-HIMALAYAN WEST BENGAL AND SOUTHERN ASSAM 

 

The annual loss to crops worldwide as a result of disease has been estimated 

at 25,000 million dollars. Thus control of phytopathogens plays an 

important role in determining the cost and amount of food produced thereby 

ensuring food safety. Early agriculturists from ancient times tried to prevent 

crop loss by using chemicals. The first record of plant disease control is in 

the writings of the Greek poet Holmer (1000 B.C.) who mentioned sulphur 

that is still used as an important component of fungicides (Mehrotra and 

Agarwal, 2003).  

The first landmark in the control of phytopathogens is the discovery of 

Bordeaux mixture by P. M. A. Millardet in 1885. While working on downy 

mildew of grapevines, he noticed that vines treated with a mixture of copper 

sulphate and slaked lime to prevent the grapes from being stolen, retained 

their leaves whereas the untreated vines were defoliated. Millardet believed 

that the foliage on some of the vines had persisted because of the dabbing of 

the leaves with the lime-copper sulphate mixture. This suggested Millardet a 

way to control the disease and ultimately led to the discovery of Bordeaux 

mixture. This mixture has the reaction product of copper sulphate and 

calcium hydroxide. Spectacular results were obtained even in severe 

outbreaks leading to a rapid improvement in copper based fungicidal 

preparations. From the Bordeaux mixture developed the insoluble copper 

fungicides such as cuprous oxides or oxychlorides (Mehrotra and Agarwal, 

2003). Copper based compounds thus emerged as the most important and 

successful fungicides and continued to remain so for many more years.   

Tea is the major industrial sector in northeast India. Tea alone generates an 

annual turnover of 8 million USD. There are around 350 tea gardens in the 

North Bengal region alone that provides employment to about 3.5 lakh 

people working in the tea gardens. It produces around 200 million kg of tea 

of the total 830 million kg of tea produced in the country per annum. 

(Mandal et al., 2012). The agro-climatic conditions of the north-eastern 

region of India provide an ideal situation for growing different types of teas. 
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Tea plant is an evergreen woody perennial grown mostly as monoculture. 

Occurrence of pests and diseases can cause serious damages in tea with 

significant impact on productivity and quality. All parts of the plant i.e leaf, 

stem, root, flower, and seed are susceptible to the pests and pathogens 

which may result in 7-10% annual crop loss, if left unchecked. Incidence 

and intensity of attack varies widely with variation in climate, elevation and 

the planting material (Barthakur, 2011). The tea plant is subject to attack 

from at least 250 insect species and 380 fungal pathogens out of which 167 

pests and 190 fungi have been detected in northeast India (Das, 1965).  

The tea planters are in general more concerned than growers of other crops 

about leaf disease, for the obvious reason that plant (bush) is cultivated for 

its leaves. The leaves are harvested usually at intervals of 5-7 days. Were it 

not for the planters’ constant fight to protect their crop, the tea production 

would have been badly affected. The consumption of pesticides in India is 

one of the lowest in the world, about 0.5 kg/ha, but pesticide use in tea in 

general is said to be several times higher than in other crops (Barooah, 

2011).  

From the previous discussion it is clear that pests and diseases play an 

important role in economy of the tea gardens, and to control these diseases, 

regular spraying of huge amount of fungicides is inevitable. As this study 

aims to understand the effect of copper on tea plants, a survey work on 

fungicide usage by the tea gardens of the north eastern region of India was 

undertaken right at the beginning before indulging in any kind of 

experimental work. This was needed in order to estimate the actual threat to 

tea plants, if any. 

3.1. MATERIALS AND METHODS 

3.1.1. Study Area 

The study area covers four districts of northern West Bengal and three 

districts of southern Assam which are part of the agro-climatic zone of 

north-east India. The West Bengal districts include Darjeeling, Jalpaiguri, 

Coochbehar and North Dinajpur (Fig. 3.1 and 3.2). Of these, Darjeeling is 

mainly hilly while the others are located in the foothills of the Eastern 

Himalayas (altitude: 90m to 1750m above sea level). It covers an area of 
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8800 km2 and is situated between 25°58' and 27°45' North latitudes and 

89°08' and 89°59' East longitudes. It is bounded in the North by Himalaya, 

to the East by river Sankosh, to the West by river Teesta and to South by 

Bangladesh and Gangetic plain. It is a transitional zone between the 

Himalayan Mountain and fertile alluvial Teesta–Brahmaputra plains 

commonly known as the “Dooars” region. The districts of Assam include 

Cachar, Hailakandi and Karimganj under Barak Valley Zone (Fig. 3.3). It 

covers an area of 6922 km2 and is situated between 24°22' North and 25°08' 

East latitudes and 92°24' East and 93°15' East longitudes. This zone is 

bounded in the north by North Cachar hills, in the east by Manipur hills, in 

the south by the hills of Mizoram, and in the west by Bangladesh and 

Tripura. The region lies around 36.5 m above sea level. The entire 

topography is crisscrossed with several rivulets and rivers along with 

substantial forest cover comprising of semi-moist-deciduous vegetation.  

The entire region is characterized by a sub-tropical and humid type of 

climate. The average annual humidity is 71%-98%. The average maximum 

temperature is 37-38°C and the average minimum temperature is 9-15°C 

depending on the altitude. The average annual rainfall of sub-Himalayan 

West Bengal is 2500 mm and that of the Barak valley zone is  3500 mm with 

an average of about 150-200 rainy days per year. 

3.1.2. Data Collection 

A simple but very basic work plan was adopted for this survey work. At first 

various government departments like Agriculture Department, Panchayat 

Offices, etc. were approached for getting information about checklist of tea 

gardens with relevant demographic information and to get detailed 

information about government guidelines about fungicide usage, if any. 

Relevant information was also collected from the data uploaded on various 

government websites and from those of some of the tea gardens 

(http://dae.portal.gov.bd/sites/default/files/files/dae.portal.gov.bd/page/). 

On the basis of that information, a plan of work was chalked out for our 

survey. Then extensive survey was conducted during the period of July, 

2007 to December, 2007 and some of the places were revisited again during 

July to December of 2010. 
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During field survey, each enlisted tea-garden (Table 3.1) was approached 

through personal visits and detailed information on prevalent diseases, types 

and methods of fungicide usage, spray schedules, amount used, conditions 

of application etc. were collected from authorized persons of the tea estates. 

Information was collected through well-structured pretested questionnaires 

(Fig. 3.4) and discussions among the informants often in their local 

language. 

 

Table 3.1:Geographic Information System (GIS) locations of the tea estates 

Name of the tea estate 
Location GIS Location 

(Latitude, Longitude)       District             State 

Bagdogra T. E. Darjeeling W. B. 26º42'N/88º18'E 

Bidyanagar T. E. Karimganj Assam 24º31'N/92º29'E 

Bagrakote T.E. Jalpaiguri W. B. 26º53'N/88º35'E 

Coochbehar T. E. Coochbehar W. B. 26º57'N/89º05'E 

Ellen Barrie T. E. Jalpaiguri W. B. 26º63'N/88º33'E 

Gandrapara T. E. Jalpaiguri W. B. 26º78'N/89º20'E 

Goal Gach T. E. Jalpaiguri W. B. 26º52'N/89º12'E 

Good Hope T. E. Jalpaiguri W. B. 26º58'N/88º56'E 

Gope T. E. Uttar Dinajpur W. B. 26º37'N/88º31'E 

Kharibari T. E. Darjeeling W. B. 26º33'N/88º11'E 

Kiranchandra T. E. Darjeeling W. B. 26º49'N/88º22'E 

Kumbha T. E. Cachar Assam 24º56'N/92º59'E 

Kumlai T. E. Jalpaiguri W. B. 26º90'N/88º40'E 

Margarets Hope T. E. Darjeeling W. B. 26º55'N/88º17'E 

Matigara T. E. Darjeeling W. B. 26º43'N/88º23'E 

Monachara T. E. Hailakandi Assam 24º44'N/92º32'E 

Red Bank T. E. Jalpaiguri W. B. 26º88'N/88º90'E 

 
T. E.: Tea Estate; W. B.: West Bengal 
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1. Name of the Tea Estate 

2. Address 

3. Date of visit 

4. Time of visit 

5. Resource personnel of Tea Estate (Name) 

6. Address  

7. Information collected: 

i) Status of diseases prevalent in the garden 

a) Name of the disease 

b) Time and duration of occurrence 

c)  Severity level 

ii) Whether chemical fungicides are used (yes/no) 

iii) Whether organic fungicides are used (yes/no) 

iv) If answer to questions (ii) and (iii) are both “yes” then what proportion 

of chemical fungicides are applied. 

v) If only answer (ii) is “yes” 

a) Name(s) of chemical fungicides used 

b) Conditions of application (such as disease outbreak, 

preventive application etc.) 

c) Amount of chemical fungicides used under each condition 

d) Spray schedule under each condition 

Fig. 3.4: Format of the questionnaire for collecting information regarding 

fungicide usage routine of the tea gardens of sub-Himalayan West Bengal 

and Barak Valley region of Assam     

3.2. RESULTS 

The results of the survey work are summarized in Table 3.2. It was found 

that several fungal diseases such as blister blight, black rot, die back, stem 

rust, leaf blight (grey blight, brown blight), root and stem blight, stem 

canker, damping off, collar rot, thread blight, stem rot, leaf spot etc. are 

prevalent in the tea gardens of sub-Himalayan West Bengal and Barak 

Valley zone of Assam. In order to control the diseases, 12 different types of 

fungicides were found to be used. All of these were either simple copper salts 

or compounds that are complexes or mixtures of different salts of Cu (Table 

3.2). Of these, copper oxychloride was found to be the most common 
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fungicide that was used in several tea gardens under different trade names 

such as Blitox, Acmecop, Emivit, Bicoxy, Capvit, MS Vit, Delight and Coxy 

50. 

Almost all the tea gardens surveyed were found to apply copper oxychloride 

50% w/p on a regular basis. Some of the gardens, for instance Kumbha TE 

in Southern Assam was found to use Blitox as well as MS Vit, both of which 

are chemically copper oxychloride. Smilarly, Bagdogra TE in the Darjeeling 

district of West Bengal was found to use Emivit, Blitox and Acmecop all of 

which were copper oxychloride. Maximum spraying at short intervals is 

practiced during the monsoon months from June to September at a dose of 

2.80 Kg per hectare. This application is done irrespective of disease 

development or appearance of disease symptoms. 

Another fungicide that was also found to be used often by many of the 

surveyed tea gardens is copper hydroxide. This was also used by different 

trade names such as Superex, Champion and Kocide. Matigara TE was the 

only tea garden that was found to rely entirely on copper hydroxide. The 

garden used Kocide at 1 kg/ha and Champion at 2.24 Kg per hectare. In 

other gardens, this was used along with copper oxychloride. For instance, 

Khoribari TE used Superex 77 w/p at 750 g per hectare along with Blitox 50. 

The third type of fungicide that was found to be used was blue copper. This 

was used by three of the surveyed tea gardens. Of these, Goal Gach TE and 

Margaret Hope TE used all the three types of fungicides. Goal Gach used 

Blitox 50 at 2.80 kg/ha, blue copper at 2 kg/ha, superex 77 w/p at 750 g 

per hectare and Margaret Hope used blitox 50 at 2.80 kg/ha, Kocide at 1 kg 

per hectare. Good-Hope TE used copper oxychloride along with blue copper. 

In all cases, fungicide spraying is done regularly even under asymptomatic 

stages. 
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Table 3.2: Use of copper fungicides in Tea Estates of North East India 

Name of the Tea 
Estates 

Prevalent diseases Fungicides used Amount 

Bagdogra  T.E. Blister blight,  Black 
rot, Damping-off, collar 
rot. 

Acmecop w/p, 
Emivit 50% w/p, 
Blitox-50. 

2.80 kg/ha 
2.80 kg/ha 
2.80 kg/ha 

Bidyanagar  T.E. Dieback, Black rot. Capvit 50 w/p, 
Blue copper. 

2.80 kg/ha  
2 g/ha 

Coochbehar  T.E. Stem rust, Black rot, 
Dieback, Leaf blight. 

Biocoxy,  
Blue copper. 

2.80 kg/ha 
2 g/ha 

Duncans  
Bagracote  T.E. 

Black rot, Stem 
canker. 

Kocide 101R, 
Blitox-50, 
Acmecop  w/p. 

1 kg/ha  
2.80 kg/ha 
2.80 kg/ha 

Ellen Barrie T.E. Black rot, Red blight, 
Damping off. 

Capvit 50 w/p, 
Acmecop  w/p. 

2.80 kg/ha 
2.80 kg/ha 

Gandrapara  T.E. Black rot, collar rot,  
Leaf blight. 

Blitox 50,  
Superex 77 w/p, 
Capvit 50 w/p. 

2.80 kg/ha 
750 g/ha 
2.80 kg/ha 

Gope  T.E. Black rot, Stem 
canker. 

Kocide 101R, 
Blitox. 

1 kg/ha 
2.80 kg/ha 

Goal Gach  T.E. Black rot, Dieback. Blitox,  
Blue copper, 
Superex 77 w/p. 

2.80 kg/ha 
2 kg/ha 
750 g/ha 

Good Hope  T.E. Blister blight, Black 
rot, Leaf blight. 

Blitox50,  
Blue copper,  
MS Vit 50 w/p. 

2.80 kg/ha 
2 kg/ha 
2.80 kg/ha 

Kiranchandra  
T.E. 

Black rot, Damping off, 
collar rot. 

Kocide 101R, 
MS Vit 50 w/p. 

1 kg/ha 
2.80 kg/ha 

Kharibari  T.E. Dieback, Black rot, 
Damping off. 

Superex 77 w/p, 
Blitox 50. 

750 g/ha 
2.80 kg/ha 

Kumlai  T.E. Leaf blight, Stem 
blight. 

Copper 50 w/p, 
Blitox 50. 

2.80 kg/ha 
2.80 kg/ha  

Kumbha  T.E. Dieback, Black rot.  MS Vit 50 w/p, 
Blitox 50. 

2.80 kg/ha 
2.80 kg/ha 

Margarets Hope 
T.E. 

Blister blight, Black 
rot, Collar rot. 

Blitox 50, 
Kocide 101R. 

2.80 kg/ha 
1 kg/ha 

Matigara  T.E. Blister blight, Leaf 
blight. 

Champion w/p, 
Kocide 101R. 

2.24 kg/ha 
1 kg/ha 

Monachara  T.E. Dieback, Black rot. Coxy 50 w/p, 
Blue copper. 

2.80 kg/ha 
2.80 kg/ha 

Red Bank  T.E. Thread blight, 
Dieback. 

Delight 50,  
Blitox. 

2.80 kg/ha 
2.80 kg/ha  
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3.3. DISCUSSION 

Since the discovery of Bordeaux mixture, copper has been an important 

component of different types of fungicides. The use of copper sulphate that 

was highly toxic was known even before the discovery of Bordeaux mixture. 

But it was Millardet who reduced the toxicity of copper sulphate by mixing it 

with lime. This discovery has doubtless been the greatest boon to plant 

protection since copper fungicides was used extensively in Europe and USA 

for many years for the control of numerous diseases. A literature study 

shows that copper has been successfully used as fungicides against     

several crops including rice (Chaudhary et al., 2012), grapes (Pietrzak and 

McPhail, 2004; Viti et al., 2008), olive (Viti et al., 2008), cocoa (Aikpokpodion 

et al., 2013), citrus (Hardy et al., 2007), broccoli, lettuce, tomato and squash 

(http://extention.psu.edu/plants/vegetables-fruits/news/2013/copperfungicides-

for-organic-disease-management- in vegetables). 

Nowadays, a considerable number of phytochemical companies offer 

numerous and different classes of fungicides, where copper fungicides 

according to their antifungal effects play an important role. The efficiency of 

copper fungicides, particularly aggressive in moist media, is caused by 

denaturation of protein structures (secondary and tertiary) of fungi and 

bacteria, and consequently the interruption of their functions. Our results 

showed undoubtedly that different types of copper fungicides are used 

extensively in the tea gardens of north-east India. At least 3 chemical types, 

viz. copper oxychloride, copper hydroxide and copper sulphate under 12 

different trade names were found to be sprayed by the surveyed tea gardens 

on a regular basis.  

The indiscriminate use of copper fungicides in Indian tea gardens was 

reported by Barooah (2011). According to him, residues of copper fungicides 

in made tea, 7 days after treatment, conform to Indian MRL but exceeds the 

EU MRL. During our survey, it was found that the fungicides were applied 

even in asymptomatic plants especially during the monsoon months when 

outbreaks of fungal diseases are common. A literature study reveals that 

copper sprays are protectant fungicides that must be applied evenly to the 

plant surface before the disease develops to prevent infection (Hardy et al., 

2007).  Copper is not a systemic chemical and cannot be carried internally 

through the plant to kill the pathogen. Once the copper is applied, it sticks 
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only where it hits and does not spread to a large extent across the fruit or 

leaf surface. The solubility of copper products increases as the pH drops due 

to exudates released by the plant. It slowly dissolves to release a small and 

constant supply of cupric ions (Cu+2) as long as the water remains. Only one 

copper formulation (cuprous oxide) also releases cuprous (Cu+1) ions, which 

also have fungicidal and bactericidal activity (Torgeson, 1967). These copper 

ions are picked up by spores or bacteria that come in contact with this 

surface water-travelling through the cell walls to eventually disrupt cellular 

enzyme activity (Hardy et al., 2007). 

Metal binding in soil is common through interaction of humic substances 

with oxides of Al, Mn and Fe and can accumulate in soil when used 

intensively (Aikpokpodion et al., 2013). Tea is a plantation crop with a life 

span of 25-30 years. Thus the applied copper remains in the soil and 

accumulates through the years. Pesticide residue in tea has been a major 

challenge to the tea industry in recent times due to ever increasing global 

demand for quality (Barooah, 2005). It is well known that long term use of 

copper based fungicides leads to copper contamination especially in 

plantation crops. For instance, Aikpokpodion et al. (2013) found that Cu 

residues in cocoa beans cultivated in Nigeria exceeded the admissible limits 

even when recommended amounts of Cu fungicides were used. Similarly 

Hardy et al. (2007) observed that apart from causing blemishes and spots on 

leaves and fruits in the citrus plantations in Australia, use of copper based 

fungicides can also increase the copper levels in the soils and become toxic 

to citrus roots. They further stated that high levels of soil copper may also 

interfere with the uptake of other plant nutrients. It has been reported that 

the use of copper-based fungicides by Victorian vine growers has increased 

the total copper concentration in some vineyard soils to 250 mg/kg 

compared to background levels of approximately 10 mg/kg. This far 

exceeded the permissible limit of 60 mg/kg and this level was exceeded in 8 

of the 14 vineyards investigated (Pietrzak and McPhail, 2004). Viti et al. 

(2008) observed that vines and olive orchards using copper fungicide had 5 

to 10 times more copper in their soil than uncultivated forest soils and this 

causes toxicity to the microbial communities residing in the soil ultimately 

leading to a reduction in their diversity. 
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The area under the current survey covered the major tea growing belt of 

India. The selection of tea gardens was made randomly. However, since all 

tea gardens did not respond, or responded incorrectly, data from only 17 tea 

gardens could be actually presented here. Nevertheless, the consistency of 

data obtained from various tea gardens located at considerable distances 

from each other clearly shows the extent of the use of copper based 

fungicides throughout the region. To the best of our knowledge, no study 

was so far conducted to understand the effect of the accumulating copper in 

tea plants although the fact that copper was sprayed in the tea gardens 

almost from the beginning of tea cultivation in north east India was known. 

This prompted us to undertake the study of the effect of copper on tea plants 

under experimental conditions. This included the physio-biochemical and 

anatomical changes that occur in the process of adaptation/tolerance to 

excess copper. 
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CHAPTER-4  

EFFECT OF EXCESS COPPER ON TEA SEED GERMINATION AND 
EARLY SEEDLING GROWTH 

 
Seed germination and early seedling growth are regarded as critical phases, 

which are regulated by interactions of hormones and environmental factors 

and are known to be greatly influenced by stressful conditions (Shah and 

Dubey, 1995; Teisseire and Guy, 2000). The major effects of heavy metals on 

seeds are noticed as decrease in germination percentage, reduced root and 

shoot elongation, decrease in dry root and shoot mass, deformation and 

colour change (Sethy and Ghosh, 2013).  

Until about the middle of the past century, tea was traditionally propagated 

from seeds. Seeds were generally produced in stands of well-spaced mature 

seed bearers (approximately 200 trees per hectare) in ‘seed bari’ or 

commercial seed orchards (Hall, 2000). However inconsistency in 

performance of the populations led to the development of a strong vegetative 

propagation method which provided a way of cloning to obtain homogenous 

populations of selected parents. The first scientific attempt for development 

of seed cultivars from clonal parents as inputs in north east India was made 

in 1939 at the Tocklai experimental Station, Jorhat, Assam (Chen et al., 

2012). Altogether 14 clonal seed progenies have been released as biclonal 

seed stock for commercial exploitation by the tea industries of north east 

India that were developed through crossing between two selected clonal 

parents (Barman, 2011; Mondal, 2014).  

After the release of the clonal seeds, commercial seed ‘baries’ have been 

established for production of hybrid clonal seeds which were extensively 

used by the tea industries in their plantations (Chen et al., 2012). 

Unprunned trees at the ‘baries’ can attain a height of 30 to 40 feet. The 

fragnant white bloossoms are succeeded by soft green lobed capsule, each of 

which contains 1-3 small, almost spherical seeds. In a fully ripened capsule, 

the lobes dehisce which allows the mature seeds (10-20 mm diameter) to fall 

on the ground (Hall, 2000). These seeds are required to be promptly collected 

from the ground of the seed orchards due to the fact that tea seeds being 

recalcitrant have low viability (Bhattacharjee and Singh, 1994; Mondal, 
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2014). After collection, seeds are passed through a rotary type shifter to 

eliminate very small seeds (Mondal, 2014). The remaining seeds are then 

placed in containers of water for grading. The healthy ones will sink within 

24 h while the damaged seeds will float on the surface. The healthy seeds 

should be placed in a seedling nursery as soon as possible because viability 

starts declining after only ten days (Hall, 2000). 

The tea seeds have a hard testa outside and the embryo is covered in 

between two large cotyledons. The viability of tea seeds can be maintained by 

surface sterilizing with mercuric chloride solution (0.01%) for 15 min and 

subsequent cold storage at 40C (Mondal, 2014). Seeds are generally stored in 

moist charcoal for a few days, although it is advisable to use the healthy 

fresh seeds for propagation as far as possible (Singh, 1999). 

Although several reports are available over effect of the metal toxicity on tea 

plants, almost no report exists on how heavy metals affect seed physiology. 

While keeping in mind the rising concerns over heavy metal stress affecting 

agriculture produce, in this chapter we focus our attention to the effect of 

copper ions on tea seeds of different clonal seed cultivars. We studied the 

percent seed germination and early seedling growth under different 

concentrations of copper. 

4.1. MATERIALS AND METHODS 

4.1.1. Collection and maintenance of plant materials 

Three different clonal seed cultivars of tea (TS-462, TS-463 and TS-520), 

that were released by the Tocklai Experimental Station (Jorhat, Assam) were 

used during the present study. Freshly harvested tea seeds of the selected 

cultivars were obtained from Gayaganga Tea Estate located in the Terai 

plains of the Darjeeling district of West Bengal (Fig. 4.1). The selection was 

based on the extent of their cultivation in tea gardens of the Terai and 

Dooars region of Darjeeling district. All the cultivars mentioned above were 

selected for plantation in the experimental garden, Department of Botany, 

University of North Bengal, based on their growing suitability and 

environmental aspects as observed over the years under field conditions at 

Tocklai Experimental Station, Jorhat, Assam. The growth conditions were 

maintained as recommended by Bezbaruah and Singh (1988).  The general 
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characteristics of the cultivars used during the work are enlisted in Table 

4.1. The selected clonal seed stocks were raised in the nursery of Gayaganga 

Tea Estate (Fig. 4.1) and also in the experimental garden of Department of 

Botany, University of North Bengal. 

 
Table 4.1: Biclonal seed stocks (cultivars) used in the study and their 
general characteristics 

Biclonal 
seed stock 

number 
Year of 
release* 

Crossed 
between Characters 

TS-462 
 

1980  TV 1 (Assam) 
x 124.48.8 

Medium leaf, uniform growth, 
vigorous yield, fairly drought 
tolerant, suitable for both CTC 
and orthodox manufacture. 

TS-463 1984 TV 1 (Assam) 
x TV 19 
(Cambod) 

High yielding potential, fairly 
uniform in growth habit. The 
stock is suitable for both CTC and 
orthodox manufacture. 

TS-520 1992 TV19 
(Cambod) x 
TV 20 
(Cambod) 
 

Uniform growth habit, high 
yielding potential. The stock is 
suitable for both CTC and 
orthodox manufacture. 

* Released by Tocklai Experimental Station, Jorhat, Assam situated in North 
East India.  

 
4.1.2. Stress induction 

To determine the percent germination in the treated and untreated seeds of 

the tea cultivars (TS-462, TS-463 and TS-520); metal application procedure 

as described by Munzuroglu and Geckil (2002) was followed with some 

modifications. Initially, after collecting the seeds, the surface of the seeds 

were sterilized with 0.01% HgCl2 and washed thoroughly at least twice with 

distilled water. The clean seeds were then taken in a bag of cheese cloth and 

soaked in distilled water for 24 h. After the soaking, the bag was emptied 

into the water and the floating seeds were removed with a strainer. The 

sunken seeds were then collected after draining off the water and sowed in 

small earthen pots (6 cm diameter) containing moist sterilized sand. The 

pots were placed in dark in a growth chamber at 250C. Rupturing of seeds 
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occurred approximately after 5 d following which the seeds were placed in 

sand wetted with CuSO4 solution. Sixteen different concentrations (0.5 mM – 

8.0 mM) with 0.5 mM increments of copper sulphate solutions were prepared 

freshly in sterile distilled water and used for application in duplicate sets. 

Control sets were treated with sterile distilled water. Fresh application was 

done every 48 h to maintain the moisture and concentration. Hoagland and 

Knop’s nutrient solution was applied once every 6 days in all experimental 

and control sets instead of the copper solution or distilled water. The 

germinated seedlings were sampled periodically and different parameters 

such as percent germination, root and shoot lengths and dry weights were 

measured upto 27 days. The experiment was repeated thrice. A set of plants 

(exposed to 6.5 mM Cu2+ concentration) were allowed to grow until 60 days 

for observing the progressive deformations in the roots over a longer period. 

4.1.3. Assessment of stress response 

4.1.3.1. Percent germination 

The pots were kept at 250C in the growth chamber and the germination was 

noted every 24 h. Seeds were considered to be germinated at one mm of 

radical emergence. The number of seeds germinated was counted and 

percent germination was calculated.  

4.1.3.2. Root and shoot length 

The lengths of the shoots as well as roots of each variety were measured with 

a centimeter scale after removing the germinated seedlings from soil. The 

seedlings were sampled at 15, 18, 21, 24 and 27 d after treatment and 

deformities, if any were noted.   

4.1.3.3. Dry weight of roots and shoots 

The dry weight of treated and untreated shoots and roots of the tested 

cultivars were measured after 27 d of treatment. This time duration was 

followed based on observations obtained during preliminary studies which 

showed that this time was necessary to test appropriate inhibitory effects. 

For this, sample roots and shoots were immediately cut off carefully from the 

grown seedlings and then allowed to dry in an oven at 800C. After 24 h the 

samples were removed from the oven, cooled and weighed. 
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4.2. RESULTS 

4.2.1. Effect of different concentration of copper on percent seed 
germination  

Figure 4.2 summarizes the effect of different concentrations of copper on 

seed germination of three tested tea seed cultivars of Northeast India. In 

general there was a progressive reduction in seed germination as metal 

concentration increased in all the tested cultivars. Minimum seed 

germination was recorded when 8 mM copper solution was applied. 

Germination percentage was found to be lowest in TS-463 (15%) and highest 

in TS-462 plants (25%). Germination in control plants which received only 

distilled water also followed the same trend, that is, TS-462 showed 

maximum germination (84%) followed by TS-520 (79%) and TS-463 (74%).  

Tea seeds allowed germinating in presence of excess copper showed distinct 

changes in percent seed germination and in morphology of germinated parts. 

These obvious changes were a part of the plants inherent capacity of 

tolerance or to adapt to stress situations. 

4.2.2. Effect of different concentration of copper on shoot elongation 

The data corresponding to the shoot growth of three cultivars of tea 

seedlings at different concentration of Cu2+ (0.5 mM to 8.0 mM) reported in 

this work is shown in Tables 4.2, 4.3 and 4.4. There was progressive 

decrease in shoot lengths with increasing Cu concentrations (Figs. 4.3.1 and 

4.3.2). The control seedlings after 27 days showed 14.2 cm of growth, 

however, those treated with 4 mM Cu recorded 8.1 cm and those treated 

with 8 mM Cu recorded only 2.9 cm of shoot length in TS-520 variety. The 

other cultivars showed similar trends. TS-463 showed least growth among 

the tested cultivars. Maximum reduction in length of shoot (88.2%) was 

observed in TS-463 variety followed by TS-520 (79.5%) and TS-462 (67.1%) 

(Fig. 4.4). 

 

 
 
 
 
 



 

 

 

 

 

 

 

 

Fig. 4.2: Percent germination of seeds of tea cultivars (TS-462, TS-463 and 

TS-520) exposed to different concentrations of CuSO4 solution. Data are 

mean of three replicates ± SE. C = Control. 
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Table 4.2: Shoot elongation of TS-462 after 15, 18, 21, 24 and 27 days 
of treatment with different concentrations of copper solution 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

 

 

 

 

 

Concentration of CuSO4 
(mM) 

Shoot length (in cm)  

15 d 18 d 21d 24d 27d 

Control 7.4±0.5 8.9±0.5 10.3±0.6 11.5±0.7 13.7±0.8 

0.5 7.1±0.4 8.8±0.4 10.1±0.5 11.9±0.5 12.6±0.6 

1.0 6.9±0.4 7.2±0.5 9.2±0.3 11.3±0.6 11.8±0.4 

1.5 6.6±0.3 6.8±0.4 8.9±0.4 10.8±0.4 11.1±0.5 

2.0 5.5±0.4 6.1±0.2 9.3±0.4 10.4±0.5 10.8±0.7 

2.5 4.8±0.2 5.9±0.3 8.7±0.3 9.9±0.4 10.1±0.4 

3.0 4.1±0.3 5.7±0.3 7.9±0.4 9.5±0.3 9.8±0.6 

3.5 3.8±0.3 5.1±0.6 6.9±0.3 9.1±0.3 9.5±0.4 

4.0 3.4±0.1 4.7±0.5 6.7±0.4 8.6±0.2 9.1±0.5 

4.5 3.0±0.2 4.3±0.3 5.6±0.5 7.3±0.4 8.8±0.5 

5.0 2.9±0.2 4.1±0.4 5.4±0.5 7.1±0.3 8.2±0.2 

5.5 2.5±0.3 3.9±0.4 5.2±0.3 6.0±0.3 7.6±0.3 

6.0 2.4±0.2 3.6±0.2 5.0±0.2 5.8±0.2 7.1±0.4 

6.5 2.1±0.2 3.1±0.3 4.4±0.3 5.2±0.4 6.5±0.3 

7.0 1.9±0.1 2.9±0.2 3.8±0.5 4.9±0.3 6.0±0.4 

7.5 1.5±0.2 2.5±0.3 3.6±0.4 4.2±0.2 5.2±0.4 

8.0 1.2±0.3 2.3±0.4 3.5±0.3 3.7±0.5 4.5±0.5 

CD (5%) 0.20 0.21 0.23 0.25 0.26 
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Table 4.3: Shoot elongation of TS-463 after 15, 18, 21, 24 and 27 days 
of treatment with different concentrations of copper solution 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

 

 

 

 

Concentration of CuSO4 
(mM) 

Shoot length (in cm)  

15d 18d 21d 24d 27d 

Control 5.5±0.5 6.5±0.5 7.5±0.4 9.8±0.6 11.9±0.7 

0.5 5.1±0.4 6.3±0.3 7.1±0.5 9.5±0.5 10.6±0.6 

1.0 4.4±0.3 6.0±0.5 6.8±0.4 8.8±0.4 9.0±0.6 

1.5 4.3±0.5 5.6±0.4 6.6±0.4 8.5±0.5 8.8±0.5 

2.0 4.2±0.3 5.3±0.5 6.5±0.3 7.0±0.5 7.6±0.5 

2.5 4.1±0.4 5.2±0.3 6.3±0.3 6.9±0.3 7.2±0.4 

3.0 3.7±0.4 5.1±0.2 6.1±0.3 7.7±0.4 6.8±0.5 

3.5 3.3±0.3 4.2±0.3 5.9±0.2 7.3±0.4 6.0±0.5 

4.0 3.1±0.3 3.9±0.4 5.7±0.3 7.1±0.4 5.2±0.3 

4.5 2.9±0.2 3.7±0.3 4.9±0.2 6.4±0.3 4.9±0.4 

5.0 2.4±0.2 3.2±0.2 4.3±0.1 6.0±0.3 4.5±0.2 

5.5 2.1±0.2 2.9±0.3 4.2±0.1 5.8±0.3 4.0±0.4 

6.0 1.8±0.2 2.8±0.3 4.0±0.2 4.8±0.2 3.5±0.2 

6.5 1.3±0.3 1.5±0.2 1.9±0.1 2.3±0.2 2.5±0.3 

7.0 1.1±0.1 1.2±0.2 1.8±0.2 2.1±0.1 2.3±0.2 

7.5 0.9±0.2 1.1±0.3 1.3±0.1 1.9±0.1 2.0±0.3 

8.0 0.7±0.2 0.9±0.2 1.1±0.1 1.3±0.2 1.4±0.3 

CD (5%) 0.34 0.39 0.40  0.48 0.46 
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Table 4.4: Shoot elongation of TS-520 after 15, 18, 21, 24 and 27 days 
of treatment with different concentrations of copper solution   

Concentration of 
CuSO4 (mM) 

Shoot length (in cm) 

15d 18d 21d 24d 27d 

Control 9.2±0.5 10.4±0.4 11.2±0.5 13.3±0.7 14.2±0.9 

0.5 8.9±0.3 9.4±0.3 10.6±0.3 12.3±0.5 13.5±0.7 

1.0 8.1±0.4 8.9±0.2 9.8±0.5 11.3±0.6 11.7±0.5 

1.5 7.6±0.4 8.2±0.3 8.8±0.2 9.7±0.5 11.2±0.4 

2.0 6.9±0.3 7.2±0.2 8.7±0.3 9.2±0.4 10.1±0.5 

2.5 6.2±0.2 6.6±0.5 7.8±0.2 8.8±0.4 9.5±0.4 

3.0 5.8±0.3 6.3±0.4 7.3±0.4 8.3±0.5 8.9±0.3 

3.5 5.0±0.3 6.2±0.4 7.1±0.3 8.0±0.6 8.5±0.5 

4.0 4.6±0.3 5.8±0.4 6.7±0.4 7.2±0.4 8.1±0.2 

4.5 4.1±0.2 5.5±0.2 6.4±0.5 6.9±0.6 7.7±0.3 

5.0 3.6±0.2 4.9±0.3 5.2±0.2 6.3±0.6 6.5±0.4 

5.5 3.0±0.3 4.2±0.5 5.2±0.2 5.4±0.3 6.2±0.4 

6.0 2.7±0.1 3.6±0.4 4.8±0.4 5.3±0.2 5.3±0.4 

6.5 2.1±0.2 3.6±0.2 4.2±0.2 4.7±0.1 5.1±0.4 

7.0 1.8±0.3 3.1±0.3 3.8±0.2 4.2±0.3 4.2±0.3 

7.5 1.5±0.2 2.7±0.3 3.2±0.3 4.2±0.2 3.5±0.3 

8.0 1.3±0.3 1.4±0.3 1.6±0.2 1.8±0.2 2.9±0.4 

CD (5%) 0.29 0.22 0.28 0.33 0.50 

*Data are mean of three replications; Data after ± indicate standard error values. 
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4.2.3. Effect of different concentration of copper on root elongation 

The effect of the different concentrations of Cu2+ on root elongation of three 

cultivars of germinated tea seeds are represented in Tables 4.5, 4.6 and 4.7. 

In general there was a reduction in root elongation as metal concentrations 

increased in comparison to the control (Figs. 4.3.1 and 4.3.2). The control 

seedlings showed 8.0 cm of growth after 27 days, however, the length of the 

roots in those treated with 8 mM Cu was found to be only 1.2 cm in TS-520 

variety. Similar results were obtained with the other cultivars. Minimum 

growth was recorded in TS-463 which showed very little root growth (0.6 cm) 

after 27 days of Cu treatment. Minimum effect of copper was evident in TS-

462 seedlings which recorded maximum growth (2.3 cm) in 8 mM exposed 

plants among the three cultivars. Maximum reduction in length of root was 

observed in TS-463 variety (91.5%) followed by TS-520 (85%) and TS-462 

(69.3%) (Fig. 4.5). Morphological observations showed that higher 

concentrations of Cu2+ (>6.5mM) caused several damaging effects such as 

reduced root hair proliferation, reduction in the number of root hairs, 

blacking of the root tips, stunted growth, deformed root and shoot structure 

and substantial reduction in the length of the root and shoots in all tested 

cultivars (Fig. 4.6). 

4.2.4. Effect of different concentration of copper on dry weight of 
shoots and roots 

Effect of different concentration of Cu2+ on dry weights of shoots and roots of 

three cultivars of tea seedlings were also tested and the results are 

summarized in Figures 4.7 and 4.8. Dry weight of shoots and roots 

decreased with increasing concentration of Cu2+. Overall results indicated 

that TS-462 was most resistant against Cu2+ treatment and TS-463 was 

most susceptible. Dry shoot mass in 8 mM exposed seeds were found to be 

very low (0.041 mg) when compared to control (0.302 mg) in TS-462 cultivar. 

In TS-463 and TS-520 cultivars, the shoot mass reduced from 0.278 mg and 

0.291 mg (control) to 0.011 mg and 0.029 mg  respectively in tea seedlings 

treated with 8 mM concentration of Cu2+ (Fig. 4.7). Dry weight in roots also 

showed substantial reduction when exposed to high Cu2+ concentration. Dry 

weight of roots reduced to 0.019 mg, 0.011 mg and 0.041 mg  in tea 

seedlings treated with 8 mM concentration of Cu2+ in comparison to control 







 

 

Fig. 4.4: Percent reduction in shoot length of tea seedlings of three cultivars 

of tea (TS-462, TS-463 and TS-520) allowed to germinate and grow under 

different concentrations of CuSO4 solution for 27 days. Data are mean of 

three replicates ± SE.  

 

 

 

Fig. 4.5: Percent reduction in root length of tea seedlings of three cultivars 

of tea (TS-462, TS-463 and TS-520) allowed to germinate and grow under 

different concentrations of CuSO4 solution for 27 days. Data are mean of 

three replicates ± SE.  



Control TS-463

TS-520 TS-462
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which recorded 0.152 mg, 0.144 mg and 0.162 mg root dry weight of TS-

520,TS-463 and TS-462 respectively (Fig. 4.8). 

Table 4.5: Root elongation of TS-462 after 15, 18, 21, 24 and 27 days of 
treatment with different concentrations of copper solution 

*Data are mean of three replications; Data after ± indicate standard error values. 
 
 
 
 
 

Concentration of CuSO4 
(mM) 

Root length (in cm)  

15 d 18 d 21d 24d 27d 

Control 3.8±0.4 4.9±0.2 5.8±0.3 7.0±0.3 7.5±0.4 

0.5 3.7±0.3 4.5±0.1 5.1±0.1 6.2±0.4 7.0±0.3 

1.0 3.5±0.3 4.0±0.1 4.8±0.2 5.9±0.2 6.6±0.3 

1.5 3.3±0.2 3.5±0.1 4.5±0.1 5.4±0.3 5.9±0.4 

2.0 2.9±0.1 3.3±0.2 4.0±0.2 4.7±0.3 5.7±0.3 

2.5 2.8±0.3 3.1±0.1 3.3±0.2 4.0±0.5 5.3±0.2 

3.0 2.6±0.2 2.9±0.3 3.1±0.1 3.6±0.3 5.0±0.3 

3.5 2.5±0.3 2.7±0.3 3.0±0.2 3.5±0.2 4.7±0.2 

4.0 2.4±0.1 2.5±0.1 2.9±0.4 3.3±0.2 4.4±0.1 

4.5 2.2±0.2 2.4±0.2 2.7±0.3 3.2±0.1 4.3±0.2 

5.0 1.8±0.2 2.1±0.2 2.6±0.1 3.0±0.3 3.9±0.2 

5.5 1.5±0.1 2.0±0.1 2.4±0.2 2.9±0.2 3.7±0.3 

6.0 1.3±0.2 1.8±0.1 2.2±0.2 2.8±0.1 3.6±0.1 

6.5 1.0±0.3 1.3±0.2 2.0±0.1 2.6±0.1 3.2±0.2 

7.0 0.9±0.2 1.2±0.3 1.8±0.1 2.3±0.2 2.8±0.3 

7.5 0.7±0.1 1.0±0.1 1.6±0.1 2.0±0.1 2.5±0.2 

8.0 0.6±0.2 0.9±0.1 1.3±0.2 1.9±0.3 2.3±0.4 

CD (5%) 0.11 0.14 0.16 0.17 0.19 



 

 

Fig. 4.7: Dry weight of shoots of tea seedlings of three cultivars of tea (TS-

462, TS-463 and TS-520) germinated at different concentrations of CuSO4 

solution after 27 days of treatment. Data are mean of three replicates ± SE. 

C = Control. 

 

 

Fig. 4.8: Dry weight of roots of tea seedlings of three cultivars of tea (TS-

462, TS-463 and TS-520) germinated at different concentrations of CuSO4 

solution after 27 days of treatment. Data are mean of three replicates ± SE. 

C = Control. 
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Table 4.6: Root elongation of TS-463 after 15, 18, 21, 24 and 27 days of 
treatment with different concentrations of copper solution 

*Data are mean of three replications; Data after ± indicate standard error values. 

 
 
 
 

 

 

Concentration of CuSO4 
(mM) 

Root length (in cm)  

15 d 18 d 21d 24d 27d 

Control 3.1±0.4 4.5±0.3 5.5±0.4 6.6±0.5 7.1±0.5 

0.5 2.9±0.5 3.5±0.3 4.8±0.3 5.7±0.3 6.3±0.4 

1.0 2.7±0.4 3.1±0.2 3.6±0.3 4.2±0.4 4.9±0.3 

1.5 2.5±0.3 2.9±0.5 3.4±0.4 4.0±0.4 4.5±0.3 

2.0 2.3±0.2 2.8±0.4 3.2±0.5 3.7±0.2 4.4±0.4 

2.5 2.1±0.4 2.1±0.1 2.9±0.2 3.3±0.3 4.1±0.3 

3.0 1.9±0.2 2.1±0.5 2.8±0.3 3.1±0.5 3.8±0.2 

3.5 1.7±0.2 1.9±0.1 2.7±0.1 3.0±0.2 3.4±0.3 

4.0 1.5±0.3 1.8±0.2 2.1±0.2 2.5±0.2 3.2±0.2 

4.5 1.3±0.4 1.7±0.1 2.0±0.5 2.4±0.3 2.9±0.3 

5.0 1.1±0.2 1.6±0.2 1.8±0.3 2.3±0.3 2.8±0.3 

5.5 1.0±0.4 1.4±0.3 1.7±0.3 2.1±0.2 2.5±0.2 

6.0 0.9±0.2 1.1±0.1 1.6±0.2 2.0±0.1 2.2±0.3 

6.5 0.8±0.3 1.0±0.2 1.3±0.2 1.9±0.2 2.1±0.2 

7.0 0.6±0.2 0.9±0.4 1.1±0.3 1.3±0.1 1.6±0.2 

7.5 0.4±0.1 0.8±0.3 0.8±0.2 0.9±0.2 1.0±0.1 

8.0 0.3±0.1 0.4±0.1 0.5±0.1 0.6±0.2 0.6±0.2 

CD (5%) 0.12 0.15 0.16 0.18 0.19 
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Table 4.7: Root elongation of TS-520 after 15, 18, 21, 24 and 27 days of 
treatment with different concentrations of copper solution 

*Data are mean of three replications; Data after ± indicate standard error values. 

 
4.3 DISCUSSION 

Seed germination is a process of crucial importance and is therefore tightly 

regulated. It is also a stage in the plant life cycle that is well protected 

against various stresses (Li et al., 2005). Immediately after imbibition and at 

the onset of vegetative developmental processes, they become stress-

sensitive in general. So, seeds are equipped with sensing mechanism that 

allow it to obtain the information required to assure that germination will 

only occur when environmental factors are favourable to complete 

developmental process. Therefore, seeds are thought to carefully monitor 

such external parameters as light, temperature and nutrient in order to 

maintain the protective state until external conditions become favourable for 

following developmental processes (Karssen, 1982; Pritchard et al., 1993; 

Bungard et al., 1997). Although such critical regulatory mechanisms are 

Concentration of CuSO4 
(mM) 

Root length (in cm)   
15 d 18 d 21d 24d 27d 

Control 4.5±0.3 6.8±0.3 7.2±0.5 7.7±0.6 8.0±0.6 
0.5 4.3±0.2 5.2±0.3 6.6±0.3 6.7±0.4 7.3±0.6 
1.0 4.1±0.2 5.1±0.4 5.8±0.3 5.7±0.4 6.2±0.4 
1.5 3.9±0.3 4.5±0.2 5.2±0.2 5.5±0.6 5.7±0.5 
2.0 3.7±0.4 4.2±0.4 4.9±0.4 5.0±0.5 5.3±0.4 
2.5 3.5±0.3 3.9±0.3 4.5±0.5 4.7±0.3 5.1±0.3 
3.0 3.2±0.2 3.5±0.3 4.1±0.5 4.3±0.3 4.6±0.2 
3.5 2.9±0.3 3.1±0.2 3.6±0.3 3.8±0.4 4.1±0.3 
4.0 2.7±0.2 3.1±0.4 3.5±0.4 3.6±0.3 3.8±0.4 
4.5 2.6±0.4 2.9±0.4 3.2±0.3 3.3±0.2 3.5±0.2 
5.0 2.3±0.1 2.8±0.4 3.0±0.5 3.1±0.3 3.3±0.3 
5.5 2.2±0.3 2.4±0.3 2.6±0.2 2.7±0.2 2.9±0.2 
6.0 2.0±0.2 2.3±0.4 2.4±0.3 2.6±0.2 2.8±0.4 
6.5 1.7±0.3 1.9±0.3 2.2±0.2 2.3±0.3 2.5±0.2 
7.0 1.4±0.3 1.6±0.2 2.0±0.4 2.1±0.3 2.4±0.2 
7.5 0.9±0.2 1.1±0.3 1.4±0.3 1.6±0.2 1.7±0.3 
8.0 0.6±0.2 0.7±0.2 0.9±0.3 1.0±0.2 1.2±0.3 

CD (5%) 0.11 0.13 0.14 0.15 0.18 
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operated in seeds, little information is known about how stress tolerance is 

modulated at different phases of germination. 

In the current study, seed germination percentage reduced considerably in 

all the tested cultivars under copper stress. In a study on Miscanthus species 

of Taiwan, Hsu and Chou (1992) found that seed germination percentage 

decreased from 98% (control) to 28% in M. transmorrisonensis seeds and 

from 94.6% (control) to 13.6% in M. floridulus seeds that were exposed to 

1000 ppm Cu2+. Peralta et al. (2000) investigated the individual effects of 

several doses of heavy metals on seed germination and growth of alfalfa 

plants using solid media. They used 0, 5, 10, 20 and 40 ppm doses for 

experiment and according to them, the data obtained in general showed a 

reduction in seed germination as metal concentration in the growing media 

increased. In another study on wheat and cucumber, it was observed that 

the inhibitory effect of Cu on germination of wheat seeds was apparent even 

at 0.5 mM concentration, causing a more than 20% decrease in germination 

rate (Munzuroglu and Geckil, 2002). Singh et al. (2007) studied the seed 

germination and seedling growth in wheat under the influence of different 

concentrations of copper (5, 25, 50 and 100 mg l-1). They observed that the 

germination percentage decreased with increase in copper concentration 

after 14th and 21st day of treatment. In another similar study, Hu et al. 

(2007) found that with the enhancement of copper stress, the germination 

percentage of wheat seeds decreased gradually, however, nitric oxide could 

greatly reverse this inhibitory effect. In a study on rice seed germination, 

Ahsan et al. (2007) found that the process of rice seed germination was 

inhibited by excess copper. Ye et al. (2014) also studied the mechanism of 

copper-induced inhibition of seed germination in rice seeds and found that 

Cu concentration at 30 μM effectively inhibited germination of rice caryopsis. 

In a study on seeds of bean (Phaseolus vulgaris), Sfaxi-Bousbih et al. (2010) 

observed that, copper stress provoked a reduction in germination rate. Gill et 

al. (2012) studied the physiological response of Arabidopsis seeds 

constitutively over-expressing SOD of Potentilla atrosanguinea which is 

known to ameliorate oxidative stress during germination in response to 

varied concentrations of copper sulphate (Cu stress). Transgenics showed 

higher germination percentage and required less "mean time to germination" 

under Cu-stress. In response to Cu stress, 39 differentially expressed protein 
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spots were detected by 2-D electrophoresis in proteins of germinating wild 

type (WT) and transgenic seeds, of which 14 spots appeared exclusively in 

transgenics. The authors concluded that changes in key proteins, vis-a-vis 

alleviation of oxidative stress in transgenic Arabidopsis over-expressing SOD 

possibly alleviated toxicity of Cu-induced stress during seed germination, 

resulting in higher germination rate and germination percentage.  

However, there are also reports that excess copper did not affect the seed 

germination percentage or rate of seed germination although other damaging 

effects such as growth inhibition were seen. For instance, the results 

obtained by Li et al. (2005) showed that seedling growth is more sensitive to 

heavy metals including Cu2+ in comparison to seed germination. Mahmood et 

al. (2005) observed that germination of corn (Zea mays) was not affected by 

copper concentrations at 3 to 12 ppm. Similarly, Verma et al. (2011) found 

that copper sulphate solution has insignificant effect on the percent 

germination of mungbean (Vigna radiata). 

In the current study, seedling growth showed the damaging effects of copper 

stress as both shoot and root elongation decreased with increasing copper 

concentration. Moreover a significant variation was seen among cultivars, 

TS-462 being the most resistant. In a study on Miscanthus species, Hsu and 

Chou (1992) found that the percent inhibition of overall seedling growth was 

between 66.1% and 85.4% in germinated seedlings exposed to Cu2+ ions at 

10 ppm. Peralta et al. (2000) observed a concentration dependent inhibition 

of root growth in alfalfa plants at the dose of 20 and 40 ppm of Cu2+. The 

authors found that excess Cu (II) exerts detrimental effects causing a shoot 

and root elongation reduction of 70.0% and 54% respectively. Munzuroglu 

and Geckil (2002) observed that the higher concentrations of Cu caused a 

complete inhibition of roots at greater than 1.5 mM concentration and 

coleoptiles at greater than 2.0 mM concentration in wheat. Similarly, Singh 

et al. (2007) observed that plumule elongation and radicle elongation was 

considerably reduced in wheat exposed to excess (100 mg/L) copper.A study 

on Zea mays showed that shoot length reduced from 6.28 cm in control to 

4.25 cm and root length reduced from 3.49 cm in control to 1.25 cm in 

seedlings exposed to 12 ppm Cu2+ (Mahmood et al. 2005). Ali et al. (2006) 

observed that root treated with 50 µM copper resulted in 52% and 89% 

growth inhibition after 20 & 40 days of treatment respectively in Panax 
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ginseng. Ahsan et al. (2007) found that shoot elongation in germinated rice 

seeds was inhibited by excess copper. Di Salvatore et al. (2008) evaluated the 

toxicity of heavy metals including Cu on lettuce, broccoli, tomato and radish 

seed and observed that copper ions inhibited radical development in the 

crops during their seed germination. Zhao et al. (2010) studied root 

elongation in turfgrass (Festuca arundinacea  and Lolium perenne). The seeds 

of the plants were germinated and treated with different concentrations of 

Cu supplied as CuCl2 solution {0(control), 30, 60, 90, and 120 mg/L}. Cu 

treatments significantly inhibited root elongation. The decrease was more 

pronounced in F. arundinacea. After two weeks, roots of F. arundinacea and 

L. perenne treated with 30 mg/L Cu2+ decreased by 58.5% and 40.2% 

respectively versus the controls. Manivasagaperumal et al. (2011) reported 

that 100-200 mg/kg concentration of copper reduces the growth of the 

shoots and roots of Vigna radiata. In another study on the same plant, 

Verma et al. (2011) observed the germination, plant growth, protein content 

and antioxidant enzyme activity of mungbean (Vigna radiata) under the 

influence of different concentrations of copper. The authors observed that 

plumule and radicle length decreased with increase in copper concentration 

(50, 200, 500 and 1000 μM copper sulphate solution).  

In the current study, morphological changes such as reduced root hair 

proliferation, reduction in the number of root hairs, blacking of the root tips, 

stunted growth, deformed root and shoot structure was evident on exposure 

to excess copper. The shoot and root dry weight also declined making it 

evident that high concentration of copper caused deleterious effects on tea 

seed germination and early seedling growth. Among the tested cultivars TS-

462 was found to perform better than the other two under copper stress. 

Zheng et al. (2004) worked on the response of three ornamental crops, 

chrysanthemum, miniature rose and zonal geranium to different solution 

levels of Cu2+ (ranging from 0.4-40 µM). They observed that excessive copper 

reduced the shoot and root dry weight of all three species. In another study, 

Sheldon and Menzies (2004) observed that excess copper in Rhodes grass 

(Chloris gayana) seeds caused disruption of the cuticle on the main root, 

reduction in the number and length of root hairs on the main root and 

damage to the root meristem. Lateral roots showed excessive branching and 

deformation. Singh et al. (2007) found that the number of lateral roots in 
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germinated wheat seedlings decreased in 50 and 100 mg/L of copper 

treatment. According to Azooz et al. (2012), copper concentration above 10 

mM reduced the dry weight of wheat. Ahsan et al. (2007) found that 

increasing copper concentrations from 0.2 mM to 1.5 mM caused a decrease 

in plant biomass in germinated rice seeds. In another study in turfgrass 

(Festuca arundinacea L. and Lolium perenne L.) where the seeds were treated 

with different concentrations of Cu (0, 30, 60, 90, and 120 mg/L), visible 

symptoms of copper toxicity were found at higher Cu2+concentration. After 

7d of Cu treatment, growth was severely retarded, and short browning roots 

were observed. The dry root biomass of the two turfgrasses also decreased by 

37.1% and 62% under copper stress, especially at the higher (120 mg/L) Cu 

concentration (Zhao et al., 2010). Manivasagaperumal et al. (2011) reported 

the decline of dry weight of Vigna radiata with increasing copper 

concentration of 100-200 mg/kg.  

From these observations it can be concluded that excess copper had some 

effect on germination, growth and dry matter yield of three commonly grown 

tea biclonal seed stocks. Varietal differences in response towards Cu2+ were 

observed in the shoot elongation study. However, in the roots, the differences 

were less prominent possibly due to the fact that Cu2+ accumulation occurs 

much more in the roots than in the shoots leading to a greater damage in 

the roots which minimizes the differential effect within cultivars. Differences 

among cultivars in response to Cu2+ stress have been found in other plants 

such as Triticum durum (Ciscato et al., 1997), Holcus lanatus (Hartley-

Whitaker et al., 2001) and Kummerowia stipulacea (Xiong et al., 2008). 

Inhibitory action of excess copper in root and shoot elongation and in their 

damage observed during the present study may be due to reduction in cell 

division, toxic effect on respiration and protein synthesis 

(Manivasagaperumal et al., 2011; Kupper et al., 1996; Sonmez et al., 2006). 

Our results indicate that a detail study on the effect of excess copper on tea 

plants is warranted. 
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CHAPTER-5 

PHYSIOBIOCHEMICAL RESPONSES IN TEA PLANTS TO EXCESS 
COPPER 

 
The physiobiochemical responses of higher plants to toxic doses of copper 

are very complex with multiple protection strategies being involved in the 

process. These strategies include complexation of metal ions, reduced influx 

of metals and enhanced production of antioxidants that detoxify reactive 

oxygen species (ROS). Copper being a redox active metal, forms an essential 

component of many electron carriers. However, within cells, it is found only 

in protein bound form, since as a free ion, it may generate oxidative stress 

and cause serious damage to organic molecules. Thus the reactivity of 

copper that makes it so useful in redox reactions also makes it toxic. 

The principle mechanism behind copper toxicity involves Fenton and Haber 

Weiss reactions which generates hydroxyl radical, the most damaging ROS 

in cells, from superoxide and hydrogen peroxide. This radical causes 

maximum harm by initiating lipid peroxidation and also damage DNA, 

proteins and many essential smaller molecules (Arora et al., 2002). Just like 

copper, ROS are also well recognized for playing a dual role as both 

deleterious and beneficial species depending on their concentration in 

plants. At high concentration ROS cause damage to biomolecules, whereas 

at low/moderate concentration it acts as second messenger in intracellular 

signalling cascades that mediate several responses in plant cells (Sharma et 

al., 2012). Though biochemical responses to copper is increasingly well 

understood, but the complete mechanism of tolerance in plants to excess 

copper still remains unknown (Ducic and Polle, 2005). 

Copper in excess amounts cause various effects in the sensitive plants which 

depend strongly on the plant growth stage and on the duration of exposure 

(Maksymiec, 1997). Excess copper, when applied at initial stages of the plant 

life, strongly affects growth and metabolism such as inhibition of leaf 

expansion and reduced root biomass. Longer exposure to copper causes 

reduction in chlorophyll content in the leaves which is associated with 

simultaneous destruction of inner structure of chloroplast (Eleftheriou and 
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Karataglis, 1989). Further, due to generation of ROS; lipid peroxidation, 

decrease of lipid content and changes in fatty acid composition of thylakoid 

membrane was observed (Yruela, 2005).  

Scavenging or detoxification of excess ROS, produced due to copper excess, 

is achieved by an efficient antioxidative system comprising of the 

nonenzymic as well as enzymic antioxidants. All these responses have been 

found to depend on both time and concentration of copper. Nonenzymic 

components of the antioxidative defence system as mentioned earlier include 

the major cellular redox buffers ascorbate and glutathione as well as 

tocopherol, carotenoids, and phenolic compounds. They interact with 

numerous cellular components and in addition to crucial roles in defence 

and as enzyme cofactors, these antioxidants influence plant growth and 

development by modulating processes from mitosis and cell elongation to 

senescence and cell death (Sharma et al., 2012). The enzymatic components 

of the antioxidative defence system comprise of several antioxidant enzymes 

such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), 

enzymes of ascorbate-glutathione cycle, ascorbate peroxidase (APX), 

monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase 

(DHAR), and glutathione reductase (GR) (Arora et al., 2002; Sharma et al., 

2012). These enzymes operate in different subcellular compartments and 

respond in concert when cells are exposed to oxidative stress. 

In the current work, studies on the level of physiobiochemical changes that 

occur in tea plants in response to excess copper have been undertaken in a 

hydroponic set up. The extent of copper accumulation in leaves and roots 

and changes in protein, carbohydrate, chlorophyll, carotenoids, phenol, 

proline, non-protein thiols and lipid peroxidation levels have been measured 

in a time and concentration depended manner. Also the changes in the 

activities of four important antioxidant enzymes, SOD, POD, APX and CAT 

have been estimated.     

5.1. MATERIALS AND METHODS 

5.1.1. Raising of seedlings 

Freshly harvested tea seeds of two biclonal seed stocks, TS-462 and TS-520, 

were obtained from Gayaganga Tea Estate (Darjeeling, West Bengal) as 
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described earlier (section 4.1.1). The seeds were sterilized with 0.01% HgCl2, 

washed thoroughly and then submerged in excess distilled water. The 

floating seeds were removed with a strainer. The sunken seeds were sowed 

in moist clean sand taken in aluminium trays (22 cm in diameter x 25 cm in 

height) at roughly three inch distance from each other. Each seed was 

covered with a thick plug of moist cotton in order to retain the moisture. The 

cotton plugs were regularly wetted with sterile tap water. The seeds cracked 

after 5-6 days. The cotton plugs were then removed and regular water 

spraying was done to keep the seeds moist. The shoot was clearly visible 

after another 20 days. These germinated seedlings were transplanted to 

plastic cups (7 cm diameter x 12 cm height) containing wetted sand soil 

mixture. Each cup contained one seed. Seedlings were raised in the net 

house under natural conditions of day light and temperature. After 

approximately two months, the mature seedlings were used for experimental 

purposes in hydroponic cultures.     

5.1.2. Stress induction in hydroponic cultures  

Three month old tea seedlings of two cultivars (TS-462 and TS-520), which 

were raised under natural conditions of light and temperature in the net 

house, were transferred to hydroponic culture set up in Hoagland’s and 

Knop’s nutrient solution and allowed to be stable for 7 days. Next, the 

seedlings were placed in nine square- shaped glass containers each of 3 L 

capacity for treatment. The experimental jars contained eight different 

concentrations of copper sulphate taken in duplicate i.e. 50 µM, 100 µM, 

200 µM, 300 µM, 400 µM, 500 µM, 600 µM and 700 µM which were added to 

the nutrient solution. Control sets comprised of only nutrient solution 

without excess copper sulphate. Leaves and/or roots from each set of plants 

were collected for measuring various biochemical parameters after the 4th, 

7th and 10th day of treatment. The experiments were repeated thrice. 

5.1.3. Determination of copper content in plant tissue 

The leaves and roots of both tested cultivars were harvested on the 10th day. 

Root cuttings (0.5 inches) and freshly detatched leaves were washed 

thoroughly in ice cold sterile distilled water thrice and blotted dry using 

blotting paper. The samples were freeze-dried using a lyophilizer (Eyla –

freeze dryer FDU-506). Dried plant samples were weighed and subsequently 
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1 g dry powder was digested with 3:1 HNO3:HCl for 24 h. The copper content 

was determined by atomic absorption spectroscopy (Thermo Scientific CE 

3000). The copper concentrations in root and shoot samples were expressed 

as µg g-1 dry weight (DW). The data from three replications was averaged.  

5.1.4. Measurement of lipid peroxidation 

The level of products of lipid peroxidation in root tissue was determined as 

the thiobarbituric acid (TBA) reactive substance (TBARS) following the 

method of Heath and Packer (1968). Frozen root tissue (200 mg) was 

homogenized in 4.0 ml of TBA reagent and the resultant homogenate was 

heated for 30 min at 950C in a water bath, cooled for 10 min in ice and 

centrifuged at 10000g for 15 min. The amount of TBARS in the supernatant 

was measured by its specific absorbance at 532 nm and by subtracting the 

non-specific absorbance at 600 nm. The level of lipid peroxidation was 

expressed as µmol g−1 freshweight by using an extinction coefficient of 155 

mM cm−1. Each root extract was assayed twice and the results of three 

independent experiments were averaged. 

5.1.5. Extraction and Estimation of superoxide anion radical (O2¯) 
release  

Superoxide anion radical (O2¯) production rate in leaves were determined by 

the method of Doke (1983). One gram leaves were chopped and placed in a 

test tube and to this, a solution containing 50 mM potassium phosphate 

buffer (pH 7.8), 0.05% nitroblue tetrazolium (NBT) and 10 mM sodium azide 

(NaN3) was added. The tubes were incubated for 5 min in dark, and 

subsequently, 2ml of the solution was removed from the tubes and heated 

for 10 min at 900C in a water bath. Then the samples were cooled and the 

final volume was assayed spectrophotometrically at 580 nm (Systronics, 

visiscan, model no.167, India). Superoxide anion released was expressed as 

A580 g-1 FW. 

5.1.6. Extraction and estimation of chlorophyll a, chlorophyll b and 
carotenoids 

Pigments such as chl a, chl b and carotenoids were estimated by the method 

of Dere et al. (1998) with minor modifications. Fresh tea leaves (1 g) were 

taken and washed with double distilled water and homogenized with 100% 
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acetone (5 ml). The homogenate was then filtered and the filtrate was 

centrifuged at 2500 rpm for 10 min. The supernatant was separated and the 

residual amount was grounded again with 2 ml of 100% acetone and 

centrifuged. The supernatants were pooled and the final volume was 

adjusted to 10 ml with 100% acetone. Absorbance was read at 470, 645 and 

662 nm in a UV-VIS spectrophotometer (Systronics, Visiscan Model no.167, 

India). The amount of chl a, chl b and carotenoids were estimated by the 

formula given below (Lichtentaler and Wellburn, 1985) and expressed as µg 

in per g FW of sample. 

Chl a (µg/ml) = (11.75 x A662) - (2.35 x A645) 

Chl b (µg/ml) = (18.61 x A645) - (3.96 x A662)      

Total carotenoids (µg/ml) = (1000 x A470) - (2.270 x chl a) - (81.4 x chl b)/227 

For converting µg/ml into µg per g of FW = µg/ml x final vol 

made/weight of tissue taken in grams 

5.1.7. Extraction and estimation of protein 

Soluble proteins were extracted from both leaves and roots. Fresh leaves or 

root samples (2 g) were ground in 5ml of 0.05 M phosphate buffer (pH 7.2), 

containing 1% polyvinyl pyrrolidone phosphate (PVPP) and sea sand. The 

extracts were centrifuged at 12000 g at 40C for 10 min and the supernatant 

were used as crude protein extract. Protein content was estimated following 

Lowry’s method (Lowry et al., 1951) using bovine serum albumin as 

standard. Briefly, reaction mixture was prepared by mixing 0.1 ml of protein 

sample, 0.9 ml water and 5 ml of alkaline mixture and incubated for 10 min. 

Subsequently 0.5 ml Folin-Ciocalteau’s phenol (diluted 1:1 with distilled 

water) was added, incubated for 15 min and the absorbance was read in a 

UV-VIS Spectrophotometer (Systronics, Model no.118, India) at 710 nm and 

expressed as mg protein in g-1 FW of sample. 

 

5.1.8. Extraction and estimation of total carbohydrate 

5.1.8.1. Extraction 

Fresh tea leaves (1 g) were taken and washed with double distilled water and 

homogenized with 6ml of 90% ethyl alcohol. Then the leaf extracts were 

filtered or strained through muslin cloth and the filtrates were boiled in 
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water bath for 10 minutes to remove the excess alcohol. Finally 4ml of 

distilled water was added to each sample. 

5.1.8.2. Estimation 

Carbohydrate was estimated by following standard procedures (Hansen and 

Moller, 1975). One ml of each sample was taken into test tubes and 0.1 ml of 

barium hydroxide [Ba(OH)2] and 0.1 ml of zinc sulphate (ZnSO4) were added. 

Then tubes were incubated for 10 minutes in water bath. After incubation, 

these were centrifuged and the supernatants (0.2 ml) were taken, in fresh 

test tubes to which 1.8 ml of distilled water and 6 ml of anthrone reagent 

was added. Then the tubes were again incubated for 10 minutes in water 

bath. Finally after cooling the tubes, the colour intensity were measured in a 

photoelectric colorimeter (Systronics 101) using red filter (630 nm). These 

OD readings were then plotted on a standard curve of D-Glucose and the 

concentration of each carbohydrate sample was calculated and expressed as 

mg g-1 FW. 

5.1.9. Extraction and estimation of proline 

Proline concentration in leaves of tea was determined spectrophoto-

metrically by the method of Bates et al. (1978). Freshly sampled tea leaves 

(500 mg) were instantly crushed in 10 ml of 3% sulphosalicylic acid and the 

homogenate was then filtered through four-layered muslin cloth and the 

filtrate was centrifuged at 15,000 g for 30 min at 40C. After centrifugation, 

supernatant was collected and used for proline estimation. The reaction 

mixture contained 2.0 ml of supernatant, 2 ml of glacial acetic acid and 2 ml 

of ninhydrin. It was then heated upto 1 h in boiling water bath and change 

in colour was seen. The reaction was stopped by incubating in ice for few 

minutes. Following incubation, 4.0 ml of acetone was added to the cooled 

sample and shaken for 30 sec, then absorbance was measured at 520 nm in 

spectrophotometer (Systronics, visiscan, model no.167, India). Proline 

content was estimated from a standard curve of known proline and 

expressed as µmole in per g FW of sample. 
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5.1.10. Extraction and estimation of phenol and orthodihydroxyphenol 
content 

5.1.10.1 Extraction  

Total phenol and orthodihydroxyphenol were extracted from tea leaves by 

the method of Mahadevan and Sridhar (1982). Fresh leaves (1 g), collected 

from the experimental glass jars, were immersed into 20 ml of absolute 

ethanol and boiled for 10 min. After boiling, the leaves were cooled, crushed 

with cold 80% ethanol and centrifuged at 10000 rpm for 20 min at 40C. The 

supernatant was collected and the final volume was adjusted to 5ml with 

80% ethanol. 

5.1.10.2. Estimation of total phenol  

The total phenol was estimated by Folin-Ciocalteau’s method as described by 

Bray and Thorpe (1954). One milliliter sample (0.1 ml leaf extract + 0.9 ml 

distilled water) was added to 1 ml Folin-Ciocalteau’s phenol reagent (diluted 

1:1 with distilled water) and 2 ml of 20% of Na2CO3 solution taken in a test 

tube. The tube was placed in a boiling water bath for 1 min and then cooled 

under running tap water. The final volume was adjusted to 25 ml with 

distilled water. A blank was prepared with all reagents except Folin-

Ciocalteau’s to adjust the ‘zero’ reading. Quantity of total phenol was 

estimated with caffeic acid standard curve in a UV-VIS Spectrophotometer 

(Systronics, Model no.118, India) at 520 nm and expressed as mg phenol in 

g-1 FW of sample. 

5.1.10.3. Estimation of orthodihydroxyphenol 

The quantity of orthodihydroxyphenol was measured by the method of 

Arnow (1937). Initially 0.1ml of leaf extract was mixed with 0.9 ml distilled 

water taken in a take in a 10 ml test tube and the following reagents were 

added : 2ml of 0.05N HCl; 1ml of Arnow’s reagent and 2ml of 1N NaOH. A 

blank containing all the reagents except Arnow’s was used to adjust the 

absorbance to ‘zero’. The volume was raised to 25 ml and absorbance was 

estimated by using a UV-VIS Spectrophotometer (Systronics, Model no.118, 

India), at 520 nm. Estimation was done by comparing the absorbance value 

with known amount of caffeic acid in a standard curve and expressed as mg 

g-1 FW of tissue.  
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5.1.11. Extraction and Estimation of non-protein thiols 

5.1.11.1. Root 

Non-protein thiols (NPT) was extracted and assayed as described earlier by 

Hartley-Whitaker et al. (2001). Five to 10 mg of lyophilized root material was 

ground using mortar and pestle in 2 ml of 5% (w/v) sulfosalicylic acid with 

6.3 mM diethylene triamine pentaacetic acid (DTPA) (pH <1) at 00C (De Vos 

et al., 1992). The ground material was centrifuged at 10,000g for 10 min at 

40C. The clear supernatants were immediately assayed for thiols using 

Ellman’s reagent (Ellman, 1959). For this, 300 µl supernatant was mixed 

with 630 µl of 0.5 M K2HPO4 and the absorbance was measured after 2 min 

at 412 nm (30 0C). After addition of 25 µl of 5,5’-dithiobis (2-nitrobenzoic 

acid) (DTNB) solution known as Ellman’s reagent, the A412 was measured 

again after 2min. The increase in absorbance was corrected for the 

absorbance of DTNB. Values were calculated using the molecular extinction 

coefficient, 13,600 M-1 cm-1 (Harmens et al., 1993) and expressed as µmol/g 

DW. 

5.1.11.2. Leaf 

Leaf tissue (0.5 g) was ground using mortar and pestle in 5 ml ice-cold 5% 

(w/v) sulfosalisylic acid solution. The homogenate was then filtered through 

four-layered muslin cloth and the filtrate was centrifuged at 10,000 g for 30 

min at 40C. Then, 2 ml of the supernatant was mixed with 1 ml of 0.1 M 

potassium phosphate buffer (pH 7.6). After a stable absorbance reading of 

412 nm was obtained, 0.5 ml DTNB solution (2 mM DTNB dissolved in 5 mM 

EDTA, 0.1 M PBS, pH 7.6) was added and increase in absorbance at 412 nm 

was monitored (Zhou et al., 2009). The values were expressed as µmol/g FW. 

5.1.12. Studies on enzyme response due to copper induced oxidative 
stress 

For determining enzyme activities, fresh leaf and root samples (500 mg) were 

collected and instantly dipped in liquid nitrogen and the frozen samples were 

homogenized in a pre-chilled mortar and pestle in 5 ml of 50 mM cold 

phosphate buffer (pH 7.8) containing 2% w/v PVP. The homogenate was 

filtered through four-layered muslin cloth and the filtrate was centrifuged at 

13,000 g for 20 minutes at 40C and the supernatant after dialysis was used 



67 
 
for enzyme assay. Protein was measured following the method of Lowry et al. 

(1951) taking bovine serum albumin as standard. For all experiments, each 

extract was assayed twice and the results of three independent experiments 

were averaged. 

5.1.12.1. Estimation of superoxide dismutase 

Total SOD activity was determined according to the method of Giannopolities 

and Ries (1977). Reaction mixture (3 ml) contained 13μM methionine, 63 μM 

p-nitroblue tetrazolium chloride (NBT), 1.3 μM riboflavin, 50 mM phosphate 

buffer (pH 7.8) and enzyme extract. The reaction mixture was incubated for 

10 min under white fluorescent light and subsequently assayed 

spectrophotometrically at 560 nm. One unit of SOD activity was defined as 

the amount of enzyme required for the inhibition of the photochemical 

reduction of NBT by 50%.  

5.1.12.2. Estimation of peroxidase 

Peroxidase activity was determined by the method of Hammerschmidt et al. 

(1982). Tissue samples were homogenized as described before in ice cold 50 

mM sodium phosphate buffer (pH 7.0) containing PVP and the supernatant 

was used directly for enzyme assay. The reaction mixture of 3 ml contained 

10 mM guaiacol, 2 mM H2O2 and 100 l of enzyme. Change in absorbance 

was measured at 420 nm for 2 min at intervals of 30 sec. The enzyme 

activity was expressed as ΔA420 min-1 mg-1 protein.  

5.1.12.3. Extraction and estimation of ascorbate peroxidase  

Ascorbate peroxidase activity was measured following the method of Nakano 

and Asada (1981). Fresh tissue samples were homogenized in ice-cold 50 

mM phosphate buffer (pH 7.0) containing 1mM ascorbate and 1mM EDTA 

and after centrifugation, the supernatant was used for enzyme activity 

assay. The assay solution contained 3ml 0.05 M sodium phosphate buffer 

(pH 7.0), 0.5 mM ascorbate, 0.1 mM H2O2 and 0.1 ml enzyme extract. The 

oxidation rate of ascorbic acid was estimated by following decrease in 

absorbance at 290 nm and enzyme activity was expressed as µM min-1mg-1 

protein (extinction coefficient, 2.8 mM cm-1).  
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5.1.12.4. Estimation of catalase 

Catalase activity was determined using hydrogen peroxide as substrate 

following the modified method of Aebi (1984). The reaction was initiated by 

adding 200 µl of enzyme extract in an assay buffer of 3 ml volume containing 

10 mM H2O2 in 50 mM K-phosphate buffer (pH 7.0) at 30°C. CAT activity 

was determined by measuring the rate of decrease in absorbance at 1 min 

interval for 5 min at 240 nm. The enzyme activity was expressed as ΔA240 

min-1mg-1 protein.  

5.1.13. Statistical analysis 

Statistical analysis was done with the help of Smith’s statistical package 

(version 2.5), developed by Dr. Gray Smith, Pomona College, Claremont-

91711, USA. and Statistical Package for the Social Sciences (SPSS), version 

11.0, SPSS Inc., Chicago, Illinois. 

5.2. RESULTS 

5.2.1. Accumulation of copper in leaves and roots 

The copper concentration in the leaves and roots of the tea seedlings after 

exposure to different solution of copper was estimated by atomic absorption 

spectrometry. Results showed that there was a steady increase in mean 

copper concentration in both leaf and root tissue with increasing copper 

concentrations in the nutrient solution (Fig. 5.1 and 5.2). However, amount 

of copper accumulation in root tissue was far more than that of the leaf in 

both tested cultivars. TS-462 roots took up slightly more copper than TS-520 

when copper concentrations in the nutrient solution was low (<400 µM); but, 

at higher concentrations, TS-520 accumulated more copper than TS-462). 

5.2.2. Lipid peroxidation 

The level of lipid peroxidation, expressed as thiobarbituric acid reactive 

substances (TBARS) showed that the treatment of plants with low amount of 

copper (0-100 µM) did not change significantly in the leaves of both cultivars 

when compared to control situation (Tables 5.1 and 5.2). However, a 

significant progressive increase of TBARS content was found at 200 µM and 

higher Cu concentrations. Highest increment of TBARS (31%) was noted at 

300 to 400 µM increase in Cu2+ in TS-520. The extent of dose dependent 

increase in TBARS declined at the highest concentrations. Among the two 



 
 

Fig. 5.1: Cu2+ concentration in leaves of tea seedling (cultivars TS-462 and 

TS-520) after 10 days of treatment with increasing concentration of CuSO4 

(100µM-700µM) compared with control. Data are mean of three replicates ± 

SE. C = Control. 

    

 

 

Fig. 5.2: Cu2+ concentration in roots of tea seedling (cultivars TS-462 and 

TS-520) after 10 days of treatment with increasing concentration of CuSO4 

(100µM-700µM) compared with control. Data are mean of three replicates ± 

SE. C = Control. 
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tested cultivars, TS-520 produced much higher TBARS values than TS-462 

(Fig. 5.3). A 27% difference was recorded among the cultivars when 700 µM 

of copper was present in the nutrient solution. 

Table 5.1: Effect of different concentration of copper on level of lipid 
peroxidation measured as thiobarbituric acid reactive substances (TBARS) in 
leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

TBARS (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 3.2±0.27 3.1±0.23 3.5±0.29 

50 3.6±0.44 3.9±0.48 4.5±0.52 
100 4.0±0.31 4.8±0.46 5.0±1.15 
200  4.7±0.42 5.6±0.48 6.0±0.50 
300  5.2±0.39 5.9±0.52 6.3±0.87 
400  5.8±0.45 6.3±0.66 7.7±1.19 
500  6.7±0.56 7.0±0.78 7.8±0.69 
600  7.1±0.48 7.8±1.07 8.3±1.33 
700  7.8±1.02 8.1±0.95 8.8±0.84 

CD (5%) 0.20 0.24 0.23 

*Data are mean of three replications; Data after ± indicate standard error values.  
 

Table 5.2: Effect of different concentration of copper on level of lipid 
peroxidation measured as thiobarbituric acid reactive substances (TBARS) in 
leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

TBARS (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 3.3±0.25 3.2±0.27 3.3±0.35 

50 3.4±0.37 3.3±0.42 3.5±0.56 

100 4.0±0.35 4.4±0.38          4.7±0.49 

200 4.9±0.54 5.8±0.40 6.2±0.87 

300  6.0±0.52 6.6±0.49 7.5±1.27 

400  8.2±0.79 9.0±0.56 9.8±1.05 

500  9.3±0.65 10.6±0.71 11.2±0.81 

600  9.7±0.72 10.9±1.21 11.5±1.45 

700  10.5±0.80 11.7±1.04 12.0±1.44 

CD (5%) 0.22 0.27 0.26 

Data are mean of three replications; Data after ± indicate standard error values. 
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5.2.3. Superoxide ion (O2¯) released 

The leaf superoxide anion concentrations increased progressively in the two 

cultivars of tea following Cu treatment (Table 5.3 and 5.4) at lower doses. 

However, at higher exposure concentrations that is at 500 µM and above, 

there was a reduction in both cultivars when compared to control. The levels 

of O2‾ were always higher in TS-520 than in TS-462 (Fig. 5.4).  

Table 5.3: Effect of different concentration of copper on release of 
superoxide anion in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Superoxide anion release (A580 g-1 FW)* 

Incubation period (days) 

4th 7th 10th 
Control 0.47±0.05 0.56±0.05 0.59±0.05 

100 0.64±0.03 0.70±0.02 0.83±0.05 
200  0.76±0.05 0.79±0.04 0.91±0.05 
300  0.82±0.05 0.89±0.05 0.98±0.03 
400  0.93±0.08 0.98±0.05 1.16±0.05 
500  1.02±0.06 1.30±0.06 1.20±0.06 
600  1.12±0.08 1.26±0.05 1.14±0.05 

700  0.65±0.06 0.68±0.05 0.43±0.03 

CD (5%) 0.023 0.025 0.035 

*Data are mean of three replications; Data after ± indicate standard error values. 

 
Table 5.4: Effect of different concentration of copper on release of 
superoxide anion in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Superoxide anion release (A580 g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 0.49±0.06 0.58±0.05 0.64±0.05 

100 0.68±0.05 0.73±0.05 0.88±0.05 
200  0.85±0.05 0.94±0.05 0.98±0.04 
300  0.91±0.03 0.98±0.05 1.14±0.05 
400  0.97±0.05 1.12±0.08 1.37±0.09 
500  1.23±0.03 1.41±0.06 1.59±0.07 
600  1.31±0.06 1.50±0.06 1.43±0.03 
700  0.77±0.06 0.82±0.03 0.61±0.05 

CD (5%) 0.029 0.028 0.036 

*Data are mean of three replications; Data after ± indicate standard error values. 

 



 
 

Fig. 5.3: Effect of increasing concentrations of copper (Cu2+) on the level of 

lipid peroxidation measured as thiobarbituric acid reactive substance 

(TBARS) on the 10th day of exposure in leaves of two cultivars of tea (TS-462 

and TS-520). Values are mean of three replicates ±SE. C = Control. 

 

 

 
 

Fig. 5.4: Effect of increasing concentrations of copper (Cu2+) on superoxide 

anion (O2¯) release on the 10th day of exposure in leaves of two cultivars of 

tea (TS-462 and TS-520). Values are mean of three replicates ±SE. C = 

Control. 
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5.2.4. Chlorophyll a, chlorophyll b and total carotenoid content 

Chlorophyll a, chlorophyll b and total carotenoid contents were found to 

decrease significantly with increasing Cu concentrations in both the tested 

cultivars (Tables 5.5, 5.6, 5.7, 5.8, 5.9 and 5.10). There was also progressive 

decrease in the chlorophyll and carotenoid levels with increase in duration of 

exposure at 4th, 7th and 10th days. Although both cultivars showed a 

decreased activity in comparison to control plants, but the reduction was 

more in TS-520 when analyzed after 10 days of treatment (Figs. 5.5, 5.6 and 

5.7). For example, the chlorophyll and carotenoids contents of TS-520 were 

significantly lower than TS-462 at 700 µM copper sulphate treatment. 

Control plant showed more or less similar chlorophyll and carotenoid levels 

within 10 days. 

Table 5.5: Effect of different concentration of copper on chlorophyll-a 
content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Chlorophyll-a content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 3.21±0.11 2.92±0.13 2.81±0.07 

50 3.05±0.09 2.29±0.12 2.27±0.09 

100 2.74±0.08 2.13±0.10 2.23±0.10 

200 2.46±0.08 1.84±0.10 1.80±0.08 

300 2.27±0.06 1.75±0.08 1.78±0.12 

400 2.15±0.09 1.65±0.09 1.55±0.13 

500 2.05±0.10 1.61±0.10 1.52±0.12 

600 2.04±0.07 1.52±0.06 1.41±0.09 

700 1.5±0.07 1.3±0.08 1.23±0.10 

CD (5%) 0.04 0.04 0.03 

*Data are mean of three replications; Data after ± indicate standard error value 
 

 



 
 

Fig. 5.5: Effect of increasing concentrations of copper (Cu2+) on chlorophyll-a 

content on the 10th day of exposure in leaves of two cultivars of tea seedlings 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 

 

 
 

Fig. 5.6: Effect of increasing concentrations of copper (Cu2+) on chlorophyll-

b content on the 10th day of exposure in leaves of two cultivars of tea 

seedlings (TS-462 and TS-520). Values are mean of three replicates ±SE. C = 

Control. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.7: Effect of increasing concentrations of copper (Cu2+) on total 

carotenoid content on the 10th day of exposure in leaves of two cultivars of 

tea seedlings (TS-462 and TS-520). Values are mean of three replicates ±SE. 

C = Control. 
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Table 5.6: Effect of different concentration of copper on chlorophyll-a 
content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Chlorophyll-a content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 3.15±0.08 3.03±0.11 2.97±0.11 

50 2.89±0.09 2.61±0.10 2.51±0.10 

100 2.74±0.08 2.55±0.10 1.94±0.11 

200 2.53±0.09 2.34±0.09 1.77±0.10 

300 2.30±0.09 1.98±0.09 1.45±0.08 

400 2.12±0.09 1.94±0.09 1.32±0.09 

500 1.92±0.08 1.85±0.10 1.25±0.10 

600 1.67±0.10 1.48±0.10 1.37±0.11 

700 1.09±0.09 0.97±0.09 0.73±0.08 

CD (5%) 0.01 0.02 0.02 

*Data are mean of three replications; Data after ± indicate standard error values 
 

 
Table 5.7: Effect of different concentration of copper on chlorophyll-b 
content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Chlorophyll-b content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 1.64±0.10 1.43±0.10 1.38±0.10 

50 1.51±0.10 1.29±0.10 1.18±0.09 

100 1.38±0.09 1.18±0.09 1.13±0.07 

200 1.31±0.10 1.13±0.08 1.01±0.06 

300 1.25±0.10 1.13±0.07 1.02±0.09 

400 1.11±0.09 1.04±0.07 0.97±0.09 

500 0.92±0.09 0.79±0.06 0.67±0.11 

600 0.87±0.10 0.75±0.07 0.62±0.07 

700 0.72±0.09 0.61±0.07 0.59±0.08 

CD (5%) 0.15 0.12 0.16 

*Data are mean of three replications; Data after ± indicate standard error values 
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Table 5.8: Effect of different concentration of copper on chlorophyll-b 
content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Chlorophyll-b content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 1.49±0.07 1.41±0.05 1.39±0.09 

50 1.32±0.06 1.29±0.08 1.22±0.07 

100 1.27±0.08 1.14±0.09 0.98±0.09 

200 1.26±0.08 1.18±0.07 1.15±0.09 

300 1.09±0.07 1.07±0.09 0.81±0.10 

400 0.97±0.09 0.87±0.08 0.87±0.10 

500 0.96±0.09 0.83±0.08 0.53±0.07 

600 0.91±0.08 0.86±0.09 0.63±0.09 

700 0.76±0.08 0.65±0.09 0.46±0.08 

CD (5%) 0.13 0.22 0.17 

*Data are mean of three replications; Data after ± indicate standard error 
values 
 
 
Table 5.9: Effect of different concentration of copper on total 
carotenoid content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Carotenoid content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 0.32±0.008 0.30±0.009 0.29±0.011 

50 0.28±0.010 0.25±0.010 0.23±0.010 

100 0.26±0.010 0.26±0.010 0.21±0.009 

200 0.24±0.011 0.23±0.008 0.20±0.009 

300 0.23±0.008 0.18±0.009 0.17±0.010 

400 0.18±0.011 0.15±0.012 0.13±0.011 

500 0.16±0.010 0.13±0.011 0.13±0.010 

600 0.14±0.008 0.12±0.008 0.10±0.009 

700 0.10±0.009 0.09±0.009 0.09±0.008 

CD (5%) 0.11 0.13 0.15 

*Data are mean of three replications; Data after ± indicate standard error value 
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Table 5.10: Effect of different concentration of copper on total 
carotenoid content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Carotenoid content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 0.31±0.009 0.29±0.009 0.28±0.013 

50 0.29±0.010 0.27±0.009 0.25±0.009 

100 0.27±0.011 0.23±0.010 0.17±0.010 

200 0.26±0.010 0.21±0.008 0.17±0.014 

300 0.23±0.008 0.19±0.008 0.14±0.010 

400 0.18±0.009 0.14±0.010 0.16±0.013 

500 0.15±0.010 0.17±0.009 0.11±0.009 

600 0.14±0.009 0.15±0.009 0.14±0.008 

700 0.10±0.010 0.07±0.008 0.05±0.009 

CD (5%) 0.017 0.010 .019 

*Data are mean of three replications; Data after ± indicate standard error values 

 
5.2.5. Total protein content 

Total soluble protein concentration was found to decrease considerably at 

high Cu exposure concentrations in both leaves and roots of the two tested 

cultivars in comparison to control. Protein content of leaves decreased in a 

time dependent manner to 5.8 mg/g FW on 10th day from 8.8 mg/g FW on 

the 4th day at 700 µM exposure concentrations in TS-462 cultivar (Table 

5.11). TS-520 recorded lower protein content (3.12 mg/g FW) in the leaves 

than TS-462 at the highest exposure concentration (Fig. 5.8). However there 

were no noticeable changes in untreated controls which varied from 14.8 

mg/g FW to 14.2 mg/g FW in TS-462 and 15.17 to 15.35 in TS-520 (Table 

5.12). A similar response was noted in the root tissues, however, the 

decrease in protein content was lower in roots than leaves; and variation 

among the two tested cultivars was not detectable in roots (Fig. 5.9). 

Although there was an ultimate decrease in the protein content, but at lower 

exposure concentrations (50 to 300 µM), the protein contents in both leaves 

and roots either remained almost similar or a very marginal increase was 

detected with increasing copper concentrations in both tested cultivars.  



 

Fig. 5.8: Effect of increasing concentrations of copper (Cu2+) on total protein 

content on the 10th day of exposure in leaves of two cultivars of tea seedlings 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 

 

 

 
Fig. 5.9: Effect of increasing concentrations of copper (Cu2+) on total protein 

content on the 10th day of exposure in roots of two cultivars of tea seedlings 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 
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Table 5.11: Effect of different concentration of copper on total protein 
content of leaf tissue in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Total protein content (mg g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 14.80±0.64 13.50±0.75 14.20±0.71 

50  15.20±0.58 15.46±0.69 15.65±0.96 
100 16.30±0.87 15.20±0.87 15.72±1.03 
200  17.40±0.92 15.59±1.10 15.07±0.65 
300  17.50±0.98 16.90±0.71 12.40±1.14 
400  16.30±1.04 15.07±0.91 11.56±0.96 
500  14.09±0.75 12.40±0.89 11.40±0.72 
600  11.50±0.69 10.77±0.74 08.30±0.70 
700  08.80±1.10 07.40±0.76 05.80±0.80 

CD (5%) 0.32 0.22 0.30 

*Data are mean of three replications; Data after ± indicate standard error values.  
 

Table 5.12: Effect of different concentration of copper on total protein 
content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Total protein content (mg g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 15.17±0.83 15.58±1.14 15.35±0.84 

50  15.85±0.88 16.24±0.91 16.74±1.03 
100 16.88±0.98 15.65±1.15 15.37±0.96 
200  17.20±1.01 16.17±1.14 15.02±0.90 
300  17.61±0.78 15.20±0.79 12.52±1.11 
400  15.74±1.09 14.07±0.84 10.45±1.02 
500  13.42±1.15 11.35±0.95 09.03±0.80 
600  10.70±0.97 07.67±0.70 05.31±0.79 
700  07.10±1.10 04.20±0.73 03.12±1.08 

CD (5%) 0.22 0.31 0.21 

*Data are mean of three replications; Data after ± indicate standard error values.  

 
5.2.6. Effect of copper on total carbohydrate content 
The total carbohydrate content was extracted from the leaves of copper 

treated plants and estimated by using anthrone reagent. A steady decrease 

in carbohydrate concentration with increasing concentration of copper with 

respect to control was observed in both the tested cultivars. Additionally a 

time dependent decline in carbohydrate content was also noted. The lowest 
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carbohydrate content of 9.4 mg/g FW was observed in 700 µM copper 

treated tea seedlings of TS-520 cultivar after 10 days which was much lower 

than control which recorded 40.92 mg/g FW (Table 5.13). TS-462 recorded 

significantly higher values than TS-520 but only after 7 and 10 days of 

exposure (Table 5.14). Varietal difference was not prominent on the 4th day 

at any tested concentration (Fig. 5.10). 

 

Table 5.13: Effect of different concentration of copper on total 
carbohydrate content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Total carbohydrate content (mg g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 39.61±2.30 40.30±1.84 41.53±2.30 

50 37.53±1.73 36.61±2.88 35.15±2.77 
100 35.69±2.88 32.38±2.77 30.92±2.94 
200  33.07±1.73 32.15±2.36 28.49±1.44 
300  31.61±2.25 29.53±1.84 27.10±2.88 
400  29.15±2.13 28.53±2.77 26.07±2.30 
500  27.20±2.36 26.53±2.48 23.15±1.73 
600  25.46±2.42 20.30±2.88 18.53±2.19 
700  22.50±2.40 19.60±2.36 12.50±2.71 

CD (5%) 0.86 0.69 0.90 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

Table 5.14: Effect of different concentration of copper on total 
carbohydrate content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Total carbohydrate content (mg g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 40.76±2.88 41.30±2.71 40.92±2.59 

50  38.69±2.94 36.38±2.59 35.50±2.65 
100 36.61±2.65 34.15±2.19 32.07±1.78 
200  34.38±2.30 32.90±2.42 27.80±1.96 
300  31.53±2.59 29.30±2.13 27.50±2.19 
400  29.92±2.40 26.07±2.36 21.00±2.42 
500  27.76±2.42 23.53±2.59 17.30±2.54 
600  25.61±2.36 17.69±2.82 13.30±2.25 
700  23.70±2.30 12.30±2.54 09.40±2.30 

CD (5%) 0.33 0.35 0.50 

*Data are mean of three replications; Data after ± indicate standard error values. 
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5.2.7. Proline content 
The concentration of proline was found to increase with increasing copper 

concentration upto 500 µM exposure concentrations, then gradually declined 

in both cultivars (Table 5.15 and 5.16). TS-462 showed maximum increase 

of 1.85 µM g-1 FW in 500 µM concentration. Proline content decreased above 

500 µM at all exposure times tested. TS-462 recorded higher proline 

accumulation than TS-520 and less decrease at high concentrations (Fig. 

5.11).  

 
Table 5.15: Effect of different concentration of copper in proline 
content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Proline (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 5.67±0.16 6.64±0.11 7.89±0.12 

100 6.30±0.10 6.99±0.12 8.24±0.10 
200  7.61±0.06 8.45±0.13 9.07±0.15 
300  8.17±0.11 8.86±0.08 9.14±0.10 
400  8.83±0.09 9.28±0.09 9.90±0.16 
500  8.93±0.08 11.5±0.08 11.9±0.05 
600  5.26±0.12 5.40±0.12 6.99±0.14 
700  4.43±0.10 5.12±0.12 4.36±0.12 

CD (5%) 0.63 0.29 0.23 

*Data are mean of three replications; Data after ± indicate standard error values.  
 
Table 5.16: Effect of different concentration of copper in proline 
content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Proline (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 4.84±0.16 5.36±0.13 5.95±0.14 

100 5.88±0.15 6.64±0.09 7.82±0.06 
200 6.99±0.09 7.96±0.06 8.79±0.03 
300  8.45±0.14 9.35±0.09 9.76±0.07 
400  8.72±0.09 11.15±0.07 9.83±0.05 
500  9.14±0.11 9.83±0.05 10.94±0.03 
600  9.55±0.09 9.76±0.06 8.93±0.03 
700  6.17±0.14 7.13±0.05 6.09±0.13 

CD (5%) 0.29 0.24 0.21 

*Data are mean of three replications; Data after ± indicate standard error values.  



 
 
Fig. 5.10: Effect of increasing concentrations of copper (Cu2+) on total 

carbohydrate content on the 10th day of exposure in leaves of two cultivars of 

tea (TS-462 and TS-520). Values are mean of three replicates ±SE. C = 

Control. 

 

 
 
Fig. 5.11: Effect of increasing concentrations of copper (Cu2+) on proline 

content on the 10th day of exposure in leaves of two cultivars of tea (TS-462 

and TS-520). Values are mean of three replicates ±SE. C = Control. 
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5.2.8. Phenolics and o-dihydroxy phenolics content 

A measurement of the phenolics content in the tea seedlings exposed to 

excess copper revealed an increase in total phenolic compounds in the leaves 

of both cultivars of tea when compared to control. The significant increments 

of phenolics content were recorded at all concentration at 4th, 7th, and 10th 

day. In TS-520, amount of increase was found to be less at higher 

concentrations as shown in Table 5.18. Phenolics content was highest at 

400 µM after which it showed a declining trend at higher concentrations. 

But in TS-462 (Table 5.17), the total phenolics content gradually increased 

with time and concentration upto 600 µM and then declined at the highest 

tested concentration of 700 µM although the values did not vary greatly 

among the tested cultivars (Fig. 5.12). 

Total o-dihydroxyphenolics content showed similar trends of change (Table 

5.19 and 5.20) which also exhibited time and concentration dependence 

when compared to control. However, there was marked variation among 

cultivars. TS-462 recorded much higher o-dihydroxyphenolics content at the 

highest exposure concentration than TS-520 (Fig. 5.13).  

 
Table 5.17: Effect of different concentration of copper on total phenol 
content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Total phenol content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 4.52±0.40 4.59±0.20 4.61±0.20 

50 4.69±0.20 4.73±0.50 4.92±0.60 

100 4.73±0.20 4.85±0.30 5.02±0.30 

200 4.87±0.20 5.42±0.70 5.73±0.50 

300 4.92±0.50 5.63±0.40 5.97±0.40 

400 4.98±0.25 5.84±0.60 6.23±0.50 

500 5.23±0.40 5.21±0.40 5.87±0.30 

600 4.72±0.40 5.56±0.30 5.78±0.20 

700 4.57±0.40 5.01±0.40 4.85±0.30 

CD (5%) 0.41 0.60 0.39 

*Data are mean of three replications; Data after ± indicate standard error values 
 



 

 
 
Fig. 5.12: Effect of increasing concentrations of copper (Cu2+) on total 

phenol content on the 10th day of exposure in leaves of two cultivars of tea 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 

 

 
 
Fig. 5.13: Effect of increasing concentrations of copper (Cu2+) on total ortho-

dihydroxyphenol content on the 10th day of exposure in leaves of two 

cultivars of tea (TS-462 and TS-520). Values are mean of three replicates 

±SE. C = Control. 
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Table 5.18: Effect of different concentration of copper on total phenol 
content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Total phenol content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 4.43±0.30 4.52±0.30 4.54±0.40 

50 4.52±0.35 4.62±0.20 4.78±0.60 

100 4.67±0.40 4.78±0.35 4.83±0.40 

200 4.87±0.40 4.93±0.60 5.42±0.30 

300 4.95±0.30 5.12±0.50 5.64±0.30 

400 5.2±0.35 5.32±0.70 5.79±0.20 

500 5.25±0.40 5.39±0.40 5.63±0.50 

600 5.31±0.60 5.42±0.45 5.73±0.45 

700 4.62±0.40 4.78±0.20 4.42±0.30 

CD (5%) 0.34 0.43 0.35 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

 
Table 5.19: Effect of different concentration of copper on 
orthodihydroxyphenol content in leaf tissue of TS-462 

Concentration 
of CuSO4 (µM) 

orthodihydroxyphenol content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 0.35±0.05 0.43±0.07 0.54±0.06 

50  0.40±0.03 0.58±0.07 0.65±0.07 

100 0.47±0.07 0.80±0.08 0.89±0.06 

200  0.55±0.05 0.88±0.09 0.97±0.08 

300  0.67±0.06 1.02±0.11             1.30±0.10 

400  0.71±0.05 0.92±0.08 1.52±0.15 

500  0.80±0.06 1.12±0.14 1.96±0.14 

600  0.94±0.11 1.48±0.10 2.06±0.12 

700  0.88±0.07 1.22±0.04 0.98±0.11 

CD (5%) 0.11 0.17 0.06 

*Data are mean of three replications; Data after ± indicate standard error values.  
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Table 5.20: Effect of different concentration of copper on 
orthodihydroxyphenol content in leaf tissue of TS-520 

Concentration 
of CuSO4 (µM) 

orthodihydroxyphenol content (mg g-1 FW)* 

Incubation period (days) 

4th 7th 10th 

Control 0.48±0.03 0.50±0.07 0.62±0.05 

50  0.51±0.05 0.54±0.05 0.68±0.05 

100 0.54±0.03 0.60±0.12 0.72±0.06 

200  0.57±0.05 0.84±0.08 1.06±0.14 

300  0.63±0.04 0.90±0.12 1.14±0.13 

400  0.89±0.12 1.17±0.08 1.39±0.11 

500  1.32±0.18 1.58±0.16 1.83±0.15 

600  0.76±0.11 1.04±0.13 1.37±0.12 

700  0.46±0.05 0.50±0.12 0.54±0.14 

CD (5%) 0.07 0.05 0.06 
*Data are mean of three replications; Data after ± indicate standard error values.  

 
5.2.9. Non protein thiols content 

Non-protein thiols (NPT) content was measured in the leaves and roots of tea 

plants exposed to copper excess using Ellman’s reagent. The leaves showed 

an increase in NPT content with time upto 7th day and declined thereafter in 

all exposed concentrations in both cultivars when compared to control 

(Tables 5.21 and 5.22). Steady increments were also recorded with 

increasing copper levels but only at lower concentrations and exposure 

durations. Beyond 500 µM, the NPT contents decreased drastically on the 

10th day. The two cultivars showed some variation, TS-520 recorded higher 

values than TS-462 (Fig. 5.14). In the roots, NPT content increased with 

increasing Cu concentrations at lower exposure levels. At high 

concentrations (>400 µM) NPT content decreased considerably especially in 

TS-462 (Fig. 5.15). 

 

 



 
 

Fig. 5.14: Effect of increasing concentrations of copper (Cu2+) on level of 

non-protein thiol on the 10th day of exposure in leaves of two cultivars of tea 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 

 

 

Fig. 5.15: Effect of increasing concentrations of copper (Cu2+) on level of 

non-protein thiol on the 10th day of exposure in roots of two cultivars of tea 

(TS-462 and TS-520). Values are mean of three replicates ±SE. C = Control. 
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Table 5.21: Effect of different concentration of copper on non-protein 
thiol content in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Non-protein thiol (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 16.5±3.06 16.2±2.82 18.3±2.17 

100 18.9±1.20 31.0±3.00 21.2±4.10 
200 21.4±3.01 38.1±1.36 32.5±3.08 
300  23.3±1.40 42.4±2.94 35.3±1.67 
400  25.8±2.42 49.7±3.18 29.4±1.46 
500  19.0±1.67 42.1±2.08 27.4±2.31 
600  12.7±3.41 35.8±2.44 17.5±2.62 
700  11.02±1.84 26.8±1.21 15.5±3.06 

CD (5%) 1.55 1.41 1.58 
*Data are mean of three replications; Data after ± indicate standard error values.  

 
Table 5.22: Effect of different concentration of copper on non-protein 
thiol content in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Non-protein thiol (µM g-1 FW)* 
Incubation period (days) 

4th 7th 10th 
Control 19.3±2.02 21.0±1.21 21.7±3.29 

100 21.2±0.98 34.3±3.41 38.1±1.13 
200  25.7±2.66 43.5±3.75 46.8±3.00 
300  27.1±1.36 51.6±2.59 47.9±1.14 
400  29.9±2.54 56.5±1.33 45.7±2.89 
500  27.9±1.25 48.3±2.74 41.9±3.23 
600  20.1±1.56 45.3±3.23 28.8±3.07 
700  11.7±2.31 29.6±1.27 13.9±3.06 

CD (5%) 1.77 1.92 1.70 
*Data are mean of three replications; Data after ± indicate standard error values. 

 
5.2.10. Activity of antioxidative enzymes 
Time dependent and concentration dependent changes in the activities of the 

enzymes, superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and 

ascorbate peroxidase (APX) known for their antioxidative activity were 

measured in seedlings of two tea cultivars TS-462 and TS-520. Enzyme 

activity was assayed for the treated and control sets on the 4th, 7th and 10th 

day after start of treatment in case of leaves and on the 10th day in case of 

roots. 
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5.2.10.1. Superoxide dismutase  

SOD activity increased progressively with increasing copper concentrations 

in both tested cultivars in the leaves of treated tea seedlings. Maximum rise 

in enzyme activity was visible in TS-462 on the 10th day when an increase 

from 2.55 units mg-1 protein in control to 5.95 units mg-1 protein at the 

highest tested concentration (700 µM) (Table 5.23) was recorded. Similarly a 

significant time dependent increase was also noted from 4th to the 10th day. 

However, in TS-520, the SOD activity increased steadily in a dose and time 

dependent manner at the lower exposure concentrations and declined at 

concentrations greater than 400 µM (Table 5.24) but this decline was not 

below control levels. In the roots, SOD levels increased in a similar way with 

increasing Cu concentrations and highest activity was recorded at 500 µM 

by TS-462 and at 400 µM by TS-520 (Fig. 5.16). A comparison among the 

cultivars revealed that TS-462 showed higher SOD levels at all tested 

concentrations (Fig. 5.17). 

 
Table 5.23: Effect of different concentration of copper on superoxide 
dismutase activity in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Superoxide dismutase activity (µM min-1mg-1 protein)* 

Incubation period (days) 

4th 7th 10th 

Control 2.39±0.4 2.45±0.4 2.55±0.2 

50 2.90±0.55 3.71±0.3 4.23±0.5 

100 3.21±0.4 4.23±0.3 4.87±0.4 

200 3.42±0.5 4.53±0.45 5.32±0.3 

300 3.83±0.4 5.02±0.4 5.40±0.4 

400 3.91±0.7 5.18±0.3 5.46±0.5 

500 4.23±0.55 5.35±0.3 5.56±0.45 

600 4.43±0.6 5.52±0.4 5.88±0.25 

700 4.63±0.35 5.58±0.4 5.95±0.25 

CD (5%) 0.32 0.40 0.16 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

 



 

Fig. 5.16: Effect of increasing concentrations of copper (Cu2+) on superoxide 

dismutase (SOD) activity in leaves of two cultivars of tea (TS-462 and TS-

520) on the 4th, 7th and 10th day of exposure. Values are mean of three 

replicates ±SE. C = Control. 

 

 

Fig. 5.17: Effect of increasing concentrations of copper (Cu2+) on superoxide 

dismutase (SOD) activity in roots of two cultivars of tea (TS-462 and TS-520) 

on the 10th day of exposure. Values are mean of three replicates ±SE. Con = 

Control. 



83 
 
Table 5.24: Effect of different concentration of copper on superoxide 
dismutase activity in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Superoxide dismutase activity (µM min-1mg-1 protein)* 

Incubation period (days) 

4th 7th 10th 

Control 2.43±0.4 2.46±0.4 2.64±0.3 

50 2.85±0.3 3.54±0.4 3.66±0.5 

100 2.95±0.2 4.02±0.3 4.23±0.2 

200 3.01±0.6 4.18±0.2 4.52±0.2 

300 3.11±0.3 4.24±0.3 4.65±0.3 

400 3.19±0.5 4.38±0.3 4.75±0.4 

500 3.23±0.4 4.3±0.3 4.54±0.3 

600 3.34±0.4 4.26±0.4 4.14±0.3 

700 3.22±0.7 3.46±0.5 3.33±0.5 

CD (5%) 0.24 0.14 0.20 
*Data are mean of three replications; Data after ± indicate standard error values. 

 
5.2.10.2. Peroxidase 

Peroxidase activity also increased in the leaves of tea seedlings with time and 

with augmentation of copper concentrations in the nutrient solution in 

comparison to control (Tables 5.25 and 5.26). However, such increase was 

recorded upto 400 µM Cu2+ in TS-520 cultivar (Fig. 5.18). When the exposure 

concentration was higher, POD activity showed a declining trend. On the 

other hand, in TS-462, the POD level was higher than TS-520 and more than 

twice of control. Maximum value was recorded at 600 µM on the tenth day 

and declined at 700 µM exposure concentration (Fig. 5.18). In the roots, a 

similar concentration dependent rise in POD levels were noticed at lower 

doses which peaked at 500 µM in both cultivars and then declined (Fig. 

5.19). However POD activity always remained above the control levels in both 

roots and leaves at all tested concentrations. 

5.2.10.3. Ascorbate peroxidase 

Ascorbate peroxidase recorded a very high increase in activity in a time and 

dose dependent manner in the leaves in both tested cultivars of tea (Tables 

5.27 and 5.28). TS-520 showed a three-fold increase in APX activity on the 

10th day at 400 µM of Cu2+. However, TS-462 recorded almost 4.5 fold 



 
 

Fig. 5.18: Effect of increasing concentrations of copper (Cu2+) on peroxidase 
(POD) activity in leaves of two cultivars of tea (TS-462 and TS-520) on the 
4th, 7th and 10th day of exposure. Values are mean of three replicates ±SE. C 
= Control. 
 

 
 
Fig. 5.19: Effect of increasing concentrations of copper (Cu2+) on peroxidase 

(POD) activity in roots of two cultivars of tea (TS-462 and TS-520) on the 10th 

day of exposure. Values are mean of three replicates ±SE. Con = Control. 
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increase at similar time and dose. The activities declined at exposure 

concentrations higher than 500 µM in TS-462 and 400 µM in TS-520 (Fig. 

5.20) but remained above control levels. Similar concentration dependent 

changes were noticed in the roots on the 10th day after start of treatment 

(Fig. 5.21).  

5.2.10.4. Catalase 

Catalase activity did not show significant change with change in Cu 

concentrations or with time (P<0.05) in the leaves or roots of tea seedlings of 

both tested cultivars (Tables 5.29 and 5.30). Further, the cultivars also did 

not show significant variation in CAT levels at all tested concentrations. 

Nevertheless, a slight increase was recorded in TS-462 cultivar at 50 µM 

concentrations when compared to control which did not show further change 

(Fig. 5.22). In roots, there was significant rise in CAT levels at 50 µM 

concentration in both cultivars but such change was not noted at other 

concentrations (Fig. 5.23).  

  
Table 5.25: Effect of different concentration of copper on peroxidase 
activity in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Peroxidase activity (∆A420 min-1mg-1protein)* 

Incubation period (days) 

4th 7th 10th 

Control 3.4±0.35 3.6±0.42 3.7±0.32 

50  4.2±0.65 4.5±0.32 5.4±0.55 

100 4.4±0.44 5.1±0.64 5.6±0.44 

200 4.9±0.26 5.8±0.29 6.7±0.75 

300 5.1±0.70 6.1±0.74 6.8±0.60 

400 5.6±0.46 6.8±0.49 7.7±0.53 

500 5.6±0.41 7.1±0.47 7.8±0.54 

600 6.0±0.50 7.3±0.53 7.9±0.43 

700 5.2±0.48 6.4±0.52 6.3±0.62 

CD (5%) 0.52 0.60 0.50 

*Data are mean of three replications; Data after ± indicate standard error values. 
 



 
 

Fig. 5.20: Effect of increasing concentrations of copper (Cu2+) on ascorbate 
peroxidase (APX) activity in leaves of tea (cultivars: TS-462 and TS-520) on 
the 4th, 7th and 10th day of exposure. Values are mean of three replicates 
±SE. C = Control. 
 

 

 

 

Fig. 5.21: Effect of increasing concentrations of copper (Cu2+) on ascorbate 

peroxidase (APX) activity in roots of two cultivars tea (TS-462 and TS-520) on 

the 10th day of exposure. Values are mean of three replicates ±SE. Con = 

Control. 

 



 
 

Fig. 5.22: Effect of increasing concentrations of copper (Cu2+) on catalase 
(CAT) activity in leaves of two cultivars of tea (TS-462 and TS-520) on the 4th, 
7th and 10th day of exposure. Values are mean of three replicates ±SE. C = 
Control. 

 

 

 
 
Fig. 5.23: Effect of increasing concentrations of copper (Cu2+) on catalase 

(CAT) activity in roots of two cultivars of tea (TS-462 and TS-520) on the 10th 

day of exposure. Values are mean of three replicates ±SE. Con = Control. 
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Table 5.26: Effect of different concentration of copper on peroxidase 
activity in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Peroxidase activity (∆A420 min-1mg-1protein)* 

Incubation period (days) 

4th 7th 10th 

Control 2.6 ±0.40 2.7±0.55 3.1±0.36 

50 3.5 ±0.26 3.8± 0.36 4.6±0.44 

100 3.8 ±0.35 4.2±0.70 5.3±0.59 

200 4.5 ±0.69 5.7±0.25 6.4±0.20 

300 4.9 ±.044 6.1±0.67 6.3±0.72 

400 5.3 ±0.57 6.4±0.55 6.8±0.38 

500 5.4 ±0.42 6.1±0.45 6.6±0.35 

600 5.5 ±0.34 6.2±0.47 5.8±0.52 

700 4.5 ±0.39 4.9±0.44 4.3±0.43 

CD (5%) 0.51 0.48 0.26 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

Table 5.27: Effect of different concentration of copper on ascorbate 
peroxidase activity in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

 Ascorbate peroxidase activity (µM min-1 mg-1 protein)* 

Incubation period (days) 

4th 7th 10th 

Control 0.43±0.03 0.49±0.05 0.53±0.04 

50  0.65±0.06 0.62±0.04 0.79±0.05 

100 0.75±0.05 0.86±0.07 0.95±0.12 

200  0.83±0.06 0.94±0.14 1.40±0.12 

300  0.97±0.14 1.02±0.11 1.57±0.14 

400  1.30±0.07 1.75±0.23 2.37±0.12 

500  1.47±0.12 1.69±0.14 2.39±0.13 

600  1.45±0.08 1.68±0.16 2.25±0.17 

700  1.03±0.09 1.59±0.10 1.41±0.09 

CD (5%) 0.17 0.21 0.23 

*Data are mean of three replications; Data after ± indicate standard error values.  
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Table 5.28: Effect of different concentration of copper on ascorbate 
peroxidase activity in leaf tissue of TS-520 

Concentration 
of CuSO4 (µM) 

Ascorbate peroxidase activity (µM min-1 mg-1 protein)* 

Incubation period (days) 

4th 7th 10th 

Control 0.51±0.10 0.59±0.09 0.61±0.04 

50  0.63±0.16 0.79±0.18 0.84±0.03 

100 0.72±0.10 0.94±0.12 0.15±0.20 

200  0.92±0.20 1.40±0.07 1.60±0.26 

300 1.23±0.15 1.54±0.15 1.74±0.20 

400  1.45±0.12 1.67±0.10 1.83±0.15 

500  1.48±0.17 1.70±0.12 1.75±0.18 

600  1.52±0.19 1.73±0.16 1.62±0.15 

700  1.55±0.18 1.58±0.04 1.32±0.13 

CD (5%) 0.23 0.26 0.32 

*Data are mean of three replications; Data after ± indicate standard error values.  
 
 
Table 5.29: Effect of different concentration of copper on catalase 
activity in leaf tissue of TS-462 

Concentration of 
CuSO4 (µM) 

Catalase activity (∆A240 min-1mg-1protein)* 

Incubation period (days) 

4th 7th 10th 

Control 8.5±0.8 8.6±0.8 8.7±0.9 

50 9.1±0.5 9.4±0.6 10.2±1.0 

100 9.2±1.0 9.5±1.0 10.24±1.0 

200 9.3±1.0 9.6±0.9 10.3±0.8 

300 9.6±1.0 9.8±1.0 10.4±0.5 

400 9.7±0.6 9.9±0.8 10.5±0.8 

500 9.5±0.8 9.7±1.0 9.8±0.85 

600 9.4±1.0 9.7±1.0 9.5±1.0 

700 9.1±1.0 9.5±0.8 8.9±0.6 

CD (5%) 0.55 0.31 0.38 

*Data are mean of three replications; Data after ± indicate standard error values. 
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Table 5.30: Effect of different concentration of copper on catalase 
activity in leaf tissue of TS-520 

Concentration of 
CuSO4 (µM) 

Catalase activity (∆A240 min-1mg-1protein)* 

Incubation period (days) 

4th 7th 10th 

Control 8.8±0.7 8.5±0.8 8.76±1.0 

50 8.83±0.5 8.94±0.7 9.5±0.9 

100 9.3±0.9 9.5±1.0 9.8±1.0 

200 9.5±1.0 9.6±0.8 9.94±0.95 

300 9.7±0.9 10.2±1.0 10.3±0.95 

400 9.2±0.6 9.4±1.0 9.1±1.0 

500 9.2±0.6 9.0±1.0 8.8±1.0 

600 9.1±0.7 8.3±1.0 8.2±0.9 

700 8.4±0.9 8.1±0.7 8.2±0.7 

CD (5%) 0.51 0.48 0.36 

*Data are mean of three replications; Data after ± indicate standard error values. 
 

5.3. DISCUSSION 

Oxidative stress occurs in plants when they are exposed to adverse 

environmental conditions such as heavy metal stress. Copper is an essential 

micronutrient that is involved in the activity of several enzymes and is also a 

component of electron transport chain in chloroplast and mitochondria 

(Yruela et al., 2000). Although Cu is usually present at low concentrations in 

surface waters, elevated concentrations of Cu may develop with time in 

agricultural soils due to several anthropogenic activities including prolonged 

use of copper containing pesticides to control diseases. At higher 

concentrations, Cu is highly toxic to plants as it can cause a range of 

morphological and physiological disorders (Vassilev et al., 2003). Copper 

manifests its toxicity mainly through increased production of ROS which 

involves copper catalyzed Fenton reaction, characterized by production of 

hydroxyl radicals from superoxide and hydrogen peroxide. The ROS severely 

affects the biomolecules like proteins lipid and DNA, which induces 

significant alterations in plant physiology and biochemistry (Ducic and Polle, 

2005). Changes occur as part of the tolerance mechanism which is an 

inherent capacity of the plants that enables to avoid excessive uptake of 

copper ions, detoxify copper ions by complexation and sequester ROS 
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through multiple regulated pathways. A clear understanding of cellular 

response to excess copper provides us the scope for deciphering the extent of 

cellular damage. Owing to the excessive use of copper fungicides in tea 

gardens, understanding of copper induced mechanism for selecting and/or 

developing tolerant cultivar with quality crop is an urgent need in modern 

tea industry. 

The mechanisms of Cu tolerance in higher plants include two main 

strategies: (1) exclusion, whereby plants avoid excessive uptake and 

transport of metal ions, and (2) accumulation and sequestration, whereby 

plants detoxify free metals by compartmentation of metals in vacuoles, 

complexation of metal ions by organic ligands, such as organic acids, amino 

acids and metal-binding peptides (Clemens, 2001; Hall, 2002). There are, 

however, marked differences in Cu tolerance between plant species and 

between cultivars of the same species; these differences are often related to 

the copper content of roots and shoots (De Vos et al., 1991; Rouphael et al., 

2008). In the present study, the tea cultivars showed some variation in Cu 

accumulation, TS-520 accumulating more in both leaves and roots at the 

highest tested concentration. The enhancement of Cu content in both the 

organs was proved to be dependent on the metal concentration in the 

nutrient solution. The roots retained most of the Cu taken up by the plants 

although a steady increment of copper content in leaves was noted with 

increase in the copper content in nutrient solution. The roots are in a direct 

contact with the metal-containing solutions and are known to act as storage 

for heavy metals and can restrict their translocation to the shoot system 

(Mazhoudi et al., 1997). However, the increment of Cu content within the 

leaves of the tea plants indicated an efficient translocation. Presumably, Cu 

makes complexes with nicotinamine and is transported via xylem vessels 

into the shoot (Burkhead et al., 2009). Peng et al. (2006) studied the 

accumulation of copper ions in Elsholtzia splendens, a native Chinese Cu-

tolerant and accumulating plant species. Results showed that copper 

concentrations in roots, stems and leaves of E. splendens increased with 

increasing Cu levels in solution. After exposure to 500 μmol/L Cu for 8 days, 

about 1000 mg/kg Cu were accumulated in the stem and 250 mg/kg Cu in 

the leaf of E. splendens. Copper distribution in plant organs were high in 

root followed by stem and leaf. Ali et al. (2006) observed that roots of Panax 
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ginseng exposed to various concentrations of Cu (0, 5, 10, 25, and 50 μM) 

accumulated high amounts of Cu in a concentration-dependent and 

duration-dependent manner. In a study on five week old Arabidopsis 

thaliana plants, Lequeux et al. (2010) observed that copper was mainly 

retained in the roots in plants exposed to copper excess (5 µM). Copper levels 

in the shoots did not increase significantly with increasing copper 

concentrations. Eren et al. (2009) found that copper accumulation in 

cultured barley embryosis correlated with copper concentrations and higher 

accumulation was observed in roots compared to shoots. Yurekli and Porgali 

(2006) found that copper accumulated mainly in the roots of bean plants 

exposed to 100 µM Cu2+. Feigl et al. (2013) studied the uptake and 

accumulation of Cu by Indian mustard (Brassica juncea) and rapeseed 

(Brassica napus) roots under Cu treatment. Both species showed similar 

accumulation rate. Cu was higher in the roots than in the shoots of both 

Brassica species. 

The production of ROS is an unavoidable consequence of aerobic respiration. 

When the terminal oxidases - cytochrome C oxidase and the alternative 

oxidase react with O2, four electrons are transferred and H2O is released. 

However, occasionally O2 can react with other ETC components. Here, only 

one electron is transferred, and the result is the O2‾ radical, a moderately 

reactive ROS with approximately 2-4 µs of half-life (Gill and Tuteja, 2010). It 

has been noted that O2‾ is usually the first ROS to be generated. About 1-2% 

of O2 consumption within the plant tissues leads to the generation of O2‾ 

(Halliwell, 2006). Reduction of O2 produces O2‾ during electron transport 

along the noncyclic pathway in the ETC of chloroplasts and other 

compartments of the plant cell. Reduction of O2 to the O2‾ can occur in the 

ETC at the level of PSI. The generation of O2‾ may trigger the formation of 

more reactive ROS like OH‾, and more possibly 1O2, each of which may 

cause peroxidation to membrane lipids and cellular weakening (Gill and 

Tuteja, 2010). 

The peroxidation of lipids is considered as the most damaging process 

known to occur in every living organism. The overall process of lipid 

peroxidation involved three distinct stages: initiation, progression and 

termination steps. The initial phase of lipid peroxidation includes activation 

of O2 which is rate limiting. O2‾ and OH‾ can react with methylene groups of 
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polyunsaturated fatty acids forming conjugated dienes, lipid peroxy radicals 

and hydroperoxides. The peroxy radical formed is highly reactive and able to 

propagate the chain reaction. Peroxidation of polyunsaturated fatty acid by 

ROS attack can lead to chain breakage and, thereby, increase in membrane 

fluidity and permeability (Sharma et al., 2012). Membrane damage is 

sometimes taken as a single parameter to determine the level of lipid 

destruction under various stresses. Now, it has been recognized that during 

lipid peroxidation, products are formed from polyunsaturated precursors 

that include small hydrocarbon fragments such as ketones, malonaldehyde, 

etc. and compounds related to them (Gill and Tuteja, 2010; Sharma et al., 

2012). Some of these compounds react with thiobarbituric acid (TBA) to form 

coloured products called thiobarbituric acid reactive substances (TBARS). 

Lipid peroxidation, in both cellular and organelle membranes, takes place 

when above-threshold ROS levels are reached, thereby not only directly 

affecting normal cellular functioning, but also aggravating the oxidative 

stress through production of lipid-derived radicals.  

In the current study, exposure to Cu resulted in accumulation of products of 

lipid peroxidation in the leaves. The level of TBARS increased steadily with 

Cu concentration and time of exposure in both cultivars upto 7 days beyond 

which the rate of increase declined. This provided a clear indication of the 

oxidative damage induced by high Cu concentrations. Other authors 

(Mazhoudi et al., 1997; Rama Devi and Prasad, 1998; Chen et al., 2000) have 

reported similar increase in lipid peroxidation in plants exposed to Cu. A 

comparison of lipid peroxidation revealed significant differences between the 

two cultivars of tea in response to Cu. TS-520 was found to be more 

sensitive to Cu as it produced significantly higher concentration of TBARS at 

high exposure concentrations (P<0.05). Differences among cultivars in 

response to Cu stress have been found in other plants such as Triticum 

durum (Ciscato et al., 1997), Holcus lanatus (Hartley-Whitaker et al., 2001) 

and Kummerowia stipulacea (Xiong et al., 2008). Lipid peroxidation in tea 

plants have been reported in response to drought stress (Upadhyaya and 

Panda, 2004) and to cadmium exposure (Mohanpuria et al., 2007). However, 

there is no previous study on Cu toxicity in tea. 

In the present study, assay of O2‾ release was done as a measurement of 

ROS production in response to excess copper. A dose dependent increase in 
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O2‾ production was observed in treated tea seedling cultivars in comparison 

to control. TS-520, which appeared to be more susceptible to copper excess 

than TS-460 as evident by higher TBARS accumulation, also showed a 

higher O2‾ level under excess copper. This showed that while ROS generation 

is taking place in both cultivars, TS-462 is better adapted to bear such 

stress. Upadhyaya et al. (2008) showed that O2‾ generation in four clonal 

cultivars of tea plants (TV-1, TV-20, TV-29 and TV-30) increased with 

increased imposition of drought stress. The authors further reported that an 

increase in O2‾ content and lipid peroxidation, as a consequent of stress 

imposition, was least in TV-1, which was therefore more tolerant in 

comparison with other tested clones. Mukhopadyay et al. (2013) reported the 

stimulation of O2‾ production and lipid peroxidation in tea plants (T-78) 

under Zn stress. 

Lipid peroxidation and ROS generation have been reported to occur in 

response to excess copper in several plant species. In a study, Solanum 

nigrum plants were exposed for 28 days to 100 and 200 µM/L copper in a 

hydroponic system (Fidalgo et al., 2013). The level of lipid peroxidation 

showed that the treatment of plants with 100 µM/L Cu did not change 

significantly in shoots when compared to control situation. However, about 

33% increase in lipid peroxidation was found in shoots at 200 µM/L Cu. 

Hartley-Whitaker et al. (2001) observed that the level of TBARS increased 

with copper concentration in all four Holcus lanatus clones. However, the 

more copper-sensitive clones produced significantly higher concentrations of 

TBARS at all exposure concentrations. Drazkiewicz et al. (2004) found an 

elevated level of O2‾ content in leaves of Arabidopsis thaliana exposed to Cu 

excess (0-300 μM ) for 7 days. Wang et al. (2004) found that exposure of 

Brassica juncea seedlings to excess Cu led to lipid peroxidation in roots 

which was enhanced with the increasing Cu applied. A peak was observed 

with Cu at 8 μM, with the lipid peroxides value being twofold higher than 

control. A further increase in Cu concentration to 16 μM failed to elevate the 

production of lipid peroxides. Additionally, a Cu-induced progressive 

increase in the lipid peroxidation level over the time was also observed but it 

declined after 6 days. In a study by Khatun et al. (2008), Indian ginseng 

(Withania somnifera), a medicinally important plant, was exposed to different 

concentrations of CuSO4 (0, 10, 25, 50, 100 and 200 μM) for 30 d in vitro. 
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The authors observed that superoxide formation and lipid peroxidation 

increased significantly when concentrations were higher than 25 μM Cu. 

Ibrahim and Bafeel (2008) showed that lead toxicity increased lipid 

peroxidation and superoxide generation especially at higher exposure 

concentrations. Vestena et al. (2011) observed that superoxide 

concentrations increased, in addition to lipid peroxidation in the leaves of 

Salvinia and water hyacinth under Cadmium stress. Nie et al. (2012) also 

reported increase in lipid peroxidation and O2‾ production in leaves of maize 

variety Zhendan958 after the seedling was treated with 2 to 8 mM Cu for    

96 h. Talukdar (2013) found that lipid peroxidation levels did not increase 

even at highest copper levels which allowed the Canna indica plants to 

overcome copper induced damage by oxidative stress. 

At higher concentrations, copper is an effective inhibitor of photosynthesis 

for both algae and higher plants. The inhibitory effect of copper at different 

sites of the electron transport chain and on chloroplast lipid biosynthesis 

was studied by several authors (Droppa and Horvath, 1990; Baron et al., 

1995). Leaf chlorophyll concentration is crucial for the susceptibility of the 

plant’s photosynthetic machinery to photo inhibition and should be 

considered when an effect of environmental stress is under study (Patsikka 

et al., 2002). In the present study, chlorophyll a chlorophyll b and carotenoid 

content was found to decrease significantly with increasing Cu 

concentrations and exposure times in both the cultivars of tea with the more 

sensitive cultivar (TS-520) recording a significantly higher decrease (P<0.05). 

Studies have shown that carotenoid may play an important role in 

photoprotection of chlorophyll and chloroplasts against photooxidative 

damage (Gill and Tuteja, 2010). Therefore, the decrease in carotenoid 

content in the tea leaves may be responsible for the chlorophyll damage by 

the Cu treatments. 

Tea plants have been known to be sensitive to heavy metal stress. In a study 

on heavy metal stress on tea plants, Mohanpuria et al. (2007) reported 

significant decrease in chlorophyll content even after 12 h of Cd (50 μM) 

treatment and it declined continuously with increase in time and 

concentration. In a similar study, Shi et al. (2009) found that chlorophyll 

contents were reduced in tea plants that were exposed to cadmium (0.50 

mg/kg) or arsenic (50 mg/kg) at high soil concentrations. Yadav and 



93 
 
Mohanpuria (2009) observed that Cu and Al treatment (100 µM ) decreased 

Chl a+b content by 8 % in Chinary and 18 % in Assamica cultivars of tea 

while Al treatment decreased chlorophyll content by 20 % in Chinary and 16 

% in Assamica. In a study conducted on the seedlings of tea that were grown 

hydroponically for 30 d Li et al. (2011) observed that the chlorophyll content 

decreased with increasing, Fluorine concentrations. In another study, 

Mukhopadhyay et al. (2013) observed that Zn-stress (30 µM) decreased 

content of chlorophylls a and b and carotenoids in tea plantlets of cultivar T-

78. 

In general, decrease in chlorophyll concentrations under stress conditions in 

plants is regarded as direct indicator of injury to the plants. Several authors 

(Ouzounidou et al., 1994; Ciscato et al., 1997; Rama Devi and Prasad, 1998; 

Mohanpuria et al., 2007) have also reported a decrease in chlorophyll 

content in plants when exposed to Cu. The decline in chlorophyll content in 

plants exposed to heavy metals stress such us Cu is believed to be due to: (a) 

inhibition of enzymes associated with chlorophyll biosynthesis (John et al., 

2009); (b) inhibition of uptake and transportation of other metal elements 

such as Mn, Zn and Fe by antagonistic effects (Jayakumar et al., 2009; John 

et al., 2009). Similar decrease in chlorophyll content under heavy metal 

stress was reported earlier in cyanobacteria, unicellular chlorophytes 

(Chlorella), gymnosperms such as Picea abies and angiosperms such as Zea 

mays, Quercus palustrus and Acer rubrum (Siedlecka and Krupa, 1996). The 

decrease in chlorophyll content was also reported in sunflower (Zengin and 

Munzuroglu, 2006) and in almond (Elloumi et al., 2007). In an investigation 

on Ceratophyllum demersum L. (Coontail), a free floating macrophyte, Rama 

Devi and Prasad (1998) observed that Cu uptake decreased the chlorophyll 

content in the plants. Ciscato et al. (1997) studied the effect of excess copper 

(3.6 µM/ Cu) on the photosynthetic apparatus of two cultivars of durum 

wheat (Triticum durum) and found that both chlorophyll a and b contents, 

expressed on a dry weight basis, were reduced. Patsikka et al., (2002) found 

that Cu treatment lowered the leaf chlorophyll concentration in bean 

(Phaseolus vulgaris) plants grown in the presence of 0.3 (control), 4, or 15 

μM Cu2+. In contrast, Fidalgo et al. (2013) found that the total chlorophyll, 

as well as carotenoid content in shoots of Solanum nigrum plants exposed for 

28 days to 100 and 200 μmol/L of Cu, did not present significant changes in 
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response to the Cu increase in the nutrient solution compared to shoots of 

the control plants.  

Proteins are the most abundant cellular component oxidized by ROS 

constituting up to 68% of the oxidized molecules in the cell (Rinalducci et al., 

2008). Protein oxidative injury is a covalent modification induced by ROS 

generated under heavy metal stress. This refers to amino acid modifications, 

fragmentation of the peptide chain, aggregation of cross-linked reaction 

products and changes in electrical charge (Olteanu et al., 2013). Protein 

oxidation mostly is irreversible, however, a few involving sulfur-containing 

amino acid are reversible (Ghezi and Bonetto, 2003). The most susceptible 

residues to oxidation are the sulphur containing cysteine and methionine 

residues (Boguszewska and Zagdanska, 2012). In some cases, oxidation of 

susceptible residues such as cysteine and histidine leads to the production 

of oxogroups which “mark” the protein macromolecules for an increased 

susceptibility to proteolysis (Davies, 2003).  

In the present study, protein content decreased in a time and concentration 

dependent manner in comparison to control primarily at high exposure 

concentrations, that is, when the copper ions are in far excess. At lower 

copper levels, there was slight increase in the protein levels which was 

insignificant in the roots but significant in the leaves. A probable explanation 

for the increase in protein content could be the formation of carbonyl 

derivatives in presence of copper, or de novo synthesis of some stress 

proteins as result of exposure to exogenous factor (Verma and Dubey, 2003). 

The decline in soluble protein amount at high copper excess may be due to 

action of proteolytic enzymes or it may also be attributed to the loss of 

genetic material by chromosome fragmentation, micronuclei and lagging 

chromosomes, with repercussions on synthesis of proteins encoded by the 

genes lost in this way (Olteanu et al., 2013). Among the two cultivars tested 

in this study, TS-520 recorded lower protein content than TS-462 especially 

in the leaves indicating that TS-520 is more vulnerable to copper excess.   

Literature reports on the changes in protein content in response to stress are 

numerous and mostly report a decline in protein content with heavy metal 

excess but variations are also there. Additionally, varietal differences are also 

reported by several authors. Influence of Cd treatment on protein levels of 
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tea bud tissue was determined by Mohanpuria et al. (2007). Data obtained in 

their experiments indicated that decrease in protein levels were time 

dependent as there was not much decrease in protein levels after 12 and 24 

h of 50–400 µM CdCl2 treatments, while significant decrease in protein 

content was observed after 48 h even at 50 µM CdCl2 exposures. The protein 

levels in bud tissues decreased from 12 mg/g FW to 9.2, 8.4, 7.5, and 6 

mg/g FW after 48 h of 50, 100, 200, and 400 µM Cd treatments, 

respectively. In another study Yadav and Mohanpuria (2009) found that 

protein content decreased in apical buds of tea after exposure to excess Cu 

by 65 and 72 % in Chinary and Assamica types, respectively, as compared to 

control.  

Zengin and Kirbag (2007) studied the effect of copper chloride (0.4, 0.5 and 

0.6 mM) on the level of protein in sunflower (Helianthus annuus) seedlings 

under hydroponic conditions. The plants treated with high copper 

concentrations had significantly lower total protein contents than control 

plants. Total protein content in seedlings decreased, by 15%, 27.5% and 

37.5% with increasing of Cu concentrations compared to the control 

seedlings. Similarly, Cu stress induced changes in the protein concentration 

of bean (Cuypers et al., 2005). Guo et al. (2007) found that in comparison 

with the control, a significant reduction in protein content in roots and 

leaves was observed in ‘Shang 70-119’ genotype after the barley plants were 

exposed to excess metal solution in combination that included Cu, Al and 

Cd. The decrease was greater in roots than in leaves. Nevertheless, there was 

no significant difference in protein content both in roots and leaves among 

the treatments for ‘Gebeina’ genotype. Eren et al. (2009) found that total 

soluble protein content in cultured barley embryos decreased at high copper 

concentration in growth medium. Xing et al. (2010) observed that the 

synthesis of protein was inhibited significantly by excess copper in Spirodela 

polyrrhiza. Brahim and Mohamed (2011) found a reduction in leaf total 

soluble protein after 6 h of copper treatment in Atriplex halimus grown in 

hydroponics conditions (38% at 2000 μM). They further reported a recovery 

in protein biosynthesis after 24 h, which became more significant after 48 h 

(155% at 500 μM). Vinod et al. (2012) observed that protein content 

decreased with increasing Cu concentration in wheat plants exposed to high 

concentrations of copper. Olteanu et al. (2013) observed that there was no 
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direct relationship between copper concentration and protein level in 

Triticum aestivum seedlings. The authors reported that inhibition rates of 

protein synthesis ranged between 11 and 19%, except for 50 μM copper 

acetate and 100 μM copper citrate where small increases were noticed. The 

most important decline of soluble protein level was also registered in 25 μM 

copper citrate. 

Carbohydrates are considered as an important macromolecule in plant 

metabolism not only because it is the first organic compound formed in the 

plants as a results of photosynthesis but also provide the major source of 

respiratory energy (Azmat and Riaz, 2012). Thus carbohydrate content in 

plant tissue directly reflects the energy level in the plants. Apart from the 

sugars and starches that meet this vital nutritional role, carbohydrates also 

serve as a structural material (cellulose), a component of the energy 

transport compound ATP, recognition sites on cell surfaces, and one of three 

essential components of DNA and RNA (Duffus and Duffus, 1984).  

In the current study carbohydrate content was found to decrease in a time 

dependent and concentration dependent manner in both leaves and root of 

tea plants of both tested cultivars in response to copper excess. In our 

experiment a significant correlation was obtained between copper 

concentration and carbohydrate content suggesting that excess copper 

modified carbohydrate accumulation such that it was consumed in excess to 

maintain the basic physiological functions. Deef (2007) found that 

Rosmarinus officinalis subjected to low concentration of copper treatment 

exhibited an increase in the total carbohydrate values. However, the reverse 

was true at high concentration (3200 ppm) when the total carbohydrates 

decreased greatly as compared to the control. Xing et al. (2010) studied the 

effect of excess copper on the physiology of the aquatic plant Spirodela 

polyrrhiza which was exposed to three different concentrations (1, 10 and 

100 mg L-1). Results showed that the total carbohydrate content decreased 

significantly in the plant tissue after 24 h of treatment. Al-Hakimi and 

Hamada (2011) studied the physiological parameters in wheat seedlings 

under copper stress. It was clear from their results that the investigated 

levels of Cu that is, 20 and 40 mg/l generally induced an inhibitory effect on 

the accumulation of soluble and total carbohydrates in the roots but in 

shoots the accumulation of total carbohydrates was stimulated by all levels 
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of Cu. In a study to understand the effect of Cu on polymerization of glucose 

into carbohydrate under Cu stress in seedlings of 15 day old Vigna radiata, 

Azmat and Riaz (2012) observed a drastic decrease in carbohydrate contents 

which the authors related with Cu interference in polymerization of glucose 

in to carbohydrates. Deo and Nayak (2011) observed that copper exposure 

decreased carbohydrates content in Musa acuminate cv. Bantala grown in 

vitro at 100 μM of copper. 

The proteinogenic amino acid, proline, is known to accumulate in many 

plants in response to environmental stress. Proline has long been considered 

an important compatible osmolyte, however, recent studies have proved its 

multiple functions in stress adaptation, recovery, and signaling (Gill and 

Tuteja, 2010). It is therefore being considered now as a potential 

nonenzymatic antioxidant. Proline is regarded as an important molecule in 

redox signaling and also a scavenger of ROS, which is capable of reducing 

the damage of oxidative stress induced by metal excess (Gill and Tuteja, 

2010). Free proline accumulation has been observed in response to a wide 

range of biotic and abiotic stresses in plants (Ducic and Polle, 2005; Sharma 

and Dietz, 2006; Verbruggen and Hermans, 2008). It has also been found 

that overexpression of proline biosynthetic pathway genes enhance the 

abiotic stress tolerance in transgenic plants (Gill and Tuteja, 2010).  

In the present study, proline levels increased steadily with increasing 

concentration of copper in the nutrient solution. However, at high exposure 

concentrations (> 500 µM), there was a marginal decrease in both cultivars.  

Proline accumulation is recognized as the first metabolic responses to stress 

which functions as an osmoregulator, stabilizer of protein synthesis, a metal 

chelator, and a hydroxyl radical scavenger (Gill and Tuteja, 2010). The 

proline content at high exposure concentrations was lower but only when 

compared to low exposure concentrations and not in comparison to control. 

This lowering may be due to the overall breakdown of biosynthesis and 

metabolic processes in the plants exposed to very high copper 

concentrations. However, at lower concentrations proline does accumulate in 

the tea leaves and possibly contributes to the alleviation of copper toxicity. 

Yadav and Mohanpuria (2009) observed that, excess Cu exposure in tea 

plants increased proline content by 80% in apical buds of Chinary and 

Assamica types. Thounaojam et al. (2012) investigated the effects of copper 
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in rice plants that were treated with different Cu concentrations (0, 10, 50 

and 100 mM) for 5 days in hydroponic condition. Results showed that the 

proline content increased by 26.89%, 45.58% and 67.60% in shoot while 

19.12%, 54.81% and 110.43% in root at 10, 50 and 100 mM Cu respectively 

with respect to control after 1st day of treatment. Almost similar pattern of 

enhancement in the proline content was recorded after 5th day where 

maximum content was recorded at 100 mM Cu by 98.95% in shoot and 

106.49% in root over control. The effects of copper sulfate on Plantago 

psyllium was studied by Mohammadi et al. (2013) five levels (0, 15, 30, 45 

and 60 mg/lit). The highest proline content was observed in 60 mg/lit 

copper sulfate concentration. 

Karimi et al. (2012) studied the effect of different copper concentrations at 

toxic levels on Astragalus neo-mobayenii, an endemic plant around the Cu-

rich areas. Copper was applied in four levels (0, 50, 100, and 150 μM). The 

proline content was found to increase substantially with increasing Cu 

concentrations. Fidalgo et al. (2013) exposed Solanum nigrum plants to 100 

and 200 μmol/L copper in a hydroponic system for 28 days to analyze the 

antioxidant defence response. The authors observed that the shoot proline 

levels did not show significant change but in the roots proline content 

increased at high Cu concentrations. Rastgoo et al. (2014) studied the effects 

of heavy metals including copper on Aeluropus littoralis, a halophytic plant, 

using two different concentrations (50 μM and 100 μM) for each metal. The 

results revealed that proline content increased significantly with increasing 

concentration in all treatments. 

Phenolics are an important group of secondary metabolites that are 

characterized by at least one aromatic ring (C6) bearing one or more 

hydroxyl groups. They are mainly synthesized from cinnamic acid, which is 

formed from phenylalanine by the action of L-phenyl-alanine ammonia-lyase, 

the branch point enzyme between primary (shikimate pathway) and 

secondary (phenylopropanoid) metabolism (Dixon and Paiva, 1995; 

Michalak, 2006). Phenolics have various functions in plants. An 

enhancement of phenylopropanoid metabolism and the amount of phenolic 

compounds can be observed under different environmental factors and 

stress conditions. An increase of phenolics correlated to the increase in 

activity of enzymes involved in phenolic compounds metabolism was 
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reported, suggesting de novo synthesis of phenolics under heavy metal 

stress. In contrast, some evidence indicates that the increase in flavonoid 

concentration is mainly the result of conjugate hydrolysis and not due to de 

novo biosynthesis (Parry et al., 1994; Michalak, 2006). Increase in soluble 

phenolics such as intermediates in lignin biosynthesis can cause an increase 

in cell wall endurance and the creation of physical barriers preventing calls 

against harmful action of heavy metals which is the normal characteristic 

structural change induced by all kinds of stress (Diaz et al., 2001). 

Since polyphenols are major constituents of tea leaves, their involvement in 

the defence response mechanism against ROS induced damage caused by 

metal excess seemed highly probable. To explore this possibility, the level of 

phenolics in leaves of two cultivars of tea was estimated. Both phenolics and 

o-dihydroxyphenolics content increased with increase in concentration of 

copper in the nutrient solution. Orthodihydroxyphenols are mainly 

considered to play a significant role during biotic stresses (Bhagat and 

Chakraborty, 2010; Michalak, 2006). Some reports (Chakraborty et al., 

2002) also suggest its role in abiotic stresses. In a study on drought induced 

stress in tea plants, Chakraborty et al. (2002) observed that the contents of 

both total and o-dihydroxyphenols increased under low stress in the leaves 

of tea clonal cultivars but declined when the stress conditions were acute. 

Mukhopadhyay et al. (2013) treated young tea plants with zinc excess (30 

µM) and found that the plants showed considerable increase in phenol 

content in both leaves and roots. Upadhyaya (2012) studied the effect of low 

temperature stress in five selected clones of tea. Total phenolic content in 

low temperature treated clones, TV-17, TV-19, TV-25 and TV-29 was found 

to be highest at 20ºC, but TV-30 showed low content of the same at 20ºC, 

which is only 0.75 fold and highest content at 30 µM. The author suggested 

that TV-30 is low temperature sensitive with respect to phenol metabolism. 

Khatun et al. (2008) found that Withania somnifera plants exposed to 

different concentrations of CuSO4 (0, 10, 25, 50, 100 and 200 µM) for 30 d in 

vitro showed an increase in the level of total phenols in metal-treated plants 

compared to the control. In a study on physiological responses of Matricaria 

chamomilla plants exposed to copper excess (3, 60, and 120 µM for 7 days), 

Kovacik et al. (2008) observed that Cu doses of 60 and 120µM led to increase 

in soluble phenolics in the leaf by 12 and 16%. Posmyk et al. (2009) found 
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that Cu2+ excess at low doses (0.5 mM), increased the levels of phenolic 

compounds in red cabbage. Vinod et al. (2012) observed that high 

concentration of Cu markedly increased the phenolic content of wheat 

leaves. The result of the present work is therefore in agreement with the 

finding of other workers and suggests that phenolics may play an important 

role in tea plants under copper stress.  

Plants produce non-protein thiol compounds, comprised of several acid-

soluble sulfohydryl components, such as cysteine, reduced form of 

glutathione (GSH) and phytochelatins, for detoxification or homeostasis of 

heavy metals (Cobbett, 2000). The process of detoxification includes 

formation of thiolate complex with GSH and cysteine, forming metal chelate 

complexes with phytochelatins and reducing their harmful activities. GSH 

can also alleviate oxidative stress with its strong antioxidative properties. 

Glutathione is the basic substrate for phytochelatin formation which 

consists of the three amino acids; cysteine, glycine and glutamic acid. 

In the present study, non-protein thiol content showed an increase with time 

upto 7th day after which, it declined at all exposed concentrations in both 

root and leaf when compared to control. Although there was a rise in NPT 

levels with increasing copper concentration at lower Cu levels; at higher 

levels, that is beyond 400 µM, the NPT contents decreased drastically 

especially on the 10th day. Copper is bound as Cu+ in phytochelatins, and the 

stability of the complex depends on the chain length of the phytochelatins 

(Mehra and Winge, 1988; Reese et al., 1988; De Vos et al., 1992). Thus low 

amount of copper may induce synthesis of phytochelatins in tea plants. 

However, since total NPT levels was recorded during this study, the increase 

may also be due to increased production of GSH or cysteine, both of which 

are known to play major role in alleviating metal toxicity in plants (Yadav, 

2010). Further studies on the individual levels of the different thiols 

produced under copper excess in tea plants should be of interest. The 

pattern of change in NPT levels in this study was found to be similar in root 

and leaf. However, a direct comparison between the root and leaf NPT levels 

could not be computed because they were expressed in separate units. This 

was due to the fact that the root tissue could not be homogenized 

appropriately in fresh condition, thus a dry weight was taken for the roots 

after lyophilization. Among the two tested cultivars, TS-462, that is the more 
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resistant one showed lower levels of NPT than TS-520. De-Vos et al. (1992) 

observed that both the rate of phytochelatin production upon an excessive 

supply of copper and the maximum level of phytochelatin-SH were higher in 

the roots of copper-sensitive S. cucubalus than in the roots of tolerant 

plants. According to the authors, this result indicated that copper tolerance 

in this species is not based on an elevated production of phytochelatins. 

They further suggested that phytochelatin synthesis cannot prevent copper 

toxicity and phytochelatins, regardless of their chain length, are not 

primarily involved in copper tolerance. In our work, tea plants of the more 

susceptible variety showed higher NPT levels. Thus there may be a 

possibility that apart from glutathione and cysteine which might have a role 

in mitigating oxidative stress, phytochelatins do not have any significant role 

in Cu excess physiology but this can only be ascertained after testing the 

different NPT compounds individually.   

Murphy and Taiz (1995) observed that the correlation between copper 

tolerance and non-protein thiol levels in the 10 Arabidopsis ecotypes was not 

statistically significant. Nagalakshmi and Prasad (2001) observed that the 

non-protein thiol content in copper-treated Scenedesmus bijugatus cells 

decreased with increase in copper concentrations (0-150 µM). However, the 

total thiol content remained unaffected. The authors suggested that this 

shows the increase in protein thiol content and served as a marker for the 

synthesis of metal-binding peptides, phytochelatins, which are reported to 

have a role in sequestration and metal homoeostasis. Wang et al. (2004) 

studied the antioxidative reactions induced by copper excess (8 µM) in the 

roots of Brassica juncea. The authors reported that the total non-protein 

thiol content increased during the first eight days, but it declined at later 

stages. The response of the non-protein thiols to copper treatment was 

investigated in the marine diatom Phaeodactylum tricornutum by Morelli and 

Scarano (2004) by monitoring the cellular levels of phytochelatins (PCs), 

glutathione, γ-glutamyl cysteine and cysteine. The authors reported a rapid 

induction of the synthesis of PCs initially formed at the expense of the 

cellular pool of glutathione. Afterwards, cellular total non-protein thiols (the 

sum of γ-glutamyl cysteine, glutathione and PCs) increased with respect to 

the control. The authors suggested that as the PCs synthesis requires only 

glutathione as substrate, the accumulation of these peptides in the cell 
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indicated that Cu actively stimulated new synthesis of glutathione. In 

another study, Demirevska-Kepova et al. (2004) observed that the NPT levels 

decreased in the barley leaves at lower doses of copper but increased several 

folds at higher doses when compared to control. Srivastava et al. (2006) 

studied the responses induced by lower as well as higher doses of copper 

(0.1–25 µM) in an aquatic macrophyte, Hydrilla verticillata for a period of 1–7 

days. Total non-protein thiols and cysteine levels increased significantly up 

to 5 µM copper exposures while at 25 µM, their level declined drastically. 

Kalinowska and Pawlik-Skowronska (2010) observed that low intracellular 

Cu-accumulation and maintenance of high GSH level concomitant with PCs 

production seem to be responsible for a higher Cu-resistance of the 

terrestrial green microalga Stichococcus minor and Geminella terricola. 

The delicate equilibrium between generation and detoxification of ROS in the 

plant cell is disrupted by various abiotic stresses. As plants cannot escape 

exposure to adverse conditions, the well regulated array of antioxidant 

defence mechanisms keep the routinely formed ROS levels under control and 

prevent them from exceeding toxic thresholds. The antioxidant network 

consists of several enzymatic components that includes superoxide 

dismutase (SOD) which provides the first line of defence against ROS by 

scavenging O2‾ and ascorbate peroxidase (APX), peroxidase (POD) and 

catalase (CAT) that are predominantly associated with H2O2 decomposition 

and helps to maintain the cellular redox steady state. A literature study 

shows that the involvement of antioxidant enzymes in limitation of ROS 

production has been examined in tea cultivars against several different 

stress factors including drought stress (Chakraborty et al., 2002; 

Damayanthi et al., 2010), cold stress (Upadhyaya, 2012), cadmium stress 

(Mohanpuria et al., 2007; Shi et al., 2009), aluminium stress (Ghanati et al., 

2005), fluorine excess (Li et al., 2011), boron deficiency (Hajiboland and 

Bastani, 2012), zinc deficiency and excess (Mukhopadhyay et al., 2013), and 

copper excess (Basak et al., 2001; Yadav and Mohanpuria, 2009). 

Additionally, investigations have been conducted on whether the ROS 

scavenging antioxidant enzymes maybe critical for protecting plants against 

metal deficiency in the soil and/or whether they may be responsible for the 

timely activation of the defence response. 
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In the present study, superoxide dismutase activity increased with 

increasing Cu concentrations during the first seven days. The more tolerant 

cultivar, TS-462 recorded a higher increase in enzyme activity, however, with 

the longer exposure time and above 400 µM Cu concentrations, the activity 

leveled off. In TS-520, SOD activity decreased above 400 µM but after 10 

days of exposure at the highest tested concentration (700 µM), the activity 

returned almost to the original level. A rise in SOD activity has been 

observed in several plants in response to copper stress. Hartley-Whitaker et 

al. (2001) observed that SOD activity increased with copper concentration in 

the four Holcus lanatus clones tested; the more tolerant clones showing a 

lower rise than the non-tolerant clones. Wang et al. (2004) observed a 

twofold increase in SOD activities with 8 μM Cu in the roots of Brassica 

juncea L. during the first 2 days. The stimulation lasted for 4 days and then 

gradually declined. Srivastava et al. (2006) showed that the activity of SOD 

increased up to 5 μM copper exposure till day 7 in a concentration–time 

dependent manner in an aquatic macrophyte, Hydrilla verticillata. Ke et al. 

(2007) showed that at 100 mg kg–1 Cu treatment, the SOD activity increased 

in the two Daucus carota populations and then, decreased gradually with the 

increase of Cu concentration in the soil. The authors found that the decrease 

of SOD activity differed among the populations. Gao et al. (2008) observed 

that under copper stress, SOD activity in leaves of Jatropha curcas seedlings 

increased concomitantly with increasing copper up to 400 μmol in pot 

experiments. However, SOD activity in stems and roots showed a slight 

increase. Karimi et al. (2012) investigated the effect of copper on Astragalus 

neo-mobayenii, an endemic plant around the Cu-rich areas and observed 

that with increasing copper concentrations, SOD activities increased 

significantly in leaves and roots compared with that of the control group. On 

the other hand, activity of SOD did not significantly increase in Triticum 

aestivum cv. Hasaawi at most Cu2+ concentrations, as compared with control 

when grown in various copper levels (0-100 mM) for 30 days (Azooz et al., 

2012). Rastgoo et al. (2014) observed that SOD activity increased under 

excess copper conditions (50 μM and 100 μM) in Aeluropus littoralis in all 

treatments. 

Peroxidase activity increased with Cu concentration to more than two fold in 

both the tested cultivars of tea during the present study. TS-520 recorded a 
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significantly lower POD activity than TS-462 (P<0.05). The activity increased 

in TS-520 plants at lower exposure concentrations but subsequently 

declined at concentrations higher than 400 µM. This lowering of activity may 

be due to complete inhibition of growth in the sensitive cultivar exposed to 

Cu concentrations higher than this threshold level. On the other hand, in 

TS-462, POD activity showed an all through increase with increase in Cu 

concentrations and time of exposures except at the highest concentration 

where it recorded a sharp decline. Cuypers et al. (2002) studied the 

contribution of peroxidases in roots and primary leaves of bean seedlings as 

a part of the defence mechanism against copper imposed oxidative stress. 

After application of 15 µmol/L Cu to the nutrient solution, the enzyme 

activities of the roots increased from 24 h onwards. However, a decrease in 

the GPOD capacity was noticed 96 h after the start of the treatment. In the 

leaves, the activities were significantly increased 24 h after the application of 

50 μmol/L Cu to the nutrient solution and a stronger increase was observed 

after 96 h. Zhao et al. (2010) observed that POD activity increased at low Cu 

level and decreased at high Cu level in Festuca arundinacea L. roots under 

Cu stress in hydroponic experiments. Karimi et al. (2012) observed that with 

increasing copper concentrations, POD activities increased significantly in 

leaves and roots of Astragalus neo-mobayenii. Olteanu et al. (2013) found 

70.51% increase in POD activity when 25 µM copper citrate was applied in 

Triticum aestivum seedlings. Liu et al. (2014) worked on copper stress on 

maize seedlings, and observed that POD activity was increased when the 

concentration of copper was higher than 10 μmol/L. Martins et al. (2014) 

evaluated the response of tobacco plants genetically engineered with the 

AtTPS1 (trehalose-6-phosphate synthase) gene, known to improve plant 

tolerance, from Arabidopsis to stress induced by excess Cu. Two transgenic 

lines, transformed with the AtTPS1, with different levels of trehalose-6-

phosphate synthase expression (B5H, higher and B1F, lower), and a wild 

type (WT) were investigated. When plants were grown under high Cu 

concentrations (400 μM) in hydroponic solution, POD activity in WT and 

B5H plants increased significantly after a 48 h exposure. 

In the present study, APX activity recorded a four-fold increase in the more 

sensitive cultivar but the activity declined at concentrations higher than 400 

µM. A sharp increase in APX activity was noticed at the 10th day of exposure 
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at concentrations 400 µM to 600 µM in the more tolerant cultivar, TS-462. 

However, at 700 µM, the activity declined. Gupta et al. (1999) also observed a 

late increase in APX activity in Pheseolus vulgaris subjected to Cu stress. 

Chen et al. (2000) reported that APX activity showed an increase in copper 

stressed roots of rice seedlings. Ratkevicius et al. (2003) observed strong 

activation of APX in Enteromorpha compressa, an alga collected from copper 

enriched environment but no activation was seen in the same algae from 

non-impacted sites. In a study in Zea mays plants, Kumar et al. (2008) 

reported that the activity of APX was increased enormously at all the stages 

under study, after excess-Cu (100 μM) treatment. Wang et al. (2011) found 

that in comparison to control, activity of APX increased about 46.30% and 

51.85%, respectively, in roots of maize seedlings under 2 and 4 mM and 

then declined to control levels. In a study on copper stress in Triticum 

aestivum cv. Hasaawi, Azooz et al. (2012) showed that APX levels increased 

at copper concentrations above 10 mM. Fidalgo et al. (2013) observed that 

APX activity was decreased in shoots of Solanum nigrum plants that were 

exposed for 28 days to 100 and 200 μmol/L copper in a hydroponic system. 

Total APX activity was lower in Cu-exposed plants than in control ones 

reaching a significant reduction of about 36% at 200μmol/L Cu. A similar 

effect was detected regarding related mRNA accumulation in roots and 

shoots of the Cu-treated plants.  

CAT activity showed an insignificant increase in both the cultivars of tea 

during the present study. Moreover, no significant difference was observed 

between the cultivars exposed to excess Cu. Thus CAT activity remained 

unaltered or was marginally increased in response to oxidative damage 

induced by Cu. Reports by other authors showed variation in catalase 

activity in different plants in response to copper excess. Chen et al. (2000) 

reported that excess copper sulphate had no effect on CAT activity in the 

roots of rice seedlings. In another study, Thounaojam et al. (2012) showed 

that CAT activity did not show significant variation both in shoot and root of 

the rice plants exposed to excess copper. However, Lombardi and Sebastiani 

(2005) reported that total catalase in Prunus cerasifera plantlets grown on 

100 μM Cu for 10 and 20 days was approximately five times greater than the 

control plantlets. Pourakbar et al. (2007) observed that CAT activity 

increased only slightly in maize seedlings exposed to excess copper for 15 
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days. In a similar study, Kumar et al. (2008) reported that the activity of CAT 

was not altered significantly by excess supply of Cu to maize plants. Iseri et 

al. (2011) observed that catalase activity did not change in the tomato 

seedlings exposed to high copper concentrations but recorded enormous 

increase in cucumber seedlings under similar conditions. In a study on 

seeds and germinated seedlings of Vigna mungo, Solanki et al. (2011) 

observed a decline in CAT activity under copper stress. Rout et al. (2013) 

observed that with increasing Cu concentration (up to 50 μM), a sharp 

increment of CAT activity was observed in root and shoot of 7 days treated 

Withania somnifera L. seedlings which was 2-folds more in comparison to 

control. But in 14 days old plants, the maximum activity was observed at 25 

μM of Cu in leaf and root tissues, which was 2.66 and 2.81-folds over the 

control but then declined. Talukdar (2013) observed that CAT levels did not 

vary in the leaves of Canna indica plants grown in nutrient solution 

containing excess copper in comparison to control but increased 

significantly in the roots.  

From the results of the present study it seems most likely that Cu induces 

oxidative damage in tea leaves leading to the formation of ROS. This in turn 

caused an induction of enzymes involved in the scavenging of superoxide 

radical and H2O2.  But when the ROS production was very high, it exceeded 

the endogenous capacity of the plant to scavenge the ROS which upset the 

regulated balance between the scavenging system and the generating system 

leading to the inactivation of defence enzymes (Shigeoka et al., 2002). In 

addition, our results showed a significant difference in the two Cu stressed 

cultivars of tea where the more sensitive cultivar seems to lose its 

antioxidative capacity at Cu concentrations higher than 400 µM while the 

more tolerant cultivar being able to withstand a maximum of 600 µM of Cu2+ 

ions. In order to evaluate the oxidative damage, further studies on the 

zymogram pattern of the antioxidative enzymes assayed in this study along 

with localization of peroxidase enzyme in both leaves and roots was 

conducted. 

 

 

 



 

 

 

 

CHAPTER-6 
 

ISOZYME PROFILE OF ANTIOXIDATIVE 
ENZYMES AND CELLULAR 

LOCALIZATION OF PEROXIDASE AND 
ACCUMULATED COPPER IN TEA 

SEEDLINGS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 
 

CHAPTER-6 
 

ISOZYME PROFILES OF ANTIOXIDATIVE ENZYMES AND CELLULAR 
LOCALIZATION OF PEROXIDASE AND ACCUMULATED COPPER IN TEA 

SEEDLINGS 
 

In order to tolerate environmental fluctuations, plant metabolism must be 

flexible and dynamic. However, the metabolic balance of cells is often 

disrupted by biotic and abiotic stresses, resulting in accumulation of ROS 

and oxidative burst (Gill and Tuteja, 2010). ROS are produced as 

unavoidable by products of aerobic metabolism. When present in optimal 

concentrations, ROS play crucial role in the normal development and 

response of the plant to the environmental stresses. The lifespan of ROS 

within the cellular environment is determined by numerous antioxidative 

systems, which provide crucial protection against oxidative stress imposed 

by these molecules. A variety of gene and protein expression signatures are 

involved in ROS generation and inactivation which is a complex protective 

metabolic adaptation that alter physiological reactions in the whole plant.  

Isozymes or isoenzymes, are enzymes that catalyze the same reaction, but 

exist in multiple molecular forms, possess different properties, and show 

different tissue distributions. Isozymes are the different gene products. They 

are usually recognized by the different electrophoretic mobilities they 

possess. Anti-oxidative enzyme isozymes have a number of roles in the 

growth and development of plants. Isozyme analysis of some ROS scavenging 

enzymes in plants exposed to different levels of metal stress might throw 

light on the physiological, biochemical and genetic changes that accompany 

adaptive metabolism against such stress. Thus, changes in activities of some 

antioxidant enzymes during copper stress were monitored. 

Apart from the biosynthetic and scavenging functions carried out by the 

different isozymes, there is little information available concerning their 

precise localization on the organ tissue at cellular or sub-cellular level. To 

distinguish between several isoenzymes and to identify peroxidases involved 

in a specific stress response, proteomic approaches are state of the art 

(Meisrimler et al., 2014). Since plant peroxidases are highly polymorphic, 

enzyme cytochemical probes are insufficient in most cases to establish the 

exact cellular localization of the particular isozyme. Therefore most 
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appealing approach for such study is to employ immunological assays 

(Repka et al., 1997). The use of polyclonal and monoclonal antibodies and 

immunocytochemistry has allowed the detection and localization of enzymes 

such as peroxidase within cells in the tissue sections.  

For cellular location of different proteins or antigens, immunogold labeling 

followed by electron microscopy is a powerful tool (Lee et al., 2000; Trillas et 

al., 2000; Nahalkova et al., 2001). To visualize immunogold labels in light 

microscope, silver enhancement is essential. Colloidal gold labels are 

normally visible only at electron microscope level. Silver enhancer enhances 

the colloidal gold label by precipitation of metallic silver to give a high 

contrast signal visible under light microscope. Fluorescent antibody labelling 

with fluorescein isothiocyanate (FITC) is also known to be one of the 

powerful techniques to determine the cell or tissue location of antigens or 

proteins. However, autofluorescence present in the plant tissues may 

mislead the proper understanding of the actual cellular location of proteins. 

Moreover, a fluorescence microscope is more expensive than light 

microscope. Hence it was considered worthwhile to perform immunogold 

labeling followed by silver enhancement for tissue location of peroxidase 

under light microscope. 

Generally, metals are absorbed by roots in cationic form from the soil water 

or nutrient media where they are cultured by a non-metabolic passive 

process driven by diffusion or mass flow (Marschner, 1995). The metal 

cations are first taken into the apoplast of the roots. Then some of the total 

amount of the metal is transported further into the cells some is transported 

further in the apoplast, and some become bound to cell wall substances. 

How the total amount of the metal taken up is distributed between these 

three depends on the metal and the plant genotype as well as on external 

factors (Greger, 2004). Since, during our early studies, we observed that 

copper is mainly accumulated in the roots and very little is transported to 

the leaves of the tea seedlings, it seemed worthwhile to study the cellular 

location of copper in the root by transmission electron microscopy. Also a 

study has been conducted on the isozyme profiling of the antioxidative 

enzymes to support the observations in previous studies. Further peroxidise 

expression was studied by immunoblotting and immunocytochemical 

detection of peroxidase in roots was done to confirm the findings.   
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6.1. MATERIALS AND METHODS 

6.1.1. Stress induction in hydroponic cultures 

Three month old tea seedlings of cultivar TS-462 was exposed to different 

concentrations of copper sulphate (200 µM, 500 µM and 700 µM) under 

hydroponic culture system as described in section 5.1.2. Control sets 

comprised of only nutrient solution without excess copper sulphate. 

6.1.2. Polyacrylamide gel electrophoresis (PAGE) and in-gel enzyme 
assay 

Native polyacrylamide gel electrophoresis (PAGE) was carried out for analysis 

of isoforms of the different enzymes under study. For studying the isozyme 

patterns, leaf samples were collected from treated and control tea-seedlings 

under experiment in hydroponic system. Total soluble proteins or specific 

enzyme extracts of the sampled leaves were separated on non-denaturing 

gels. These gels were subjected to biochemical treatments specific for a 

particular enzyme for the development of coloured isoform bands. Protein 

was estimated following Lowry’s method (Lowry et al., 1951) using BSA as 

standard. GelQuant.NET software provided by biochemlabsolutions.com was 

used for densitometric analysis of the bands produced in the gels following 

activity staining. 

6.1.2.1 Polyacrylamide gel electrophoresis (PAGE) 

Polyacrylamide gel electrophoresis (PAGE) was done following the method as 

described by Davis (1964) with some modifications. A mini slab gel (8 X 5 

cm) was prepared for which, two glass plates ware thoroughly cleaned with 

dehydrated alcohol to remove any traces of grease and air-dried. Spacers 

(1.5 mm) were placed between the two glass plates on three sides and sealed 

with 1% agar solution. The slabs were tightly clipped to prevent any leakage 

of the gel solution while casting the gel. A 10% resolving gel was prepared by 

mixing the acrylamide stock solution (for resolving gel), Tris-HCl (pH 8.9, for 

resolving gel), APS (freshly prepared) and distilled water in the ratio 1:1:4:1 

and carefully dispensing the mixture by a pasture pipette between the glass 

slabs leaving sufficient space for the stacking gel (1.5 cm). After pouring the 

resolving gel solution, it was immediately over layered with water and 

allowed to polymerize for 1.5 - 2 h. After polymerization was complete, the 
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water over layer was poured off and the gel was washed with water to remove 

any unpolymerized acrylamide. 

The stacking gel (4%) solution was prepared by mixing the acrylamide stock 

solution (for stacking gel), TrisHCl (pH 6.7, for stacking gel), riboflavin 

(freshly prepared) and distilled water in the ratio 2:1:1:4. The mixture was 

poured over the resolving gel and the comb was inserted leaving a gap of 

approximately one cm below the well in the stacking gel. The gel was kept 

under bright sunlight or fluorescent light for polymerization. After 

solidification of the stacking gel, the comb was removed and the wells were 

washed thoroughly. Following casting, the gel with the glass slabs was fitted 

into the electrophoresis apparatus. Chilled tris-glycine running buffer (pH 

8.4) was added sufficiently in both upper and lower reservoirs of the gel 

apparatus. Any bubbles, trapped at the bottom of the gel, were carefully 

removed with a bent syringe. The gel was loaded with protein/enzyme 

samples and incubated at 40C supplying a constant current of 2.5 mA per 

well continuously for 3-4 h until the dye front reached the bottom of the gel. 

After electrophoresis, the gel was removed from the glass plates and then the 

stacking gel was cut off from the resolving gel and finally processed for 

activity staining of the antioxidative enzymes. 

6.1.2.2. Sample preparation and activity staining 

6.1.2.2.1. Superoxide dismutase  

Superoxide dismutase extraction was done following the method of Burke 

and Oliver (1992). Fresh tea leaves (1 g) were taken from the plants of 

experimental jars (treated and control) and instantly dipped in liquid 

nitrogen. After 10 min, the frozen leaves were crushed in 5 ml buffer 

(containing 96 mM Tris-HCL, pH 6.8, and 13.6% v/v glycerol). The 

homogenate was then filtered through four-layered muslin cloth and the 

filtrate was centrifuged at 14,000 rpm for 15min. The supernatants were 

collected and protein concentration was measured. Samples (25 µg protein) 

were loaded for PAGE analysis at 4ºC. Following electrophoresis, the gels 

were incubated in 50 mM potassium phosphate buffer (pH 7.5), 0.1 mM 

EDTA, 0.2% v/v N,N,N’,N’-tetramethylethylenediamine, 3 mM riboflavin, and 

0.25 mM nitrobluetetrazolium in the dark at room temperature for 30 min 

with agitation. Following incubation, the gels were rinsed with and placed in 
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deionised water and exposed to light under a 400-W high-pressure sodium 

lamp 60 cm above the gel, generating high levels of 300 µE m-2 s-1 for 10 min 

at 25ºC. White bands appeared in purple background gel.  

6.1.2.2.2. Peroxidase 

For studying the different forms of POD isozymes, total soluble proteins were 

extracted as described (Sadasivam and Manickam, 1996) and loaded (25 µg) 

onto the wells of non-denaturing gels and electrophoresed at 40C. To 

determine POD activity, the gels were incubated for 30 min in 0.25% 

guaiacol solution and then in 0.3% H2O2 for 15 min for the development of 

reddish brown bands.  

6.1.2.2.3. Ascorbate peroxidase 

Fresh leaves (0.5 g) sampled from treated and control sets were homogenized 

in 5ml of 50 mM ice-cold phosphate buffer (pH 7.0, containing 1mM 

ascorbate, 1mM EDTA and 2% w/v PVP). The homogenates were centrifuged 

at 13000 g at 4ºC for 20 minutes. The supernatants were ready to use for 

enzyme activity assay following protein quantification. The enzyme samples 

were loaded on native PAGE gels and processed after electrophoresis 

according to the method of Rao et al. (1996). The gels were prerun for 30 min 

with addition of ascorbate (2 mM) in the carrier buffer since APX is stable 

only in presence of ascorbate. After electrophoresis, gels were incubated in 

50 mM potassium phosphate buffer (pH 7.0) containing 2 mM ascorbate for 

30 min. The gels were again incubated in the above buffer containing 4 mM 

ascorbate and 2 mM H2O2 for another 20 min. After a brief wash in the 

buffer for 1 min, the gel was submerged in a solution of 50 mM potassium 

phosphate buffer (pH 7.8) containing 28 mM tetramethylethylenediamine 

and 2.45 mM nitrobluetetrazolium with  gentle agitation. The reaction was 

continued for 10 to 15 min and stopped by washing with distilled water. 

White bands appeared in blue background. 

6.1.2.2.4. Catalase  

Catalase isoform were detected by native polyacrylamide gel electrophoresis 

following the method described by Keissar et al., (2002). The enzyme samples 

were prepared as described earlier (section 5.1.12.4) and loaded onto 10% 

polyacrylamide gels after protein estimation. After electrophoresis, gels were 
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incubated in 10mM hydrogen peroxide solution for 10 minute and stained 

with a mixture of 1% ferric chloride and 1% potassium ferricyanide in 

distilled water and shaken gently until achromatic bands were developed. 

The catalase activity was revealed as light zones on a deep green 

background. 

6.1.3. Electrophoresis and Western blotting 

To understand the differential expression of proteins in copper treated and 

control seedlings, analysis of crude protein extract was first carried out on 

10% SDS-PAGE gels following Laemmli’s (1970) method. Leaf samples were 

collected from the experimental and control jars, washed thoroughly with 

cold water and instantly dipped in liquid nitrogen. After 10 min, the frozen 

leaves were crushed in 5 ml buffer (containing 0.1 M Tris-HCL, pH 6.8, and 

13.6% v/v glycerol) and centrifuged at 14,000 rpm for 15min. The 

homogenate was then filtered through four-layered muslin cloth and the 

filtrate was centrifuged at 14,000 rpm for 15min. Protein was extracted 

(Sadasivam and Manickam, 1996) from the supernatants and the 

concentration was measured by Lowry’s method (Lowry et al., 1951) using 

BSA as standard. 

6.1.3.1. SDS-PAGE 

Leaf and root sample containing 50µg protein were mixed with equal volume 

of sample buffer and heated for 5 min at 950C. Gel was made according to 

the method of Laemmli (1970). Separating gel (10%) was used for resolving 

the polypeptides whereas a 4% stacking gel was used to concentrate the 

polypeptides. Protein as well as standard markers were loaded on the gel 

and electrophoresis was accomplished in electrode buffer at 30mA for 4h 

using a Bio-Rad, Mini PROTEAN Tetra Cell Electrophoresis system. 

Following electrophoresis, the gel was stained with 0.25% Coomassie 

Brilliant Blue R-250 (Sigma) for overnight and destained.  The gel was 

photographed by Sony cyber-shot digital camera. The standard proteins 

marker (97.4 kDa-16 kDa) (Bangalore Genei, India) was used for determining 

the molecular masses of specific proteins. 
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6.1.3.2. Western Blotting 

For determining the level of expression of peroxidase enzyme, the separated 

proteins were transferred from the gel to a sheet of PVDF membrane by a wet 

blotting system (BioRad, USA) at 90 V, 350 mA for 1 h following the method 

of Towbin et al. (1979) with modifications. Following transfer, the PVDF 

membrane was blocked for 5 h with blocking buffer containing 5% casein. 

Antiserum (antiperoxidase developed in goat fractioned antiserum, Sigma) 

diluted (1:1000) in 0.15 M PBST (pH 7.2) was applied to the PVDF membrane 

and incubated overnight at 4°C. The membrane was then washed 3 times (5 

minutes for each) with PBST and incubated in a 1:10000 dilution (in PBST) 

of secondary antibody (goat antirabbit IgG-HRP conjugate) for 2 h at room 

temperature. Unbound conjugate was removed by washing twice (7 minutes 

for each) with PBST and finally the membrane was washed with TBS (pH 7.5) 

for 10 min. The blot was developed using the chromogenic substrate 

tetramethylbenzidine/hydrogen peroxide and finally photographed. 

6.1.4. Immunogold labeling and silver enhancement 

Immunogold labeling was performed following the method as described by 

Santen et al. (2005) with necessary modifications. The root samples of tea 

were collected, after 10 days of exposure to copper, washed thoroughly and 

kept at 40C before use. Fine cross sections of roots were cut manually and 

placed on clean grease free slides. Water drops (100 µl) were mounted on 

each section. The slides were incubated at 2-50C for 30 min and excess 

water surrounding the sections was blotted off. Thirty microlitre of blocking 

buffer (0.15 M PBS pH 7.2 containing 5% normal sera of goat) was placed on 

the cross sections and incubated for 10 min. Excess solution was wiped off 

and diluted in PBS (1:100) antiperoxidase primary antibody (Sigma, USA) 

was applied on the sections and incubated overnight at 40C. After 

incubation, the sections were carefully rinsed in 0.15 M PBS (pH 7.2) for 5 

min and the excess buffer was poured off. The sections were then flooded 

with 100 µl of diluted (1:50) immunogold reagent containing 0.5 nm gold 

particle (Sigma, USA) and incubated for an hour. The sections were again 

rinsed for 4 minute with PBS and subsequently fixed in 200 µl of PBS-

glutaraldehyde (2.5% glutaraldehyde solution in PBS) for 15 min. Next they 

were washed in distilled water and further processed for silver enhancement 
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using silver enhancement kit (Sigma). Initially solution A (silver salt) and 

solution B (an initiator) were mixed (1:1) according to the manufacturer’s 

instruction. Mixed solution (100 µl) was used to flood each section. After 5 

min of incubation, the cross sections were washed with distilled water. 

Distilled water was poured off and 100 µl of sodium thiosulphate solution 

(2.5% aqueous) was placed on the sections and allowed to incubate for 3 

minutes. The sections were again washed in distilled water and 

counterstained with saffranin before mounting on to the slides. Immediately 

after the staining, the sections were viewed in a binocular light microscope 

(Leica, Germany) and photographed using digital camera (Canon A530 

Powershot) with appropriate attachment system. 

6.1.5. Cellular localization of copper by transmission electron 
microscopy (TEM) 

For electron microscopic study, roots were collected from control and treated 

(700 µM) seedlings grown in hydroponic culture containing Hoagland and 

Knop’s (nutrient) solution. Both control and treated roots of 10th day were 

used. Root sections of 1-2 mm length were cut and primary fixation was 

done using 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 

hours at 4ºC followed by three washings with 0.1M phosphate buffer (1st 

change for overnight at 4ºC and 2nd and 3rd change for 1 h each at 4ºC). The 

fixed samples were sent to IARI, New Delhi, where the samples were further 

processed for electron microscopy. The samples were examined under JEOL 

JEM-2010 electron microscope at an accelerating voltage of 80.0 kV. 

6.2. RESULTS 

6.2.1. Isozyme patterns of antioxidative enzymes 

Activity staining on non-denaturing polyacrylamide gels was done for each of 

the four enzymes, SOD, POD, APX and CAT. Tea leaves were sampled at 10 

days after exposure to excess copper from treated and control sets and used 

for isozyme analysis.  

6.2.1.1. SOD 

Activity staining of SOD enzyme in non-denaturing polyacrylamide gels 

showed clear bands in a deep purple background. A single band was visible 

with the Rf value of 0.033 in each treatment along with control (Fig. 6.1). 
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However the intensity of the bands varied with the treatments. Highest 

intensity of the band was recorded in samples extracted from plants that 

were treated with 500 M copper. A lower intensity was noted in other 

treated plants as well as in control (Fig. 6.1).  

6.2.1.2. POD 

The isoenzymes of peroxidase were visible as reddish brown bands in the 

polyacrylamide gels following activity staining. Two isoforms, POD 1 (Rf  0.15) 

and POD 2 (Rf 0.29) were found to be present after POD activity staining in 

the leaves of TS-462 cultivar of tea from both treated and control sets (Fig. 

6.2). However, two new isozymes POD 3 (Rf 0.42) and POD 4 (Rf 0.51) were 

induced in the leaves of tea exposed to 500 M of Cu (Fig. 6.2). These extra 

bands were not seen in the lower dose treatments and at the highest dose 

(700 µM) but the intensity of the isozymes were higher in treated sets than in 

control.  

6.2.1.3. APX  

On gel staining for APX activity revealed the occurrence of two isozymes, APX 

1 (Rf 0.08) and APX 2 (Rf 0.32) in samples extracted from both treated and 

control plantlets which appeared as clear bands in deep blue background 

(Fig. 6.3). The intensity of APX 1 increased from control to 200 µM treated 

plants and the levels remained equally high with increasing copper 

concentrations upto 700 µM. APX 2 was also found to be regulated, but 

densitometric analysis showed that the levels did not rise at 200 µM but 

showed highest intensity at 500 µM and then sharply declined at 700 µM 

(Fig. 6.3). 

6.2.1.4. CAT  

Catalase activity staining in polyacrylamide gel is shown in Figure 6.4. 

Expression of catalase were observed as bands that were achromatic zones 

(or faint green zones) on a deep green background whose colour intensity 

varied with the treatments. A single band was visible at Rf value of 0.25 in 

each treatment. Strongest band was found in samples recovered from plants 

that were treated with 500 µM copper solutions (Fig. 6.4). The intensity was 

lower in both control and 200 µM treated plants. The plants treated with 700 

µM copper also showed much reduced intensity and was almost invisible 



 

 

                    

Fig. 6.1: (A) Isozyme pattern of superoxide dismutase in response to copper 

stress in leaves of tea (cultivar TS-462) compared to control (C); (B) 

Densitometric analysis of isozyme bands. 

 

 

                       

Fig. 6.2: (A) Isozyme pattern of peroxidase in response to copper stress in 

leaves of tea (cultivar TS-462) compared to control (C); (B) Densitometric 

analysis of isozyme bands. 
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and therefore not presented in the figure. In case of untreated-inoculated 

plants, similar single band was present but with much less intensity (Fig. 

6.4).  

6.2.2. Protein profile and peroxidase expression 

SDS-PAGE analysis of leaf and root proteins were done using total protein 

extract from treated and control tea seedlings. Results showed that a 

particular 77 kDa band was visible in leaves of tea seedlings treated with 

500 M of Cu2+ (Fig. 6.5A). Similarly a 46 kDa band appeared in the roots at 

high exposure of copper concentration (Fig. 6.5B). However, Western blotting 

revealed a 65 kDa peroxidase whose expression levels increased with 

increasing levels of copper (Fig. 6.6). 

6.2.3. Tissue and cellular localization of peroxidase activity 

Immunogoldlabeling followed by silver enhancement was performed to locate 

the regions of roots that showed increased levels of peroxidase. The results 

revealed that the labeling was strongest in the cortical regions of the roots 

that indicated high peroxidase activity in those regions (Fig. 6.7). Epidermal 

regions also showed some extra gold particles in the treated sets. The 

labelling was also found to be intense in the roots treated with 500 M and 

200 M copper solutions when compared to the untreated roots (control). 

6.2.4. Cellular localization of copper in tea roots by transmission 
electron microscopy (TEM) 

The cellular localization of copper in the roots of tea seedlings exposed to 

700 M of copper was studied by TEM. Several dark precipitates were 

detected along the cell wall in the roots of treated sets (Fig. 6.8). The 

particles appeared essentially as isolated circular dark spots scattered in the 

region adjacent to cell walls. Some electron dense precipitates were found 

inside the vacuole. Such precipitation was not found to be present in control 

plants. 

6.3. DISCUSSION 

A great deal of research has established that the induction of the cellular 

antioxidant machinery in the plant is important for their protection against 

ROS. Overexpression of ROS scavenging enzymes like isoforms of SOD (Mn-

SOD, Cu/Zn-SOD, Fe-SOD), CAT, APX, and POD resulted in abiotic stress 



 

                         

Fig. 6.3: (A) Isozyme pattern of ascorbate peroxidase in response to copper 

stress in leaves of tea (cultivar TS-462) compared to control (C); (B) 

Densitometric analysis of isozyme bands. 

 

 

                   

Fig. 6.4: (A) Isozyme pattern of catalase in response to copper stress in leaves 

of tea (cultivar TS-462) compared to control (C); (B) Densitometric analysis of 

isozyme bands. 
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tolerance in various crop plants due to efficient ROS scavenging capacity 

(Gill and Tuteja, 2010). The upregulation of these enzymes is implicated in 

combating oxidative stress caused due to several different types of abiotic 

stresses and have a critical role in the survival of plants under adverse 

environmental conditions. Isoforms of SOD, APX and POD are localized in 

several subcellular compartments, whereas CAT is mostly localized in the 

peroxisome. They strongly differ in their substrate affinities and ensure a 

tight control of H2O2 concentrations at very low levels (Yadav et al., 2012). 

Other enzymes, such as glutathione peroxidase (GPX) and glutathione-

transferases (GSTs), also contribute to the redox homeostasis of the cell. 

In the current study, the enzyme isoform patterns were studied in order to 

understand the involvement of the specific isozymes for control of ROS. A 

single SOD isozyme was evident to be present in native PAGE gels. 

Thounaojam et al. (2012) studied the effects of copper in rice plant and 

observed that three isoenzyme bands (i, ii, iii) were detected in the root and 

SOD iii was detected only at the higher concentration of Cu. Brahim and 

Mohamed (2011) studied the effect of excess Cu on Atriplex halimus grown in 

hydroponics conditions and observed the presence of three isoforms of SOD 

whose intensity increased with increasing copper dose. In a study on copper 

stress on Withania somnifera seedlings, Rout et al. (2013) observed a single 

SOD band in control plants while the treated plants showed two bands. 

Solanum nigrum plants were exposed for 28 days to 100 and 200 µmol/L 

copper (Cu) in a hydroponic system by Fidalgo et al. (2013). Five major 

bands corresponding to SOD isozymes were visible but differences in 

response could not be detected. One particulary prominent band of Fe-SOD 

was visible in roots while rest others were very weak. On the contrary it has 

been reported that excess copper increased or induced Cu/Zn-SOD activity 

and disrupted expression of other SODs in soybean and mulberry leaves 

(Chongpraditnum et al., 1992; Tewari et al., 2006). Unlike most other 

organisms, plants have multiple enzymic forms (isozymes) of SOD. The 

existence of SOD isozymes in plants and their genetic basis was first 

demonstrated in maize (Baum and Scandalios, 1979, 1982), and the first 

plant Sod gene to be cloned was from maize (Cannon et al., 1987). The basis 

for the multiplicity of SOD in other plant species continues to be 

investigated, and indirect evidence suggests that multiple genes for SOD 
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exist in most plants (Lee et al., 2007). Here, only one SOD was visible 

probably because of lower expression of other SOD isozymes or due to 

suppression of their expression to such levels that remained undetected in 

the present study. However, exact identification of the over-expressed 

isozyme requires further study.   

Results of isozyme analysis of POD revealed that two new isozymes POD 3 

and POD 4 were induced in the leaves of tea exposed to high concentration 

of Cu. Diaz et al. (2001) also detected two new POD isozymes (PRX-A2 and 

PRX-A4) in pepper hypocotyls while the other two isoperoxidases, PRX-B and 

PRX-A3, were enhanced. Fang and Kao (2000) observed that one new POD 

isozyme with a pI of 4.81 was induced by Cu treatment in detached rice 

leaves. Brahim and Mohamed (2011) observed five peroxidase isoforms in A. 

halimus leaves after 48 h treatment with copper of which the intensity of at 

least three were correlated with copper concentration. Two isozymes were 

observed in the roots of copper stressed Withania somnifera seedlings by 

Rout et al. (2013). The authors reported that, with the increase in Cu 

concentration, the number of isoenzymes increased, but after a specific 

concentration, the bands disappeared in both roots and leaves.  

APX activity staining in native PAGE gels revealed that two isozymes were 

visible and both were regulated by fluctuating copper levels. APX 2 increased 

at 500µM and decreased at higher levels but APX 1 increased at lower 

concentrations but the levels did not fall at higher concentrations. APX 

belongs to the class I heme-peroxidases which are widely distributed in the 

plant kingdom. The enzyme utilizes ascorbic acid as specific electron donor 

to reduce H2O2 to water. APX exists in different isoforms classified according 

to their subcellular localization. Soluble isoforms are found in cytosol (cAPX), 

mitochondria (mitAPX) and chloroplast stroma (sAPX), while membrane-

bound isoforms are found in microbody (including peroxisome and 

glyoxisome) (mAPX) and chloroplast thylakoids (tAPX) (Caverzan et al., 2012). 

Lee et al. (2007) detected a new isoform of APX in transgenic plants when 

they were treated with copper or cadmium, suggesting that APX might have 

some level of sensitivity to abiotic or metal stresses. The authors generated 

tall fescue plants expressing the Cu/Zn-SOD and APX genes in chloroplasts 

under the control of the oxidative stress-inducible promoter, sweet potato 

peroxidase anionic 2 (SWPA2).  
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Activity staining of CAT enzyme revealed a single band whose intensity was 

correlated with copper levels in the nutrient medium. Rout et al. (2013) also 

reported that a single isoenzyme of CAT was observed in both the samples of 

control and all the concentrations (25–200 μM) of Cu treated Withania 

somnifera L. seedlings, but the intensities of band varied from one sample to 

another. Brahim and Mohamed (2011) observed three isoenzymes of CAT in 

Atriplex halimus leaves of which CAT-1 was very slow and present in all 

treatments. CAT-2 and CAT-3 bands appeared at 50 μM Cu and its intensity 

increased with copper amount. Fidalgo et al. (2013) observed that Cu excess 

did not change the isozyme patterns in Solanum nigrum plants, since two 

CAT isozymes were detected in both control and Cu-exposed plants. In this 

study although single band was visible at all treatments, the intensities were 

slightly increased in plants exposed to higher copper doses although our 

earlier studies indicated that catalase level was less modified in response to 

copper induced oxidative stress. Further studies especially at the genetic 

level may help to explain this incongruity.   

Peroxidases have been involved in a broad range of physiological processes 

such as lignification, senescence, auxin metabolism, the cross-linking of cell 

wall proteins, defence against pathogenic attack and a variety of abiotic 

stress tolerances. Many workers have noted that POD has a large family of 

isoenzymes in a variety of higher plants (Bakalovic et al., 2006). However, 

the inherent complexity of the physiological processes in which POD 

isoenzymes are involved makes understanding the specific function difficult 

(Guo et al., 2012). In this study, we have attempted to study the expression 

level modifications in peroxidase by Western blotting as this was the only 

enzyme that showed the appearance of new isozymes under copper excess 

during activity staining. Prior to that, SDS-PAGE analysis of leaf and root 

proteins showed that a particular 77 kDa band was visible in leaves of tea 

seedlings treated with 500 M of Cu2+. Similarly a 46 kDa band appeared in 

the roots of tea seedlings treated with higher copper concentrations. Western 

blotting revealed a 65 kDa peroxidase whose expression levels increased with 

increasing levels of copper. In a study, Guo et al. (2012) isolated a 

peroxidase gene, named ThPOD1 from root tissue of a woody plant, Tamarix 

hispida that was exposed to 0.4 M NaCl. The gene was expressed in bacteria 

and the purified peroxidase was obtained as 42 kDa protein. Antiserum 
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raised against the protein was used in western blotting studies to study the 

expression levels of this peroxidase in T. Hispida under stress. Abiotic stress 

caused an increased expression of this peroxidase with a higher expression 

in roots than in the leaves. Meisrimler et al. (2014) observed that the 

strongest regulated band of peroxidase abundance was a particular 133 kDa 

band in stressed maize plants which was visible in the second dimension by 

Clear Native Electrophoresis. 

As stated earlier, microscopic studies following immunogoldlabeling is a 

powerful tool for cellular location of different proteins or antigens. In the 

current study, gold particles were denser in the cortex and epidermis of 

treated plants in comparison to control plants. The immunolocalization and 

distribution of peroxidases from hyperhydrated leaves of carnation were 

studied by Olmos et al. (1997) where the sections were subjected to 

treatment with colloidal-gold-labelled antibodies. They showed different 

distribution pattern of the peroxidase activity in the xylem cell wall of the 

normal leaves and hyperhydric leaves, with a significant lower particle 

density in stressed leaves compared to normal leaves. The authors suggested 

that absence of peroxidase in places of peroxide formation has resulted in 

oxidative stress. Ramos et al. (2008) revealed the presence of Glutathione 

peroxidases (GPXs) proteins in root and nodule amyloplasts and in leaf 

chloroplasts of Lotus japonicas and other legumes by immunogoldlabeling 

under salt stress. The authors reported that labeling was associated with 

starch granules. Peroxidase localization during the current study revealed 

that the activity of this enzyme was increased due to copper excess which is 

essentially a common consequence of oxidative stress. Thus it is most likely 

that copper is generating oxidative stress resulting in higher H2O2 

production that is controlled by the higher amount of peroxidase synthesised 

or mobilised due to excess stress.     

Agricultural soil contamination with heavy metals is nowadays a problem 

because of its implication in the environment protection and human health. 

Copper accumulation in the soil due to spraying of copper based 

agrochemicals has been found to be hazardous to plants. However, some 

plants can assimilate copper to certain levels by multiple detoxification 

mechanisms and are capable of surviving in metal contaminated soils. The 

uptake and translocation may vary considerably among plant species and is 
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additionally dependent on the metal type (Prasad, 2004). Different metals are 

differentially mobile and copper is considered less mobile within plants 

among the heavy metals. After absorption, metals are apoplastically 

translocated in the plant tissue and have to pass the epidermal and other 

anatomical barriers in order to reach the xylem vessel for transport to the 

shoots and leaves. Therefore membrane bound uptake proteins which are 

designed for acquisition of nutrient metals plays a role in the transport from 

roots to the leaves.  

Localization of copper in the plant cells can be studied best in species which 

are normally tolerant to high levels of copper. Thus, in a study on Elsholtzia 

splendens, a copper tolerant plant, Cai-ying et al. (2005) observed that 

vacuoles and cell-wall were compartments for copper tolerance. In the 

current study, copper was found to be associated with the cell wall as well as 

precipitated in vacuole of tea roots. During their transporation through the 

plants, metals get bound largely on the cell walls which explain why most of 

the metal taken up is commonly found in the roots (Prasad, 2004). Arru et 

al. (2004) in their study on Cannabis sativa L. grown in a copper-rich 

solution, observed that copper accumulated preferentially in the upper leaf 

epidermal cells. The authors found that a part of the absorbed Cu was 

detected in vacuolar inclusions. In other plant species Cu was found to be 

accumulated in the vacuole by chelation with poly-hydroxy phenolic 

compounds or phytochelatins (Neumann et al., 1995). 

In the current study, detection of copper precipitates in vacuoles and cell 

wall may suggest that tea is a fairly copper tolerant plant. However, this 

opinion is nullified by our earlier results where we found that several stress 

related metabolic and physicochemical changes are accompanied with 

exposure to the highest copper concentration tested (700 M). Moreover, in 

case of copper, plants considered as hyperaccumulators (eg. Acollanthus 

biformifolius), can take up more than 1000 g g-1 DW of copper inside the 

leaves. In this study, copper concentration in leaves was much less at the 

highest tested exposure concentration and this was related with severe 

disruption of redox poise of the leaves. Thus tea is not a copper tolerant 

plant and excess copper would definitely have negative consequences in 

overall metabolism and yield. 
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CHAPTER-7 

GENERAL DISCUSSION 
 

Heavy metal stress is one of the important environmental factors which 

induce significant alterations in plant physiology and biochemistry. Plants 

respond to such stress by primarily through the generation of reactive 

oxygen species. Various metals either generate ROS directly through Haber-

Weiss reactions or overproduction of ROS and occurrence of oxidative stress 

in plants could be the indirect consequence of heavy metal toxicity (Yadav, 

2010). Changes occur as part of the tolerance mechanism which is an 

inherent capacity of the plants that enables to minimize the detrimental 

effects through detoxification mechanisms. 

Tea has gained the world's taste in the past 2000 years as one of the most 

popular non-alcoholic beverage. The economic and social interest of tea is 

easily understood from the fact that about 18 to 20 billion cups of tea are 

consumed daily in the world. Tea is cultivated extensively in north east India 

and provides livelihood to a large population. To maintain productivity and 

minimize loss due to fungal diseases, a huge amount of copper based 

fungicides are used in the tea gardens of this region. Tea is woody perennial 

and plantation crop with a productive lifetime of 30 years. Therefore, it 

seemed very likely that long term use of copper based agrochemicals can 

cause copper accumulation in the tea garden soils and thereby affect the 

plants detrimentally. In order to confirm the exact status of fungicide usage 

and also disease occurrence in the tea estates of sub-Himalayan West 

Bengal and Assam, a survey work was conducted based on specific 

questionnaire. The result clearly revealed the excessive use of copper based 

fungicides in all the tea gardens that responded to our query. Thus, at the 

onset of this study, it was proved beyond doubt that chances of 

accumulation of copper in the soil might be a possibility and it was 

important to study the effect of excess copper in tea plants.  

Inhibition of germination, growth and reduction of biomass production are 

general responses of higher plants to heavy metal toxicity. In the current 

study, a decrease in germination percentage, early root and shoot growth 

and biomass production was noticed in response to excess copper in three 
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cultivars, TS-462, TS-463 and TS-520. Long term exposure to copper caused 

serious morphological aberrations in the roots such as stunted growth and 

blackening of root tips. Of the three cultivars, TS-463 was found to be most 

sensitive to copper induced inhibition of germination and biomass 

production. The decline in biomass production could explain, in part, due to 

inhibition of both cell elongation and division by heavy metals (Arduini et al., 

1994). Ouzounidou et al. (1992) reported that metal affects ultrastructure of 

meristematic cells altering the ribosomal RNA precursor biosynthesis, thus 

affecting the plant growth.  

Copper induced changes in several physiobiochemical parameters was 

studied under hydroponic culture system using three month old tea 

seedlings of TS-462 and TS-520 cultivars. These two cultivars were chosen 

because stress related modifications in the plant are best studied on 

cultivars which are more resistant. Results were noted on the 4th, 7th and 

10th day after start of treatment with increasing concentrations of copper (50 

to 700 µM). Control plants were exposed to nutrient solution only without 

excess copper. Though the results from hydroponic experiments may 

sometimes be different from field experimental data, but solution culture is a 

model of the interaction between plant and soil solution and is widely used 

by scientists to study metal induced stress physiology.   

Excess copper is toxic because as a redox active metal, it directly increases 

production of ROS through copper catalyzed Fenton reaction, where 

hydroxyl radicals are produced from superoxide and hydrogen peroxide. This 

ROS damages the biomolecules like proteins lipid and DNA, leading to 

multiple changes in plant physiology and biochemistry (Ducic and Polle, 

2005). With the help of these changes, the plant is able to avoid excessive 

uptake of copper ions, detoxify copper ions by complexation and sequester 

ROS through multiple regulated pathways. In the present study, exposure to 

Cu resulted in an increase in superoxide anion (O2‾) generation. Additionally, 

excess accumulation of products of lipid peroxidation, measured as 

thiobarbituric acid reactive substances (TBARS), in the leaves of tea 

seedlings was evident in comparison to control. The level of both O2‾ and 

TBARS increased steadily with Cu concentration and time of exposure in 

both cultivars until 500 to 600 µM and upto 7 days beyond which the rate of 

increase declined. This provided a clear indication of the oxidative damage 
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induced by high Cu concentrations. Other authors (Mazhoudi et al., 1997; 

Rama Devi and Prasad, 1998; Chen et al., 2000; Drazkiewicz et al., 2004; 

Nie et al., 2012) have reported similar increase in lipid peroxidation and O2‾ 

levels in plants exposed to Cu. The peroxidation of unsaturated lipids in 

biological membranes is the most prominent symptom of oxidative stress in 

animals and plants (Yamamoto et al., 2001), and is considered a biomarker 

of metal-induced oxidative stress (Ferrat et al., 2003). 

Being a redox metal, Cu can interfere with various physiological processes 

including lipid peroxidation, a toxicity indicator for plants exposed to Cu 

(Baryla et al., 2000). The primary site of Cu toxicity lies at the cell membrane 

level including the photosynthetic membranes (De Vos et al., 1992; 

Sandmann and Boger, 1980). A comparison of lipid peroxidation and 

superoxide generation revealed significant differences between the two 

cultivars of tea in response to Cu. TS-520 was found to be more sensitive to 

Cu as it produced significantly higher concentration of TBARS and O2‾ at 

high exposure concentrations (P<0.05). Differences among cultivars in 

response to Cu stress have been found in other plants such as Triticum 

durum (Ciscato et al., 1997), Holcus lanatus (Hartley-Whitaker et al., 2001) 

and Kummerowia stipulacea (Xiong et al., 2008). Lipid peroxidation and O2‾ 

generation in tea plants have been reported in response to drought stress 

(Upadhyaya and Panda, 2004; Upadhyaya et al., 2008) and to cadmium 

(Mohanpuria et al., 2007) and zinc exposure (Mukhopadyay et al., 2013). 

However, there is no previous study on the Cu induced lipid peroxidation in 

tea.  

In the present study, total chlorophyll and carotenoid content was found to 

decrease significantly with increasing Cu concentrations and exposure times 

in both the cultivars with the more sensitive cultivar (TS-520) recording a 

significantly higher decrease (P<0.05). Several authors (Ouzounidou et al., 

1994; Ciscato et al., 1997; Rama Devi and Prasad, 1998; Mohanpuria et al., 

2007) have also reported a decrease in chlorophyll content in plants when 

exposed to Cu. Leaf chlorophyll concentration is crucial for the susceptibility 

of the plants to photoinhibition and should be considered when an effect of 

environmental stress is under study (Patsikka et al., 2002). The present 

study indicates that excess of Cu causes inhibition to the photosystem in tea 

leaves. A steady dose and time dependent decrease in carbohydrate content 
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noted in this study may be due to decrease in photosynthetic activity. 

However the decrease in carbohydrate content may also be attributed Cu 

interference in polymerization of glucose into carbohydrates (Azmat and 

Riaz, 2012). Carotenoids are known to function as collectors of light energy 

for photosynthesis and as quenchers of triplet chlorophyll and O2‾. 

Moreover, they dissipate excess energy via the xanthophyll cycle and can act 

as powerful chloroplast membrane stabilizers that partition between the 

light-harvesting complexes and the lipid phase of thylakoid membranes, 

reducing membrane fluidity and susceptibility to lipid peroxidation (Havaux, 

1998). In our results, increasing concentration of Cu significantly inhibited 

carotenoid concentration in tea seedlings. Protein content was also found to 

decrease significantly but only at higher exposure concentrations that may 

be due to breakage in polypeptides due to oxidation or due to damage to the 

genetic material by chromosome fragmentation caused by oxidative 

disruption of DNA structure (Olteanu et al., 2013). A comparative study of 

proteins in the seedlings at different tested concentrations and control 

showed that a particular 77 kDa band in the leaves and 46 kDa band in the 

roots appeared only at high Cu concentrations but were not present in 

control. The level of proline, which is regarded as an important molecule in 

redox signaling and also a scavenger of ROS, increased steadily with 

increasing concentration of copper but marginally decreased at high 

exposure concentrations (> 500 µM) in the nutrient solution in both 

cultivars. The levels of phenolics and o-dihydroxyphenolics increased 

similarly in the leaves with increase in concentration of copper in 

comparison to control. The content of non-protein thiols recorded an 

increase with time upto 7th day beyond which it declined at all exposure 

concentrations in both root and leaf. Glutathione is a major cellular non-

protein thiol and a well-known antioxidant playing a prominent role in the 

defense against free radicals in plants (Alscher, 1989). Glutathione is also an 

important precursor of phytochelatins that help in the binding and 

compartmentalization of metal and prevent further injury. The metal-

induced depletion of glutathione in plants due to phytochelatin synthesis 

may therefore increase the susceptibility of cells to oxidative stress, 

especially in the case of the redox cycling metal copper. In addition, copper 
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may catalyze the oxidation of cellular thiols, resulting in the production of 

free radicals and subsequent lipid peroxidation (De Vos et al., 1992). 

Superoxide dismutase activity increased with increasing Cu concentrations 

during the first seven days. The more tolerant cultivar, TS-462 recorded a 

higher increase in enzyme activity, however, with the longer exposure time 

and above 400 µM Cu concentrations, the activity levelled off. In TS-520, 

SOD activity decreased above 400 µM but after 10 days of exposure at the 

highest tested concentration (700 µM), the activity returned almost to the 

original level. The present results are in agreement with the previous studies 

on response of SOD to Cu stress (Ke et al., 2007; Hartley-Whitaker et al., 

2001; Wang et al., 2004). SOD enzymes provide the first line of defence 

against ROS by removing superoxide radicals and protect plant tissue from 

oxidative injury. SOD isozymes are metalloenzymes which utilize metal 

cofactors like Cu, Zn, Fe and Mn for activity (Alscher et al., 2002). A 

deficiency or excess of these metals can therefore affect their activity (Xiong 

et al., 2008). Upadhyaya and Panda (2004) observed that SOD activity 

increased significantly in tea leaves subjected to drought stress and 

decreased when rehydration was imposed. Aluminium exposure also caused 

an increase in SOD activity in cultured tea cells (Ghanati et al., 2005). A 

single isozyme of SOD was detected during this study which showed 

maximum intensity at 500 µM concentration. Multiple SOD isozymes are 

recorded in plants such as Fe-SOD, Mn-SOD and Cu/Zn-SOD (Bowler et al., 

1994), however, only one Fe-SOD isozyme was visible under copper stress in 

Solanum nigrum plants and the rest were very weak (Fidalgo et al., 2013). 

Other authors have suggested that excess copper increases Cu/Zn-SOD and 

suppresses the expression of other SOD enzymes (Tewari et al., 2006). Thus, 

it may be probable that during the current study, except one, all other 

isozymes were suppressed to such levels that remained below the limit of 

detection.  

Peroxidase activity increased with Cu concentration to more than two fold in 

both the tested cultivars. TS-520 recorded a significantly lower POD activity 

than TS-462. The activity increased in TS-520 plants at lower exposure 

concentrations but subsequently declined at concentrations higher than 400 

µM. This lowering of activity may be due to complete inhibition of growth in 

the sensitive cultivar exposed to Cu concentrations higher than this 
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threshold level. On the other hand, in TS-462, POD activity showed an all 

through increase with increase in Cu concentrations and time of exposures 

except at the highest concentration where it recorded a sharp decline. It has 

been shown that excess Cu induces POD activity in several plant species 

(Mocquot et al., 1996; Diaz et al., 2001). Results of isozyme analysis of POD 

revealed that two new isozymes POD 3 and POD 4 were induced in the leaves 

of tea exposed to high concentration of Cu. Diaz et al. (2001) also detected 

two new POD isozymes in pepper hypocotyls while Fang and Kao (2000) 

observed one new POD isozyme in rice leaves induced by Cu treatment. POD 

induction by copper excess was further confirmed by immunogold labeling 

followed by silver enhancement in roots tissues of tea seedlings exposed to 

500 M and 200 M Cu2+. Stronger labeling was detected in the treated roots 

in comparison to control. Peroxidases take part in defense mechanism 

against heavy metal toxicity through lignification of cell walls (Diaz et al., 

2001) that confers rigidity and prevent growth. In the present study, growth 

parameters could not be investigated under hydroponic system because tea 

is a very slow growing plant (Mohanpuria et al., 2007) and growing tea plants 

in a simple salt solution for long period is impractical (Ghanati et al., 2005). 

Peroxidase also acts as efficient H2O2 scavenger in a process that involves 

phenolic compounds as electron donors in the apoplast and plant vacuoles 

(Morina et al., 2008). In the present study, we measured total phenolics 

content and the results showed an increased content of phenolic compounds 

in both the cultivars at Cu concentrations below 400 µM. At higher 

concentrations, the activity either changed insignificantly or decreased. Thus 

the results show that there was simultaneous increase in POD activity and 

total phenolic content due to increasing concentrations of Cu. Phenolic 

compounds are important antioxidant chemicals of plants which generally 

act as reducing agents, hydrogen donors and singlet oxygen quenchers 

(Rice-Evans et al., 1997) that protect plants from oxidative damages. The 

hydroxyl and carboxyl groups of phenols may be involved in binding heavy 

metals like iron and copper (Jung et al., 2003). It has been reported that 

defense related genes involved in phytoalexin and lignin biosynthesis are the 

most sensitive among all genes that are upregulated in response to Cu (Sudo 

et al., 2008). Tea is a tannin rich plant and is tolerant to excess Aluminium 

(Morina et al., 2008) and Manganese (Alscher et al., 2002). Protection against 
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manganese has been attributed to direct chelation of Manganese by the 

phenolic compounds (Michalak, 2006). Copper may be more damaging due 

to its strong redox nature; nevertheless, from the present results, certain 

degree of tolerance mediated by antioxidant chemicals and enzymes is 

evident in the two tested cultivars of tea.  

In the present study, APX activity recorded a four-fold increase in the more 

sensitive cultivar but the activity declined at concentrations higher than 400 

µM. A sharp increase in APX activity was noticed at the 10th day of exposure 

at concentrations 400 µM to 600 µM in the more tolerant cultivar, TS-462. 

However, at 700 µM, the activity declined. Activity staining revealed the 

occurrence of two isozymes both of which were found to be regulated under 

copper excess. Gupta et al. (1999) also observed a late increase in APX 

acivity in Pheseolus vulgaris subjected to Cu stress. Increase in both POD 

and APX activities in tea leaves suggest that the antioxidative machinery 

induced by Cu was involved in detoxification of H2O2. In this study, CAT 

activity showed an insignificant increase in both the cultivars of tea. 

Moreover, no significant difference was observed between the cultivars 

exposed to excess Cu (P<0.05). Thus CAT activity remained unaltered or was 

marginally increased in response to oxidative damage induced by Cu. 

Catalase activities were found to decrease or remain unaffected in Cu-

stressed oat leaf segments (Luna et al., 1994), rice seedlings (Chen et al., 

2000), and tomato seedlings (Mazhoudi et al.,1997). On the other hand, CAT 

activity was reported at significantly higher levels in Cu-stressed Prunus 

cerasifera plantlets (Lombardi and Sebastiani, 2005). In activity staining 

studies, a single CAT isozyme was detected which was most intense at the 

highest exposure concentration. Catalase represents a primary enzymatic 

mechanism which is used by aerobic organisms for the decomposition of 

toxic H2O2 generated during oxygen metabolism (Havir and McHale, 1987). 

In the leaf cells, CAT is exclusively located in the peroxisomes, while H2O2 

mainly accumulates in the chloroplast through dismutation of superoxide 

anion radical generated due to photoreduction of dioxygen in a reaction 

mostly catalyzed by Cu/Zn-SOD (Asada, 1992). Ascorbate peroxidase 

participates in scavenging of H2O2 in the chloroplast using ascorbate as the 

electron donor (Asada, 1992; Shigeoka et al., 2002). The present findings 

showed that excess Cu2+ ions caused considerable increase in APX activity 
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along with SOD and POD activities which is evidently a consequence of an 

excess accumulation of H2O2 in tea leaves. But it appears that catalase was 

not markedly mobilized for protection against this oxidative injury possibly 

because the excess accumulation of H2O2 inactivated CAT (Wang et al., 

2004).  

In this study, the tea plants exposed to the highest tested concentration (700 

µM) was observed to take up almost 1000 µg g-1 DW of copper from the 

nutrient solution but this copper was mainly retained in the roots and the 

leaves recorded only 95 µg g-1 DW of copper in TS-520, the more susceptible 

cultivar. TEM analysis shows that copper was precipitated in the cell wall 

and vacuoles of the tea roots. Vacuoles and cell walls are regarded as the 

compartments for copper tolerance (Cai-ying et al., 2005). However, the 

extent of oxidative damage in the leaves and roots shows that tea plants are 

quite susceptible to copper excess although some accumulation occurs in 

the roots upto a threshold level of approximately 500 µM Cu2+. Beyond this 

limit, copper gets transported to the leaves in higher amounts and generates 

an overload of ROS that causes terminal injury to photosystems, 

membranes, accessory pigments and others. For exact understanding of the 

oxidative damage, further studies on the underlying mechanisms at the 

genetic level should be of interest. 
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Appendix A 
CHEMICALS AND REAGENTS 

A number of reagents and chemicals were used in the present study 

out of which the major chemicals are enlisted below. All other 

common salts, acids and solvents used were purchased from SRL Pvt. 

Ltd., Mumbai, India and Merck Specialities Pvt. Ltd., Mumbai, India. 

In addition to the common laboratory reagents, following chemicals 

were used during the work: 

 
Chemicals Company 

Acetic acid SRL Pvt. Ltd., Mumbai, India 

Acetone SRL Pvt. Ltd., Mumbai, India 

Acrylamide SRL Pvt. Ltd., Mumbai, India 

Ammonium persulphate (APS) SRL Pvt. Ltd., Mumbai, India 

Antiperoxidase Sigma Aldrich Chemicals, USA 

Ascorbate (ascorbic acid) SRL Pvt. Ltd., Mumbai, India 
Bis-acrylamide SRL Pvt. Ltd., Mumbai, India 

Bovine serum albumin (BSA) HiMedia, Mumbai, India 

Bromophenol blue HiMedia, Mumbai, India 

Caffeic acid Sigma Aldrich Chemicals, USA 

Casein  HiMedia, Mumbai, India 
Coomassie brilliant blue R-250 
(sigma) 

HiMedia, Mumbai, India 

Copper sulphate (CuSO4) E. Merck, Mumbai, India 

Diethylenetriamine-penta acetic 
acid 

Sigma Aldrich Chemicals, USA 

Di-pottasium hydrogen 
phosphate 

SRL Pvt. Ltd., Mumbai, India 

DTNB (2-nitro benzoic acid)  SRL Pvt. Ltd., Mumbai, India 

Ethanol Bengal chemical, Kolkata India 
Ethylene diamine tetraacetic acid 
(EDTA) 

SRL Pvt. Ltd., Mumbai, India 

Ferric chloride HiMedia, Mumbai, India 

Folin ciocalteau s.d. fine chem. Ltd., Mumbai, India 



 
 

Glacial acetic acid  SRL Pvt. Ltd., Mumbai, India 

Glutaraldehyde Sigma Aldrich Chemicals, USA 

Glycerol SRL Pvt. Ltd., Mumbai, India 

Glycine SRL Pvt. Ltd., Mumbai, India 

Goat antirabbit IgG-HRP 
conjugate 

Bangalore Genei (India) Pvt. Ltd., 
India 

Gold particle (sigma USA) Sigma Aldrich Chemicals, USA 

Guiacol SRL Pvt. Ltd., Mumbai, India 

Hydrochloric acid E. Merck, Mumbai, India 

Hydrogen peroxide E. Merck, Mumbai, India 

Marceptoethanol SRL Pvt. Ltd., Mumbai, India 

Mercuric chloride (HgCl2) E. Merck, Mumbai, India 

Methanol  SRL Pvt. Ltd., Mumbai, India 

Methionine SRL Pvt. Ltd., Mumbai, India 

Ninhydrin SRL Pvt. Ltd., Mumbai, India 

Nitric acid E. Merck, Mumbai, India 
Ortho phosphoric acid SRL Pvt. Ltd., Mumbai, India 

Perchloric acid E. Merck, Mumbai, India 

Nitroblue tatrazolium chloride 
(NBT) 

HiMedia, Mumbai, India 

Polyethylene glycol SRL Pvt. Ltd., Mumbai, India 

Polyvinyl pyrrolidone HiMedia, Mumbai, India 

Potassium ferricyanide NICE chemicals Pvt. Ltd, Cochin, 
India 

PVDF membrane HiMedia, Mumbai, India 

Riboflavin SRL Pvt. Ltd., Mumbai, India 

Saffranin HiMedia, Mumbai, India 

Sodium azide (NaN3) HiMedia, Mumbai, India 

Sodium cacodylate HiMedia, Mumbai, India 

Sodium carbonate E. Merck, Mumbai, India 

Sodium chloride (NaCl) SRL Pvt. Ltd., Mumbai, India 

Sodium dodecyl sulphate (SDS) HiMedia, Mumbai, India 

Sodium hydroxide SRL Pvt. Ltd., Mumbai, India  

Sodium molybdate  SRL Pvt. Ltd., Mumbai, India 

Sodium nitrate  HiMedia, Mumbai, India 



 
 

Sodium thiosulphate SRL Pvt. Ltd., Mumbai, India 

Sulfosalicylic acid CDH Pvt. Ltd., New Delhi, India. 

Tetramethyl ethylene diamine 
(TEMED) 

SRL Pvt. Ltd., Mumbai, India 

Thiobarbituric acid (TBA) BDH chemicals limited, Poole, 
England 

Tetramethylbenzidine/hydrogen 
peroxide 

Bangalore Genei (India) Pvt. Ltd., 
India 

Toluene SRL Pvt. Ltd., Mumbai, India 

Trichloroacetic acid (TCA) Universal laboratories Pvt. Ltd, 
Mumbai, India 

Tris (Hydroxylmethyl) 
Aminomethane 
(Tris buffer) pure A.R.  

SRL Pvt. Ltd., India 
 

Tween 20 HiMedia, Mumbai, India 
 

 

 

 

 

 

 

 

 

 

 



 
 

Appendix B 
LIST OF BUFFERS AND SOLUTIONS 

 
1. Alkaline reagent 
Solution I: 

2% Na2CO3 dissolved in 0.1N NaOH 

Solution II: 

2% Na-K-tartarate  

Solution III: 

1% CuSO4 solution 

The alkaline reagent was freshly prepared by mixing 50 ml of solution I and 

0.5ml each of solution II and solution III. 

 
2. Anthrone reagent 
Anthrone        0.2 g 

Dissolve in 100 ml of conc. H2SO4 

 
3. Arnow’s reagent 
Sodium molybdate (NaMoO4)     10 mg 

Sodium nitrate (NaNO3)       10 g 

Dissolve in 100 ml of double distilled water 

 
4. DTPA (6.3 mM) 
Diethyletriamine-pentaacetic acid (DTPA)    22 mg 

Dissolve in 100 ml double distilled water 

 

5. EDTA (0.1 mM) 
Ethylene diamine tetra acetic acid  0.037 g 

Dissolve in 100 ml of double distilled water. 

 

6. Ellman reagent (6 mM DTNB solution) 
5,5-dithiobis (2-nitro benzoic acid)(DTNB) 234 mg 

Dissolve in 100 ml double distilled water. 



 
 

7. Gluteraldehyde (2.5%) 
Gluteraldehyde (25%)   10 ml 

Double distilled water         90 ml   

 
8. Hogland and Knop solution 
KNO3      0.61 g 

Ca (NO3)2, 4H2O    0.95 g 

MgSO4, 7H2O    0.49 g 

NH4(H2PO4)     0.12 g 

MnSO4, 4H2O    3.00 g 

ZnSO4, 7H2O            0.5 mg 

H3PO3     0.5 ml 

CuSO4, 5H2O    0.025 mg 

Na2MoO4, 2H2O    0.025 mg 

H2SO4     0.5 μl 

FeC6O5H7, 5H2O    0.2 g 

Distilled water    1000 ml 

Required amount of all the constituents were taken and mixed thoroughly in 
distilled water.  

 

9. Ninhydrin (2 ml) 
Ninhydrin     1.25 g 

Glacial acetic acid    30 ml 

6M phosphoric acid    2 ml 

 

10. Potassium phosphate buffer 50 mM (pH 7.8) 

Stock solution A: 

KOH        0.56 g 

Distilled water    100 ml 

Stock solution B: 

KH2PO4       1.3 g 

Distilled water    100 ml 



 
 

45 ml of stock solution A was added to 50 ml of stock solution B to obtain a 

pH of 7.8 and the volume was adjusted to 100 ml by adding double distilled 

water. 

11. Potassium phosphate buffer 50 mM (pH 7.0) 

Stock solution A: 

KOH       0.56 g 

Distilled water   100 ml 

Stock solution B: 

KH2PO4    1.3 g 

Distilled water   100 ml 

30 ml of stock solution A was added to 50 ml of stock solution B to obtain a 

pH of 7.0 and the volume was adjusted to 100 ml by adding double distilled 

water. 

12. Potassium phosphate buffer 50 mM (pH 7.5) 

Stock solution A: 

KOH       0.56 g 

Distilled water   100 ml 

Stock solution B: 

KH2PO4    1.3 g 

Distilled water   100 ml 

41 ml of stock solution A was added to 50 ml of stock solution B to obtain a 

pH of 7.5 and the volume was adjusted to 100 ml by adding double distilled 

water. 

13. Polyacrylamide gel electrophoresis: Stock solutions 

Solution A: Acrylamide stock solution (resolving gel) 

For preparing acrylamide stock solution, 29.2 g of acrylamide and 0.8 gm of 

N N’ methylene bisacrylamide were dissolved in 100 ml of warm distilled 

water. The stock solution was filtered with Whatmann No.1 filter paper in 

dark and stored in dark bottle at 40C. 

 



 
 

Solution B: Acrylamide stock solution (stacking gel)  

For the preparation of acrylamide stock solution for the stacking gel, 10 gm 

acrylamide and 2.5 gm of bisacrylamide was dissolved in 100 ml warm 

distilled water. The stock solution was then filtered with Whatmann No.1 

filter paper and stored at 40C in dark bottle. 

Solution C: Tris-HCl (resolving gel) 

Tris HCL buffer was prepared by dissolving 36.6 gm of Tris base in distilled 

water and 0.25 ml of TEMED was added. The pH of the solution was 

adjusted to 8.9 with conc. HCl. The final volume of the solution was made 

upto 100 ml with distilled water. The solution was then stored at 40C for 

further use. 

Solution D: Tris HCl (stacking gel) 

5.98 gm of Tris base was mixed with distilled water and 0.46 ml of TEMED 

was added to it. Finally the pH of the solution was adjusted to 6.7 with conc. 

HCl. The final volume of the solution was made upto 100 ml with distilled 

water and stored at 40C for further use. 

Solution E: Ammonium per sulphate 

Ammonium per sulphate was prepared by dissolving 0.15 g of APS in 

distilled water. The final volume was made upto 10 ml. This was prepared 

fresh each time. 

Solution F: Riboflavin solution  

Fresh riboflavin solution was prepared by dissolving 2 mg of riboflavin in     

2 M sucrose (100 ml). The solution was kept in dark bottle to protect it from 

light. 

Solution G: Electrode buffer (pH 8.4) 

Fresh electrode buffer was prepared by dissolving 6 g of Tris base and 28.8 g 

of glycine in 1000 ml distilled water. 

 

 



 
 

14. Preparation of gel 

Resolving gel (10%) 

30% Acrylamide    2.55 ml 
1.5 M Tris (pH 8.8)        1.95 ml 

10% SDS     0.075 ml 

10% APS           0.075 ml 

TEMED     0.003 ml 

Water          2.85 ml 

Staking gel (5%) 
30% Acrylamide    0.5 ml 

1.0 M Tris (pH 6.8)       0.38 ml 

10% SDS     0.030 ml 

10% Ammonium persulphate   0.030 ml 

TEMED     0.030 ml 

Water      2.1 ml 

 
15. SDS-PAGE stock solutions  

Stock solution A: Acrylamide/Bis-acrylamide 
Acrylamide      87.6 g 

N`N`-bis-methylene acrylamide  2.4 g 

The ingredients were dissolved in deionized water and the volume was 

adjusted to 300 ml. thereafter the solution was filtered and stored at 4ºC in 

the dark (30 days maximum). 

Stock solution B: 10% (w/v) SDS 

10 g SDS was dissolved in 90 ml water with gentle stirring and made to   

100 ml with deionized water. 

Stock solution C: 10% (w/v) APS 

20 mg of APS was dissolved in 2 ml of deionized water.   

Stock solution D: 1.5M Tris-HCl, (pH 8.8) 

Tris base     27.23 g 

Deionized water    80 ml 

The ingredients were mixed and adjusted to pH 8.8 with 6N HCl. The final 

volume was made upto 150 ml with deionized water and store at 4ºC. 



 
 

Stock solution E: 0.5M Tris-HCl, (pH 6.8) 

Tris base               6 g 

Deionized water              60 ml 

These chemicals were adjusted to pH 6.8 with 6N HCl and the total volume 

made upto 100 ml with deionized water and store at 4ºC. 

Stock solution F: Sample buffer 

Deionized water   3.55 ml 

0.5M Tris-HCl (pH 6.8)  1.23 ml 

Glycerol        2.5 ml 

10% (w/v) SDS   2.0 ml 

0.5% (w/v) Bromophenol blue   0.2 ml 

Total volume      9.5 ml 

Finally the solution was stored at room temperature. 

β-mercaptoethanol (50 µl) was added to 950 µl sample buffer prior to use 

and the sample was diluted to atleast 1:2 with sample buffer and heated at 

95ºC for 4 minutes. 

Stock solution G: 10X Electrode (running) buffer, (pH 8.3) 

Tris base          30.3 g 

Glycine            144.0 g 

SDS     10.0 g 

The ingredients were dissolved and total volume made upto 1000 ml with 

deionized water and stored at 4ºC.  

Use: Diluted 50 ml 10X stock with 450 ml deionized water for each 

electrophoresis run. 

 
16. Sodium phosphate buffered saline (PBS) 0.15 M (pH 7.2) 
Stock solution A: 

NaH2PO4      23.4 g 

Distilled water   1000 ml 

Stock solution B: 

Na2HPO4    21.29 g 

Distilled water   1000 ml 



 
 

280 ml of stock solution A was added to 720 ml of stock solution B to obtain 

a final solution of pH 7.2. To the above solution, 0.8% NaCl and 0.2% KCl 

was added. 

 

17. Sodium phosphate buffered saline-Tween (PBST) 0.15 M (pH 7.2) 
Stock solution A: 

NaH2PO4      23.4 g 

Distilled water   1000 ml 

Stock solution B: 

Na2HPO4    21.29 g 

Distilled water   1000 ml 

280 ml of stock solution A was added to 720 ml of stock solution B to obtain 

a final solution of pH 7.2. To the above solution, 0.8% NaCl, 0.2% KCl and 

0.05% tween 20 were added  

 
18. Sodium phosphate buffer 0.1 M (pH 7.4) 
Stock solution A: 

Na2HPO4, 7H2O   3.5 g 

Distilled water   100 ml 

Stock solution B: 

NaH2PO4, 2H2O   3.1 g 

Distilled water   100 ml 

81ml of stock solution A was added to 19 ml of stock solution B to obtain a 
pH of 7.4 and the volume was adjusted to 200 ml by adding double distilled 
water. 

 

19. Sodium phosphate buffer 50 mM (pH 7.2) 
Stock solution A: 

Na2HPO4, 7H2O   1.75 g 

Distilled water   100 ml 

Stock solution B: 

NaH2PO4, 2H2O   1.55 g 

Distilled water   100 ml 

72 ml of stock solution A was added to 28 ml of stock solution B to obtain a 
pH of 7.2 and the volume was adjusted to 200 ml by adding double distilled 
water. 

 



 
 

 
20. Sodium phosphate buffer 50 mM (pH 7.8) 

Stock solution A: 

Na2HPO4, 7H2O   1.75 g 

Distilled water   100 ml 

Stock solution B: 

NaH2PO4, 2H2O   1.55 g 

Distilled water   100 ml 

91.5 ml of stock solution A was added to 8.5 ml of stock solution B to obtain 

a pH of 7.8 and the volume was adjusted to 200 ml by adding double 

distilled water. 

 
21. Sodium phosphate buffer 50 mM (pH 7.0) 

Stock solution A: 

Na2HPO4, 7H2O   1.75 g 

Distilled water   100 ml 

Stock solution B: 

NaH2PO4, 2H2O   1.55 g 

Distilled water   100 ml 

61 ml of stock solution A was added to 39 ml of stock solution B to obtain a 

pH of 7.0 and the volume was adjusted to 200 ml by adding double distilled 

water. 

 

22. Sulfosalicylic acid (5% w/v) 
Sulfosalicylic acid         5 g 

Dissolve in 100 ml double distilled water. 

 
23. TBA reagent 
Trichloroacetic acid (TCA)  10 g 

Thiobarbituric acid (TBA)       25 g 

The ingredients were dissolved in 100 ml of double distilled water. 

 
 



 
 

 
24. Tris-HCl 0.1 M (pH 6.8) 

Tris base      1.21 g 

Distilled water       60 ml 

These chemicals were adjusted to pH 6.8 with 6N HCl and the total volume 

made upto 100 ml with double distilled water. 

 

25. Tris buffered saline (TBS) (pH 7.5) 
Tris base    240 mg 

NaCl     1.75 g 

These chemicals were adjusted to pH 7.5 with 6N HCl and the total volume 

made upto 200 ml with double distilled water. 
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Abstract

Tea [Camellia sinensis L. (O.) Kuntze] is an economically important plantation crop of India but is prone to
attack by several fungal pathogens. Copper based fungicides are being used for decades to control fungal
diseases in tea which may lead to accumulation of copper in the soil. The biochemical responses to increasing
concentrations of copper (50 to 700 µM) were investigated in the leaves of two cultivars of tea commonly
grown in the Darjeeling hills. Exposure to excess Cu resulted in increased lipid peroxidation (level of TBARS
increased from 3.5 µmol g-1 f.wt. in control to 12 µmol g-1 f.wt. in TS-520 plants exposed to 700 �M of Cu),
reduced chlorophyll content (from 83.7 µg g-1 f.wt. in control to 22.5 µg g-1 f.wt. in TS-520 plants exposed to
700 �M of Cu), higher levels of phenolic compounds(total phenol content increased from 4.54 mg g-1 f.wt. in
control to 5.79 mg g-1 f.wt. in TS-520 plants exposed to 400 �M of Cu) and an increase in peroxidase enzyme
levels. Two new peroxidase isozymes (POD1 and POD2) were detected in plants exposed to Cu. In
addition, biochemical responses in two tested cultivars, TS-462 and TS-520 differed significantly. TS-520 was
found to be more sensitive to increasing concentrations of Cu. Superoxide dismutase activity increased
progressively from 2.55 U mg-1 protein in control to 5.59 U mg-1 protein in TS-462 but declined from 4.75 U
mg-1 protein in control to 3.33 U mg-1 protein in TS-520 when exposed to Cu concentrations higher than 400
µM. A sharp increase in the activity of ascorbate peroxidase (from 0.53 units in control to 2.37 units in plants
exposed to 400 �M of Cu) was noticed at the 10th day of exposure in the more tolerant cultivar. On the other
hand, catalase levels increased only marginally (from 8.4 to 10.1 units in TS 520 and 8.7 to 10.9 units in TS
462) in both the cultivars. From this study, it appears that Cu exposure led to the production of reactive oxygen
species in the leaves resulting in significant lipid peroxidation. Tea plants try to mitigate this oxidative damage
through accumulation of phenolic compounds and induction of antioxidant enzymes.
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Introduction

Tea (Camellia sinensis L. (O.) Kuntze) is an economically
important crop in India but some of its elite varieties are highly prone
to fungal attack by several types of fungi (Singh, 2005). Copper
(Cu) based fungicides are cheaper and effective in controlling fungal
diseases in tea (Singh, 2005) and are often sprayed indiscriminately
in the tea gardens. Agricultural practices with a long history of copper
fungicide application have resulted in accumulation of high levels of
copper in soil (Brun et al., 1998). Copper in trace amounts is
essential for various metabolic processes in the plant, but at higher

concentrations it causes physiological stress through generation of
free radicals that induce the production of reactive oxygen species
(ROS) via Haber-Weiss and Fenton reactions (Dat et al., 2000).
Copper-induced generation of hydrogen peroxide, hydroxyl
radicals, or other reactive oxygen species are directly related with
the damage to protein and lipids that may lead to reduced growth
and even death (Dat et al., 2000). Plants have a range of
detoxification mechanism that includes enzymatic scavengers of
ROS such as superoxide dismutase (SOD), peroxidase (POD)
ascorbate peroxidase (APX), catalase (CAT) and enzymes of the
ascorbate glutathione cycle (Dat et al., 2000; Arora et al., 2002).
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Stress condition may enhance the protective processes
including increased activities of these detoxifying enzymes (Chen
et al., 2000; Lombardi and Sebastiani, 2005). However, the
response of the antioxidative system varies with the plant species
(Ke et al., 2007). Hence knowledge on key parameters associated
with metal stress is essential to understand the level of tolerance
which the plant has evolved.

Although Cu based fungicides are being used in tea gardens
for several decades (Sarmah, 1960), we do not know how tea
plants are affected by excess Cu and at what concentrations it may
be considered as a pervasive threat.  This prompted us to investigate
whether oxidative stress is generated in young (three months old)
tea plants exposed to varying concentrations of Cu. In this study we
have studied levels of lipid peroxidation, phenolic compounds, total
chlorophyll content and SOD, POD, APX and CAT activities in the
plantlets of two cultivars of tea cultured in hydroponic system.

Materials and Methods

Growth conditions: Tea seeds of two different cultivars viz. TS-
520, TS-462 were collected from Gayaganga Tea Estate, Siliguri,
India and seedlings were raised under natural conditions of light
and temperature in net house. Three-months-old healthy plants
were transferred to hydroponic culture set up in Hoagland’s nutrient
solution and allowed to be stable for 7 days before placing them in
separate 3l capacity square shaped glass containers for treatment.
The plants were treated with eight different concentrations of CuSO

4
,

i.e. 50, 100, 200, 300, 400, 500, 600 and 700 µM in the nutrient
solution. Control sets comprised of nutrient solution without CuSO

4
.

Leaves from each set of plants were collected for measuring various
biochemical parameters after 4th, 7th and 10th day of treatment.

Determination of lipid peroxidation, phenolics and

chlorophyll content: The level of products of lipid peroxidation in
leaf tissues was determined as the thiobarbituric acid (TBA) reactive
substance (TBARS) following the method of Heath and Packer
(1968). Frozen leaf tissue (200 mg) was homogenized in 4.0 ml of
TBA reagent containing 0.25% w/v TBA in 10% w/v trichloroacetic
acid (TCA) and the resultant homogenate was heated for 30 min at
950C in a water bath, cooled for 10 min in ice and centrifuged at
10000g for 15 min. The amount of TBARS in the supernatant was
measured by its specific absorbance at 532 nm and by subtracting
the non-specific absorbance at 600 nm. The level of lipid peroxidation
was expressed as µM g-1 fresh weight by using an extinction

Fig. 1: Effect of increasing concentrations of copper (Cu) on (A) the level of
lipid peroxidation measured as thiobarbituric acid reactive substance (TBARS)
on the 10th day of exposure, (B) total chlorophyll content and (C) total phenol
content on the 4th, 7th and 10th day of exposure in leaves of two cultivars of
tea (TS-462 and TS-520). Values are mean of three replicates ±SE

Fig. 2: Effect of increasing concentrations of copper (Cu) on (A) POD
activity and (B) SOD activity in leaves of two cultivars of tea (TS-462 and
TS-520) on the 4th, 7th and 10th day of exposure. Values are mean of three
replicates ±SE
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coefficient of 155 mM cm-1. Total phenolic compounds were extracted
in ethanol and the content was estimated by Folin ciocalteau’s method
using a caffeic acid standard curve as described by Mahadevan
and Sridhar (1996) with absorbance changes at 520 nm. For
chlorophyll measurement, leaf tissue was homogenized in 100%
acetone and estimated following the method of Dere et al.(1998).

Measurement of enzyme activities and protein assay: For
determining enzyme activities, fresh leaf samples (500 mg) were
instantly dipped in liquid nitrogen and the frozen leaves were
homogenized in a pre-chilled mortar and pestle in 5 ml of 50 mM cold
phosphate buffer (pH 7.8) containing 2% w/v PVP. The homogenate
was filtered through four-layered muslin cloth and the filtrate was
centrifuged at 13000g for 20 min at 40C and the supernatant after
dialysis was used for enzyme assay. Catalase activity was determined
following the method of Aebi (1984) by measuring the rate of decrease
in absorbance at 30 sec interval for 2 min at 240 nm of a solution of 10
mM H

2
0
2
 in 50 mM K-phosphate buffer (pH 7.0) at 30oC. The enzyme

activity was expressed as �A
240 
min-1mg-1 protein. Total SOD activity

was determined according to the method of Giannopolities and Ries
(1977). Reaction mixture (3ml) contained 13 �M methionine, 63�M
p-nitroblue tetrazolium chloride (NBT), 1.3 �M riboflavin, 50 mM
phosphate buffer (pH 7.8) and enzyme extract. The reaction mixture
was incubated for 10 min under white fluorescent light and subsequently
assayed spectrophotometrically at 560nm. One unit of SOD activity
was defined as the amount of enzyme required for the inhibition of the
photochemical reduction of NBT by 50%. For estimation of POD
activity, leaf samples were similarly homogenized in ice cold 50 mM

sodium phosphate buffer (pH 7) containing PVP and the supernatant
was used for enzyme assay. The reaction mixture of 3 ml contained
10 mM guaiacol, 2 mM H

2
O
2
 and 100 ml of enzyme (Hammerschmidt

et al., 1982). Change in absorbance was measured at 420 nm for 2
min at intervals of 30 sec. The enzyme activity was expressed as
�A

420 
min-1 mg-1 protein. The APX activity was measured following

the method of Nakano and Asada (1981). Fresh samples were
homogenized in ice-cold 50 mM phosphate buffer (pH 7.0) containing
1mM ascorbate and 1mM EDTA and after centrifugation, the
supernatant was used for enzyme activity assay. The assay solution
contained 3 ml 0.05 M sodium phosphate buffer (pH 7.0), 0.5 mM
ascorbate, 0.1mM H

2
O
2
 and 0.1 ml enzyme extract. The oxidation

rate of ascorbic acid was estimated by following decrease in
absorbance at 290 nm and enzyme activity was expressed as µM
min-1 mg-1 protein (extinction coefficient, 2.8 mM cm-1). For all
experiments, each leaf extract was assayed twice and the results of
three independent experiments were averaged. Protein was
measured following the method of Lowry et al. (1951) taking bovine
serum albumin as standard. All data were analysed by analysis of
variance using Statistical Package for the Social Sciences (SPSS),
version 11.0, SPSS Inc., Chicago, Illinois. Differences were compared
by least significant difference (LSD) procedure at the level of P<0.05.

In-gel assay of peroxidase: For studying the different forms of
POD isozymes, native polyacrylamide gel electrophoresis (PAGE)
was carried out on 10% polyacrylamide gels. Total soluble proteins
were extracted as described by Sadasivam and Manickam (1996)
and loaded (25 g) onto the wells of non-denaturing gels and

POD 1

POD 2

Fig. 3: Isozyme pattern of peroxidase in response to copper stress in leaves of
tea, (a) Cultivar TS-462 exposed to 500 µM Copper; (b) unexposed control plants

Fig. 4: Effect of increasing concentrations of copper (Cu) on (A) APX
activity and (B) CAT activity in leaves of two cultivars of tea (TS-462 and
TS-520) on the 4th, 7th and 10th day of exposure. Values are mean of three
replicates ±SE
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electrophoresed at 4oC. To determine POD activity, the gels were
incubated for 30 min in 0.25% guaiacol solution and then in 0.3%
H
2
O
2
 for 15 min for the development of reddish brown bands.

Results and Discussion

Exposure to Cu resulted in accumulation of products of lipid
peroxidation in the leaves (Fig. 1A). The level of TBARS increased
steadily with Cu concentration and time of exposure in both cultivars
upto 7 days beyond which the rate of increase declined. This
provided a clear indication of the oxidative damage induced by
high Cu concentrations. Other authors (Chen et al., 2000; Rama
Devi and Prasad, 1998; Mazhoudi et al., 1997) have reported
similar increase in lipid peroxidation in plants exposed to Cu. Being
a redox metal, Cu can interfere with various physiological processes
including lipid peroxidation, a toxicity indicator for plants exposed to
Cu (Baryla et al., 2000). The primary site of Cu toxicity lies at the
cell membrane level including the photosynthetic membranes (De
Vos et al.,1992; Sandmann and Boger, 1980). A comparison of lipid
peroxidation revealed significant differences between the two
cultivars of tea in response to Cu. TS-520 was found to be more
sensitive to Cu as it produced significantly higher concentration of
TBARS at high exposure concentrations (P<0.05). Differences
among cultivars in response to Cu stress have been found in other
plants such as Triticum durum (Ciscato et al.,1997), Holcus lanatus
(Hartley-Whitaker et al., 2001)and Kummerowia stipulacea (Xiong
et al., 2008). Lipid peroxidation in tea plants have been reported in
response to drought stress (Upadhyaya and Panda, 2004) and to
cadmium exposure (Mohanpuria et al., 2007). However, there is
no previous study on Cu toxicity in tea. In the present study, total
chlorophyll content was found to decrease significantly with
increasing Cu concentrations and exposure times in both the cultivars
with the more sensitive cultivar (TS-520) recording a significantly
higher decrease (Fig. 1B) (P<0.05). Several authors (Rama Devi
and Prasad, 1998; Ciscato et al., 1997; Mohanpuria et al., 2007;
Ouzounidou et al., 1994) have also reported a decrease in
chlorophyll content in plants when exposed to Cu. Leaf chlorophyll
concentration is crucial for the susceptibility of the plants to
photoinhibition and should be considered when an effect of
environmental stress is under study (Patsikka et al., 2002). The
present study indicates that excess of Cu caused inhibition to the
photosystem in tea leaves.

Peroxidase activity increased with Cu concentration to more
than two fold in both the tested cultivars (Fig.2A). TS-520 recorded
a significantly lower POD activity than TS-462 (P<0.05). The activity
increased in TS-520 plants at lower exposure concentrations but
subsequently declined at concentrations higher than 400 µM. This
lowering of activity may be due to complete inhibition of growth in
the sensitive cultivar exposed to Cu concentrations higher than this
threshold level. On the other hand, in TS-462, POD activity showed
an all through increase with increase in Cu concentrations and time
of exposures except at the highest concentration where it recorded
a sharp decline. It has been shown that excess Cu induces POD
activity in several plant species (Mocquot et al., 1996; Diaz et al.,

2001). Results of isozyme analysis of POD revealed that two new
isozymes POD1 and POD2 were induced in the leaves of tea
exposed to high concentration of Cu (Fig. 3). Diaz et al. (2001) also
detected two new POD isozymes in pepper hypocotyls while Fang
and Kao (2000) observed one new POD isozyme in rice leaves
induced by Cu treatment. Peroxidases take part in defense
mechanism against heavy metal toxicity through lignification of cell
walls (Diaz et al., 2001) that confers rigidity and prevent growth. In
the present study, growth parameters could not be investigated
because tea is a very slow growing plant (Mohanpuria et al., 2007)
and growing tea plants in a simple salt solution for long period is
impractical (Ghanati et al., 2005). Peroxidase also acts as efficient
H
2
O
2
 scavenger in a process that involves phenolic compounds as

electron donors in the apoplast and plant vacuoles (Morina et al.,
2008). In the present study, we measured total phenolics content
and the results showed an increased content of phenolic compounds
in both the cultivars at Cu concentrations below 400 µM (Fig.1C). At
higher concentrations, the activity either changed insignificantly or
decreased. Thus, the results show that there was simultaneous
increase in POD activity and total phenolic content due to increasing
concentrations of Cu. Phenolic compounds are important antioxidant
chemicals of plants which generally act as reducing agents,
hydrogen donors and singlet oxygen quenchers (Rice-Evans et
al., 1997) that protect plants from oxidative damages. The hydroxyl
and carboxyl groups of phenols may be involved in binding heavy
metals like iron and copper (Jung et al., 2003). It has been reported
that defense related genes involved in phytoalexin and lignin
biosynthesis are the most sensitive among all genes that are
upregulated in response to Cu (Sudo et al., 2008). Tea is a tannin
rich plant and is tolerant to excess aluminium and manganese
(Alscher et al., 2007;  Morina et al., 2008). Protection against
manganese has been attributed to direct chelation of manganese
by the phenolic compounds (Michalak et al., 2006). Copper may
be more damaging due to its strong redox nature; nevertheless,
from the present results, certain degree of tolerance mediated by
antioxidant chemicals and enzymes is evident in the two tested
cultivars of tea.

The SOD activity increased with increasing Cu
concentrations during the first 7 days (Fig. 2B). The more tolerant
cultivar, TS-462 recorded a higher increase in enzyme activity,
however, with the longer exposure time and above 400 µM Cu
concentrations, the activity levelled off. In TS-520, SOD activity
decreased above 400 µM but after 10 days of exposure at the
highest tested concentration (700 µM), the activity returned almost
to the original level. The present results are in agreement with the
previous studies on response of SOD to Cu stress (Ke et al.,
2007; Hartley-Whitaker et al., 2001; Wang et al., 2004). The
SOD enzymes provide first line of defence against ROS by
removing superoxide radicals and protect plant tissue from
oxidative injury. The SOD isozymes are metalloenzymes which
utilize metal cofactors like Cu, Zn, Fe and Mn for activity (Alscher
et al., 2002). A deficiency or excess of these metals can therefore
affect their activity (Xiong et al., 2008). Upadhyaya and Panda

Saha et al.
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(2004) observed that SOD activity increased significantly in tea
leaves subjected to drought stress and decreased when
rehydration was imposed. Aluminium exposure also caused an
increase in SOD activity in cultured tea cells (Ghanati et al., 2005).
In the present study, APX activity recorded a four fold increase in
the more sensitive cultivar but the activity declined at concentrations
higher than 400 µM. A sharp increase in APX activity was noticed
at the 10th day of exposure at concentrations 400 µM to 600 µM
in the more tolerant cultivar, TS-462 (Fig. 4A). However, at 700
µM, the activity declined. Gupta et al. (1999) also observed a late
increase in APX acivity in Pheseolus vulgaris subjected to Cu
stress. Increase in both POD and APX activities in tea leaves
suggests that the antioxidative machinery induced by Cu was
involved in detoxification of H

2
O
2
. In this study, CAT activity showed

an insignificant increase in both the cultivars of tea (Fig. 4B).
Moreover, no significant difference was observed between the
cultivars exposed to excess Cu (P<0.05). Thus, CAT activity
remained unaltered or was marginally increased in response to
oxidative damage induced by Cu. The CAT activities were found
to decrease or remain unaffected in Cu-stressed oat leaf segments
(Luna et al., 1994), rice seedlings (Chen et al., 2000) and tomato
seedlings (Mazhoudi et al.,1997). On the other hand, CAT activity
was reported at significantly higher levels in Cu-stressed Prunus
cerasifera plantlets (Lombardi and Sebastiani, 2005). Catalase
represents a primary enzymatic mechanism which is used by
aerobic organisms for the decomposition of toxic H

2
O
2
 generated

during oxygen metabolism (Havir and Mchale, 1987). In the
leaf cells, CAT is exclusively located in the peroxisomes, while
H
2
O
2 
mainly accumulates in the chloroplast through dismutation

of superoxide anion radical generated due to photoreduction of
dioxygen in a reaction mostly catalyzed by Cu-Zn SOD (Asada,
1992). Ascorbate peroxidase participates in scavenging of H

2
O
2

in the chloroplast using ascorbate as the electron donor (Asada,
1992; Shigeoka et al., 2002). The present findings showed that
excess Cu2+ ions caused considerable increase in APX activity
along with SOD and POD activities which is evidently a
consequence of an excess accumulation of H

2
O
2
 in tea leaves.

But it appears that CAT was not markedly mobilized for protection
against this oxidative injury possibly because the excess
accumulation of H

2
O
2 
inactivated CAT (Wang et al., 2004). It

seems most likely that Cu induces oxidative damage in tea leaves
leading to the formation of ROS. This in turn caused an induction
of enzymes involved in the scavenging of superoxide radical
and H

2
O
2
.  But when the ROS production was very high, it

exceeded the endogenous capacity of the plant to scavenge the
ROS which upset the regulated balance between the scavenging
system and the generating system leading to the inactivation of
defense enzymes (Shigeoka et al., 2002).Our results showed a
significant difference in the two Cu stressed cultivars of tea where
the more sensitive cultivar seems to lose its antioxidative capacity
at Cu concentrations higher than 400 µM while the more tolerant
cultivar being able to withstand a maximum of 600 µM of Cu
treatment.
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