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ABSTRACT 

Tea (Camellia sinensis) is one of the most important economic crops. Being perennial in nature, tea plant often experi-
ences natural drought, which affects its growth and productivity. The present investigation was undertaken to under-
stand the mechanism of post-drought stress recovery on rehydration and the effect of nutrients in the recovery process 
of the selected clones of Camellia sinensis L. (TV-1, TV-20, TV-29 & TV-30). The results demonstrated that decrease 
in relative water content (RWC), dry mass of leaf and antioxidants like-ascorbate and glutathione in all the tested clones, 
as a result of imposed water stress, which caused damage was not permanent. Increase in phenolic content with de-
crease in , H2O2 and lipid peroxidation was indication of the recovery of stress induced oxidative damage following 

the post stress rehydration. Further, the post drought recovery was enhanced by foliar spray of K, Ca, Mn & B. Differ-
ential activities of enzymes like SOD, CAT, POX, GR and PPO in response to foliar spray of nutrients in rehydrated 
plant improved the recovery process. The present study reveals that the tested nutrients (K, Ca, Mn & B) showed some 
positive response in influencing growth and antioxidative responses during post drought recovery process, where K and 
Ca showed comparatively better effect in improving post drought recovery potential in tea plant. 
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1. Introduction 

Tea is the second most commonly drank liquid on earth 
after water. Tea plant being perennial crop, is subjected 
to different environmental stress, drought being one of 
the important among them. Drought stress is an impor-
tant abiotic stress, which induces oxidative damage in tea 
plant and affects the antioxidant systems, altering differ-
ent physiological and biochemical processes [1] leading 
to significant crop losses. Plants under drought stress are 
highly regulated by components of osmoregulative and 
antioxidative systems and secondary metabolite contents 
as reported recently [2]. Drought induces an increase in 
ROS production resulting in various degree of oxidative 
damage in different clonal varieties of tea. However, 
recovery of stress induced damages after post-stress re-
hydration in terms of regaining antioxidative properties 
and photosynthetic functions has been reported earlier [1]. 
There are many studies on the water stress effects and 
rehydration response [1] and enhancement of recovery by 

hormone treatment [3]. However, role of nutrients (micro 
& macro) in post-drought recovering plant is one of the 
important areas to be explored. Various micro and macro 
nutrients are essential throughout all the stages of plant 
development. Manganese is an essential micronutrient [4] 
that plays a primary role in the activation of several en-
zymes of the tricarboxylic acid cycle in the shikimic acid 
pathway and in the biosynthetic pathway of isoprenoids 
[5]. Manganese also plays a key role in the photosyn-
thetic apparatus [6], namely in the water-splitting system 
associated with photosystem II, ATP synthesis [7], RuBP 
carboxylase reactions [8] and the biosynthesis of fatty 
acids, acyl lipids and proteins [9]. The effect of manga-
nese nutrition on the growth and chlorophyll concentra-
tion and superoxide dismutase activity has also been re-
ported [10]. Boron is also an essential micronutrient, 
deficiency of which causes accumulation of chlorogenic 
acid and polyamines [11]. Boron is also known to influ-
ence water use efficiency in plants during the stress con-
ditions [12]. Boron deficiency in plants is related to the 
reduction in both root and shoots growth as a result of  *Corresponding author. 
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reduction in biosynthesis of cytokinins and IAA in these 
organs [13]. In the post stress recovering plants both 
shoot and root growth are potent factor for resumption of 
plant growth and thus the effect of boron in recovering 
plants was tested in the present study. In a recent study, 
boron induced increase in a glutathione synthesis during 
the stress period has been reported [14]. Adequate boron 
nutrition is critical not only for high yields but also for 
high quality of crops. Both boron and manganese are 
essential micro-nutrients necessary for normal physio-
logical and biochemical processes relating to plant 
growth. Whether these nutrients play some stress ame-
liorative role in post drought recovering plants has been 
tested in this study.  

Calcium is another important nutrient which is well 
established as a secondary messenger and also known to 
ameliorate water stress affects [15]. Calcium is known to 
be involved in oxidative stress signaling participating in 
linking H2O2 perception and induction of antioxidant 
genes in plants [16]. Calcium is a player in most cellular 
signaling processes [17] and interacts strongly with ROS 
[18]. Emerging evidence points to numerous ways in 
which calcium signatures could be influenced by redox 
couples [19]. Calmodulin-regulated enzymes involved in 
ROS metabolism and detoxification reactions include 
isoforms of superoxide dismutase and catalase, etc., [20]. 
However, information on calcium mediated ROS me-
tabolism and detoxification in post stress recovering 
plants are lacking, which we tried to find in this study. 
Potassium is one of the major nutrients, essential for 
plant growth and development. Potassium is the fourth 
most abundant mineral, constituting about 2.5% of the 
lithosphere. There are also increasing evidence that im-
proving K status of plants can greatly lower ROS pro-
duction imparting beneficial effects when plants are sub-
jected to environmental stress [21,22] Potassium is also 
an important mineral regulating leaf osmotic potential 
affecting the water use efficiency in plants. Osmotic ad-
justment is an essential stress acclimatizing feature of 
stressed plant. Osmotic regulation with coordinated ROS 
metabolism and detoxification mechanism might play 
potent role during the post stress recovery in plants, for 
which the present experimentations were performed. The 
ability of varieties to recover and resume rapid growth 
following drought imposition and subsequent rehydration 
with possible enhancement of the recovery process by 
manipulating nutrient status of the plant is important for 
crop yield. The present investigation was undertaken for 
understanding the mechanism of drought stress induced 
oxidative damage on dehydration and its recovery on 
rehydration and the possible role of nutrients in enhanc-
ing the recovery process in selected clones of Camellia 
sinensis (L.) O Kuntze. 

2. Materials and Methods 

2.1. Plant Materials, Growth Conditions and 
Stress Imposition  

Four clonal varieties of Camellia sinensis (L.) O Kuntze 
(viz. TV-1, TV-20, TV-29 & TV-30) seedlings of uni-
form age, one and half year old were procured from. 
Tocklai Tea Research Station, Silcoori, Silchar. These 
clones were selected to compare the effect of nutrients on 
them and to find the best responsive clone. The seedlings 
grown in field soil in polythene bags were procured from 
the nursery of the near by tea garden of Durgakona (Sil-
char) and brought to the laboratory. The seedlings were 
potted after removing the polythene sleeves and adding 
field soil in the pots. The plants were acclimatized for 10 - 
15 days under the laboratory conditions and were grown 
under natural light and irrigation. The mineral contents 
were estimated as (mg/100 g DW): K, 54.37; Na, 55; Ca, 
1945; B, 29.39).  

After 10 - 15 days of acclimatization, drought was 
imposed by withholding water for 20 days. After 20 days 
the plants were rehydrated. After the appearance of new 
foliage, they were sprayed with 50 and 100 M concen-
tration of KCl, CaCl2, MnCl2 and boric acid, once in a 
week and leaves were sampled for recovery analysis after 
every 10 days of treatment for 30 days. Control plants 
were sprayed with distilled water. As a result of dehydra-
tion, soil moisture (%) content decreased to 12.88 ± 1.34 
and 3.55 ± 0.28 after 10 d and 20 days of stress imposi-
tion respectively as compared to control with 23.46 ± 
1.62. However, the average soil moisture content of 
23.85 ± 1.73, 25.03 ± 1.09 and 25.21 ± 1.16 was main-
tained in all the pots after 10 d (PDRI), 20 d (PDRII ) 
and 30 d (PDRIII) of rehydration. Since the main objec-
tive of this paper is the role of nutrients in post stress 
recovery, data for drought stress was not shown here. For 
simple and easy interpretation of the findings, results of 
drought stress were presented elsewhere but it has been 
conceptually summarized as in Figure 6. The average 
temperature range during experimental period was noted 
as 25.1˚C - 32.3˚C and 12.5˚C - 24.7˚C max/min, respec-
tively. The average relative humidity during the experi-
mentation was 88% - 96% and 38% - 67% morning/af- 
ternoon, respectively. All the leaf samplings were done 
during the morning hours between 8 am to 9 am. All the 
experiments were repeated thrice.   

2.2. Analysis of Fresh and Dry Mass of Leaf and 
RWC 

Fresh mass of leaf was measured in three replicates using 
five leaves and expressed as g·leaf–1. For dry mass meas-
urement same leaves were oven dried at 80˚C for 48 h 
and expressed as g·leaf–1. Relative water content (RWC) 
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was measured by following the methods of Barrs and 
Weatherly [23].  

2.3. Determination of Metabolite and  
Antioxidants Concentration 

The total phenolic content was extracted from the tea 
leaves in 80% (v/v) ethanol. Total phenolic content was 
estimated as per the method of Mahadevan and Sridhar 
[24] using Follin Ciocalteau reagent and Na2CO3. Proline 
concentration in tea leaves was determined following the 
method of Bates et al. [25]. Leaf samples (0.5 g) were 
homogenized with 5.0 ml of sulfosalicylic acid (3%) us-
ing mortar and pestle and filtered through Whatman No. 
1 filter paper. 2.0 ml of filtrate was incubated with 2.0 ml 
of glacial acetic acid and 2.0 ml ninhydrin reagent and 
boiled in a water bath at 100˚C for 30 min. After cooling 
the reaction mixture, 4.0 ml of toluene was added and 
after cyclomixing it, absorbance was read at 570 nm. 
Glutathione was extracted and estimated as per the 
method of Griffith [26]. Leaf tissue was homogenized in 
5.0% (w/v) sulfosalicylic acid and the homogenate was 
centrifuged at 10,000 g for 10 mins. The supernatant (1.0 
ml) was neutralized with 0.5 ml of 0.5 M potassium 
phosphate buffer (pH 7.5). Total glutathione was meas-
ured by adding 1.0 ml neutralized to a standard solution 
mixture consisting of 0.5 ml of 0.1 M sodium phosphate 
buffer (pH 7.5) containing EDTA, 0.2 ml of 6.0 mM 
5,5’-dithio-bis (2-nitrobenzoic acid), 0.1 ml of 2.0 mM 
NADPH and 1.0 ml of 1-U (ml)–1 yeast-GR Type III 
(Sigma Chemicals, USA). The change in absorbance at 
412 nm was followed at 25˚C ± 2˚C until the absorbance 
reached 5 U. For the extraction and estimation of ascor-
bate, the method of Oser [27] was used. The reaction 
mixture consists of 2.0 ml 2% Na-molybdate, 2.0 ml 0.15 
N H2SO4, 1.0 ml 1.5 mM Na2HPO4 and 1.0 ml tissue 
extract. The reaction mixture was incubated at 60˚C in 
water bath for 40 min. Cooled and centrifuged at 3000 g 
for 10 min and the absorbance was measured at 660 nm. 

2.4. Determination of Superoxide Anion ( 2O ), 
H2O2 Concentration and Lipid Peroxidation 

H2O2 was extracted in 5.0% trichloroacetic acid from tea 
leaves using fresh leaf samples (0.2 g). The homogenate 
was used for the estimation of total peroxide content [28]. 
Lipid peroxidation was measured as the amount of 
TBARS chiefly MDA determined by the thiobarbituric 
acid (TBA) reaction as described by Heath and Packer 
[29]. The leaf tissues (0.2 g) were homogenized in 2.0 ml 
of 0.1% (w/v) trichloroacetic acid (TCA). The homoge-
nate was centrifuged at 10,000 g for 20 min. To 1.0 ml of 
the resulting supernatant, 1.0 ml of TCA (20%) contain-
ing 10.5% (w/v) of TBA and 10.0 cm6 (4.0% in ethanol) 
BHT (butylated hydroxytolune) were added. The mixture 

was heated at 95˚C for 30 min in a water bath and then 
cooled in ice. The contents were centrifuged at 10,000 g 
for 15 min and the absorbance was measured at 532 nm 
and corrected for 600 nm. The concentration of MDA 
was calculated using extinction coefficient of 155 m·M–1· 
cm–1. The estimation of 2O  was done as suggested by 
Elstner and Heupal [30] by monitoring the nitrate forma-
tion from hydroxylamine with some modifications. The 
plant materials were homogenised in 3.0 ml of 65 mM 
phosphate buffer (pH 7.8) and centrifuged at 5000 g for 
10 min. The reaction mixture contained 0.9 ml of 65 mM 
phosphate buffer, 0.1 ml of 10 mM hydroxyl amine hy-
drochloride and 1.0 ml of the supernatant plant extract. 
After incubation at room temperature (25˚C) for 20 min, 
1.0 ml of 17 mM sulphanilamide and 1.0 ml of 7 mM 
-napthyl were added. After reactions at 25˚C, 1.0 ml of 
diethyl ether was added and centrifuged at 1500 g for 5 
min and the absorbance was read at 530 nm. A standard 
curve with 2NO  was established to calculate the pro-
duction rate of 2O  from the chemical reaction of 2O  
and hydroxylamine.   

2.5. Extraction and Estimation of Enzyme  
Activities  

Leaf tissues were homogenized with potassium phos-
phate buffer pH 6.8 (0.1 M) containing 0.1 mM EDTA, 
1% PVP and 0.1 mM PMSF in prechilled mortar pestle. 
The extract was centrifuged at 4˚C for 15 min at 17,000 g 
in a refrigerated cooling centrifuge. The supernatant was 
used for the assay of catalase (CAT), peroxidase (POX), 
polyphenol oxidase (PPO), superoxide dismutase (SOD) 
and glutathione reductase (GR). Catalase activity was 
assayed according to Chance and Maehly [31]. The 5.0 
ml mixture comprise of 3.0 ml phosphate buffer (pH 6.8), 
1.0 ml (30 mM) H2O2 and 1.0 ml enzyme extract. The 
reaction was stopped by adding 10.0 ml 2.0% H2SO4 
after 1min incubation at 20˚C. The acidified reaction 
mixture was titrated against 0.1 N KMnO4 for determin-
ing the quantity of H2O2 utilized by the enzyme. The 
CAT activity was expressed as mole H2O2 destroyed 
min–1·g.fr.wt. POX and PPO was assayed using pyrogal-
lol as substrate according to Kar and Mishra [32] with 
slide modification, where 5.0 ml of assay mixture con-
tained 300 M H2O2 and 1.0 ml of enzyme extract. After 
the incubations at 25˚C for 5 min, the reaction was 
stopped by the additions of 1.0 ml of 10% H2SO4. The 
purpurogallin formed was read at 430 nm. For PPO assay 
reaction mixture was the same except H2O2 was not 
added. 1 unit of enzyme activity is defined as that 
amount of enzyme which forms 1 mole of purpurogallin 
formed per minute under the assay conditions. 

The activity of SOD was measured using the method 
of Giannopolitis and Reis [33]. 3.0 ml assay mixture for 

Copyright © 2012 SciRes.                                                                                 AJPS 



Comparative Effect of Ca, K, Mn and B on Post-Drought Stress Recovery in Tea [Camellia sinensis (L.) O Kuntze] 446 

SOD contained 79.2 mM Tris HCI buffer (pH 8.9), hav-
ing 0.12 mM EDTA and 10.8 mM tetra ethylene diamine, 
bovine serum albumin (3.3 × 10–3%), 6.0 mM nitroblue 
tetrazolium (NBT), 600 μM riboflavin in 5.0 mM KOH 
and 0.2 ml enzyme extract. Reaction mixture was illu-
minated by placing the test tubes in between the two tube 
lights (Philips 20 W). By switching the light on and off, 
the reaction mixture was illuminated and terminated. The 
increase in absorbance due to formazan formation was 
read at 560 nm. The increase in absorbance in the ab-
sence of enzyme was taken as 100% and 50% initial was 
taken to be an equivalent to 1 unit of SOD activity. Glu-
tathione reductase (GR) was assayed by the method of 
Smith et al. [34]. The reaction mixture contained 1.0 ml 
of 0.2 M potassium phosphate buffer (pH 7.5) having 1 
mM EDTA, 0.5 ml of 3.0 mM DTNB (5,5-dithiobis-2 
nitrobenzoicacid) in 0.01 M potassium phosphate buffer 
(pH 7.5), 0.1 ml of 2.0 mM NADPH, 0.1 ml enzyme ex-
tract and distilled water to make up a final volume of 2.9 
ml. Reaction was initiated by adding 0.1 ml of 2 mM 
GSSG (oxidised glutathione). The increase in absorbance 
at 412 nm was recorded at 25˚C over a period of 5 min, 
spectrophotometrically. The activity has been expressed 
as absorbance change (A412) g. fresh mass–1·sec–1. 

2.6. Statistical Analysis 

Each experiment was repeated thrice and data presented 
are mean ± standard error (SE). The results were sub-
jected to ANOVA using GLM factorial model on all the 
parameters. Tukey test was used for comparision be-
tween pairs of treatments. The data analysis were carried 
out using statistical package, SPSS 7.5.  

3. Results  

3.1. Growth and RWC 

A decrease in dry mass of leaf was observed in all the 
water stressed plants. On rehydration and micronutrient 
treatments an increase in dry mass of leaves in recovery 
phase was observed in all the tested clones after 10 d 
(PDR I), 20 d (PDR II) and 30 d (PDR III) of treatment 
(Table 1). This shows that dry mass of tea leaves in-
creases as a result of micronutrient spray during the re-
covery process, with increasing days of treatment being 
highest after 30 days (PDRIII) of treatment. Such in-
crease in dry mass as a consequent of K and Ca treatment 
might be due to enhanced photosynthesis or increased 
synthesis of antioxidant in plants.   

Drought induced decrease in RWC was observed in all 
the tested clones of Camellia sinensis as reported earlier. 
After rehydration plants recover RWC and maintains 
highest content in TV-29 (84.61%), which was enhanced 
by the spray of almost all the tested micronutrient. Maxi- 

mum recovery of RWC of leaf was observed in almost 
all the clones treated with various concentrations of K 
and Ca. The highest response of these micronutrient was 
observed in TV-1 followed by TV-30, TV-29 and TV-20 
(Table 2). 

3.2. Total Phenolic, Metabolites and Antioxidant 
Levels  

Total phenolic content in tea leaves decreased with in-
creasing water stress. On rewatering, the phenolic con-
tent of the stressed plant was found to have increased. 
The phenolic content of recovering plants showed sig-
nificant differences with the micronutrient treatments as 
compared to control. Ca and K treatment showed the 
highest response in almost all the clones, with highest 
content in TV-30 (24.27% & 20.50%), followed by 
TV-29 (17.72% & 22.61%), TV-20 (24.63% & 38.01%) 
and TV-1 (27.52% & 21.78%). However, B treatment 
(50 M) showed minimum increase in phenolic content, 
which again decrease with increasing concentration (100 
M) [Table 1]. 

Proline plays an important role as osmoprotectant 
during the stress period. An increase in proline content 
was observed in all the clones after water stress imposi-
tion as compared to well irrigated plants. But rehydration 
recovery study with nutrient treatment suggested a varia-
tion in response of nutrient treatment in different clones 
tested. TV-1 showed highest proline content in response 
to boron and calcium treatment while other three clones 
(TV-20, TV-29 & TV-30) showed better response with 
boron and Mn treatment [Table 2].  

Increasing water stress, resulted in a significant de-
crease of non-enzymic antioxidant (ascorbate and glu-
tathione) content in all the clonal seedlings of tea as in-
dicated in Figure 6. In the present study, post drought 
recovery with nutrient treatments suggested the effective 
role of Ca & K in increasing the ascorbate content. TV-1 
(200.93% & 151.67%) and TV-30 (145.93% & 147.16%) 
showed highest response to Ca and K treatment, followed 
by TV-29 (74.98% & 169.20%) and TV-20 (69.63% & 
74.95%) [Figure 1(a)]. The glutathione content varied 
within clones in response to micronutrient treatment dur- 
ing post stress rehydration. Almost all the clones showed 
highest glutathione content in response to calcium treat-
ment, with highest response in TV-1 and TV-30 followed 
by TV-29 and TV-20 even after 30 days of treatment 
(PDR III). The effect of Boron on glutathione content 
was also maximum in TV-1, with lowest response shown 
by TV-20. Again compared to only rehydrated plants, K 
treatment was mostly effective in TV-20, followed by 
TV-1, TV-30 and TV-29. However, Mn treatment was 
found to be most effective in TV-29, followed by TV-20, 
TV-30 and TV-1. Manganese was found to be most the 
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Table 1. Changes in dry mass and total phenolics content in four clonal varieties of Camellia sinensis subjected to post 
drought recovery after rehydration and nutrient treatments. Control was sprayed with distilled water. PDR I, PDR II and 
PDR III indicates sampling after 10 d, 20 d and 30 d of nutrient treatments following rehydration. Mean value superscript 
with “a” indicates significant mean difference from control at p = 0.05 in multiple comparision by Tukey test. 

Dry Mass (mg·leaf–1) Total Phenolics (mg·g–1 FW) 
Clones Treatments (μM) 

PDR I PDR II PDR III PDR I PDR II PDR III 

Control 69 ± 6 105 ± 6 125 ± 6 7.7 ± 0.11 7.7 ± 0.12 7.9 ± 0.12 

50 75 ± 6 131 ± 7a 139 ± 6 8.3 ± 0.88a 9.5 ± 0.12a 9.6 ± 0.12a 
KCl 

100 142 ± 7a 222 ± 9a 239 ± 9a 9.8 ± 0.12a 8.2 ± 0.12a 8.6 ± 0.12a 

50 96 ± 6a 128 ± 6a 154 ± 7a 8.8 ± 0.12a 8.8 ± 0.12a 9.2 ± 0.12a 
CaCl2 

100 116 ± 6a 185 ± 7a 288 ± 6a 8.5 ± 0.12a 9.2 ± 0.12a 10.1 ± 0.12a

50 103 ± 6a 132 ± 6a 166 ± 6a 8.4 ± 0.12a 8.4 ± 0.12a 9.1 ± 0.12a 
MnCl2 

100 147 ± 7a 167 ± 7a 210 ± 7a 6.7 ± 0.11a 8 ± 0.11a 9.3 ± 0.12a 

50 68 ± 6 106 ± 7 155 ± 9a 8.9 ± 0.12a 8.1 ± 0.88a 8.8 ± 0.12a 

TV-1 

Boric 
acid 100 109 ± 6a 120 ± 6a 173 ± 9a 8.4 ± 0.12a 8.8 ± 0.12a 9 ± 0.12a 

         

Control 67 ± 6 74 ± 6 94 ± 6 6.9 ± 0.88 8 ± 0.12 8.2 ± 0.11 

50 106 ± 6a 99 ± 6a 103 ± 6 7 ± 0.88a 8.8 ± 0.12a 9.5 ± 0.12a 
KCl 

100 138 ± 7a 173 ± 7a 176 ± 7a 8.5 ± 0.11a 8.9 ± 0.12a 11.4 ± 0.11a

50 141 ± 7a 118 ± 7a 148 ± 6a 8.0 ± 0.12a 9.4 ± 0.12a 9.7 ± 0.12a 
CaCl2 

100 165 ± 9a 174 ± 7a 234 ± 9a 9.3 ± 0.12a 9.5 ± 0.12a 10.3 ± 0.12a

50 141 ± 7a 120 ± 6a 121 ± 9a 7.1 ± 0.11a 8 ± 0.11a 9 ± 0.12a 
MnCl2 

100 148 ± 7a 127 ± 6a 129 ± 7a 7.9 ± 0.11a 8.3 ± 0.12a 8 ± 0.12 

50 145 ± 7a 125 ± 7a 151 ± 6a 7.6 ± 0.11a 9.4 ± 0.12a 9.9 ± 0.12a 

TV-20 

Boric 
acid 100 163 ± 7a 130 ± 7a 166 ± 6a 7.1 ± 0.11a 7.7 ± 0.88 8.1 ± 0.12 

         

Control 145 ± 7a 155 ± 7 178 ± 7 7.9 ± 0.11 8.1 ± 0.11 8.8 ± 0.12 

50 183 ± 9a 214 ± 9a 223 ± 9a 8.9 ± 0.12a 9.4 ± 0.12a 9.1 ± 0.12a 
KCl 

100 192 ± 9a 207 ± 9a 267 ± 9a 9.2 ± 0.12a 9.4 ± 0.12a 10.8 ± 0.12a

50 209 ± 11a 265 ± 9a 383 ± 9a 8 ± 0.12 9.1 ± 0.12a 9.3 ± 0.12a 
CaCl2 

100 215 ± 11a 288 ± 9a 415 ± 11a 9.1 ± 0.12a 9.2 ± 0.12a 10.4 ± 0.12a

50 146 ± 7 178 ± 7a 191 ± 7 9.3 ± 0.12a 9.4 ± 0.12a 10 ± 0.12a9
MnCl2 

100 225 ± 11a 267 ± 9a 314 ± 9a 8.4 ± 0.12a 8.6 ± 0.12a .2 ± 0.12a 

50 133 ± 7 191 ± 7a 223 ± 7a 8.7 ± 0.12a 9.5 ± 0.12a 9.5 ± 0.12a 

TV-29 

Boric 
acid 100 136 ± 7 221 ± 9a 227 ± 7a 8.6 ± 0.12a 8.7 ± 0.12a 7.6 ± 0.12a 

         

Control 117 ± 6 128 ± 7 146 ± 7 7.9 ± 0.11 8.4 ± 0.12 8.7 ± 0.12 

50 147 ± 7a 159 ± 9a 188 ± 7a 8.9 ± 0.12a 9.4 ± 0.12a 10.5 ± 0.12a

KCl 
100 154 ± 7a 261 ± 9a 330 ± 9a 9.3 ± 0.12a 10.1 ± 0.12a 10.5 ± 0.12a

50 156 ± 7a 200 ± 7a 330 ± 7a 8.2 ± 0.12a 8.7 ± 0.12 9.9 ± 0.12a 
CaCl2 

100 191 ± 9a 219 ± 9a 383 ± 7a 8.2 ± 0.12a 9.4 ± 0.12a 10.8 ± 0.12a

50 128 ± 7 146 ± 6a 152 ± 6 9.2 ± 0.12a 9.2 ± 0.12a 9.4 ± 0.12a 
MnCl2 

100 130 ± 7a 155 ± 7a 189 ± 7a 8.4 ± 0.12a 9.4 ± 0.12a 10.7 ± 0.12a

50 117 ± 7 156 ± 7a 228 ± 7a 7.2 ± 0.12a 9 ± 0.12a 9.7 ± 0.12a 

TV-30 

Boric 
acid 100 130 ± 7a 173 ± 7a 255 ± 9a 7.8 ± 0.12 9.2 ± 0.12a 10.1 ± 0.12a
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Table 2. Changes in relative water content (RWC%) and proline content in four clonal varieties of Camellia sinensis sub-
jected to post drought recovery after rehydration and nutrient treatments. Control was sprayed with distilled water. PDR I, 
PDR II and PDR III indicates sampling after 10 d, 20 d and 30 d of nutrients treatments following rehydration. Mean value 
superscript with “a” indicates significant mean difference from control at p = 0.05 in multiple comparision by Tukey test. 

RWC (%) Proline (μM·g–1 FW ) 
Clones Treatments (μM) 

PDR I PDR II PDR III PDR I PDR II PDR III 

Control 81 ± 6 80 ± 6 81 ± 6 1.4 ± 0.1 1.5 ± 0.2 3. 6 ± 0.1 

50 89 ± 6a 90 ± 4a 92 ± 2a 2.5 ± 0.1 2.7 ± 0.2a 3.9 ± 0.1 
KCl 

100 91 ± 4a 92 ± 3a 95 ± 2a 4.2 ± 0.1 4.5 ± 0.6a 16.7 ± 0.6a 

50 82 ± 2 86 ± 3a 86 ± 3 9.7 ± 0.6 23.1 ± 1.2a 24. 9 ± 1.2a 
CaCl2 

100 82 ± 4 86 ± 4.2a 89 ± 3a 15.8 ± 0.6 19.2 ± 0.6a 21.0 ± 1.2a 

50 79 ± 5 83 ± 3 86 ± 6 3.4 ± 0.1 3.7 ± 0.3a 4.1 ± 0.1 
MnCl2 

100 82 ± 3 87 ± 3a 88 ± 6a 2.4 ± 0.1 2.8 ± 0.1a 3.6 ± 0.1 

50 83 ± 6 86 ± 6a 88 ± 6a 2.1 ± 0.1 6.1 ± 0.6a 8.2 ± 0.1a 

TV-1 

Boric 
acid 100 86 ± 6a 86 ± 6a 89 ± 6a 3.5 ± 0.2 20.5 ± 0.6a 26.0 ± 2.2a 

         

Control 80 ± 3 86 ± 6 80 ± 6 .98 ± 0.1 1.3 ± 0.2 4.4 ± 0.1 

50 79 ± 6 81 ± 6 88 ± 6a 1.6 ± 0.2 3.4 ± 0.2a 5.0 ± 0.1 
KCl 

100 82 ± 6 84 ± 6 86 ± 6a 3.8 ± 0.2 5.5 ± 0.63a 6.3 ± 0.3a 

50 76 ± 6 81 ± 6 83 ± 6 4.7 ± 0.6 5.2 ± 0.62a 5.5 ± 0.3 
CaCl2 

100 79 ± 6 82 ± 6 85 ± 6a 5.4 ± 0.7 6.3 ± .0.65a 11.7 ± 0.6a 

50 75 ± 6 80 ± 6 82 ± 6 3.5 ± 0.6 4.0 ± 0.57a 5.8 ± 0.6a 
MnCl2 

100 83 ± 6 85 ± 6 93 ± 4a 5.8 ± 0.6 7.7 ± 0.57a 14.0 ± 0.6a 

50 86 ± 6a 93 ± 4a 93 ± 4a 5.3 ± 0.59 8.2 ± 0.62a 20.1 ± 1.19a

TV-20 

Boric 
acid 100 86 ± 6a 88 ± 6a 94 ± 2a 9.2 ± 0.7 11.8 ± 0.63a 30.4 ± 2.2a 

         

Control 80 ± 5 81 ± 6 85 ± 6 0.84 ± 0.05 1.3 ± 0.1 1.7 ± 0.03 

50 80 ± 6 86 ± 6a 91 ± 5a 1.8 ± 0.1 3.1 ± 0.2a 7.8 ± 0.1a 
KCl 

100 85 ± 6a 88 ± 6a 92 ± 3a 2.3 ± 0.1 4.1 ± 0.11a 8.5 ± 0.3a 

50 84 ± 6 88 ± 6a 86 ± 3 4 ± 0.6 8.7 ± 0.6a 8.7 ± 0.6a 
CaCl2 

100 87 ± 6a 80 ± 6 86 ± 3 3.6 ± 0.6 4.4 ± 0.1a 7.3 ± 0.6a 

50 80 ± 6 82 ± 6 86 ± 5 4.6 ± 0.6 13.3 ± .6a 26.4 ± 2.2a 
MnCl2 

100 81 ± 6 85 ± 6a 87 ± 6 4.7 ± 0.6 14.6 ± 0.6a 35.5 ± 2.2a 

50 80 ± 6 82 ± 6 89 ± 6 3.4 ± 0.2 6.6 ± 0.6a 7.2 ± 0.6a 

TV-29 

Boric 
acid 100 83 ± 6 85 ± 6a 83 ± 6 3.7 ± 0.1 7.6 ± 0.6a 9. 6 ± 0.6a 

         

Control 80 ± 6 89 ± 6 83 ± 4 1.1 ± 0.1 1.3 ± 0.1 3.4 ± 0.1 

50 88 ± 6a 86 ± 3 92 ± 3a 1.7 ± 0.1 3.4 ± 0.1a 4.5 ± .0.1a 
KCl 

100 86 ± 3a 90 ± 2a 95 ± 3a 4.2 ± 0.4 4.6 ± 0.3a 5.0 ± 0.6a 

50 88 ± 6a 87 ± 6 83 ± 4 9 ± 0.6 10.1 ± 0.7a 13.7 ± 0.6a 
CaCl2 

100 86 ± 3a 84 ± 4 93 ± 3a 8.6 ± 0.4 8.8 ± 0.6a 13.9 ± 0.6a 

50 86 ± 6a 94 ± 4a 96 ± 4a 3.9 ± 0.2 4.3 ± 0.3a 10.6 ± 0.6a 
MnCl2 

100 85 ± 6a 87 ± 6 89 ± 9a 4.5 ± 0.4 5.1 ± 0.6a 16.8 ± 2.2a 

50 82 ± 6 87 ± 6 91 ± 3a 4.8 ± 0.5 9.2 ± 0.6a 14.3 ± 1.2a 

TV-30 

Boric 
acid 100 85 ± 6a 89 ± 5 91 ± 4a 5.6 ± 0.5 10.6 ± 0.6a 16.2 ± 0.6a 
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Figure 1. Changes in ascorbate (a) and glutathione (b) content in four clonal varieties of Camellia sinensis (L.) O Kuntze after 
10 d (PDR I), 20 d (PDR II) and 30 d (PDR III) of micronutrient treatments on the plants under post-drought recovery proc-
ess after rehydration. Control ( ); 50 µM KCl ( ), 100 µM KCl ( ); 50 µM CaCl2 ( ), 100 µM CaCl2 ( ); 50 µM MnCl2 
( ), 100 µM MnCl2 ( ); 50 µM boric acid ( ), 100 µM boric acid ( ). Data presented are mean ± SE (n = 3). *Significant 

ean difference from control at p = 0.05 in multiple comparision by Tukey test. m 
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effective at 50 M concentration (Figure 1(b)).  

3.3. CAT, SOD and GR Activity  

With increasing drought stress, CAT activity increased in 
various clones of Camellia sinensis (see Figure 6). After 
rehydration, during recovery process the effect of B on 
CAT activity was highest in TV-30 and TV-29, followed 
by TV-20 and TV-1. Calcium and potassium treatment 
showed increased CAT activity in TV-1 and TV-30 fol-
lowed by TV-20 and TV-29 (Figure 2(a)). SOD activity 
decreased with the increasing water stress but after rehy-
dration and micronutrient treatment, a great variation in 
SOD activity was observed. A non-uniform increase in 
SOD activity was observed in all the nutrient treated 
plants. TV-1 showed highest response with Ca and K 
treatment followed by B and Mn, while TV-20 showed 
highest SOD activity with B treatments (50 M), which 
maintained highest SOD activity even in PDR II plants. 
Though K- treated TV-20 plants in PDRII showed 
maximum SOD activity, with increasing days of treat-
ment TV1 maintained highest activity with the influence 
of K and Ca. TV-29 showed highest SOD activity in 
PDR II with K (100 M) and B (50 M) treatment. 
However with increasing days of rehydration followed 
by micronutrient spray, SOD activity decreased. The 
effect of Mn in changing SOD activity was highest in 
TV-30 and TV-29 followed by TV-1 and TV-30 (Figure 
2(b)).     

There was a significant increase in GR activity in all 
the tested clones as a consequent of imposition of dehy-
dration stress as reported elsewhere. On rewatering, GR 
activity decreased due to micronutrient treatment. TV-1 
showed the highest GR activity with Mn treatment fol-
lowed by K, Ca, and B. TV-20 showed highest response 
with boron followed by Ca and K treatment. Similar re-
sults were also shown by TV-29 with various micronu-
trient treatments whereas TV-30 showed increased GR 
activity with maximum in K and B treated plant, fol-
lowed by Ca and Mn (Figure 3(a)).  

3.4. 2 , H2O2 Concentrationt and Lipid  
Peroxidation 
O

Superoxide anion ( 2O ) generation in plant increased with 
the increased drought stress imposition as indicated in 
Figure 6. But on rewatering, 2  content decreased with 
maximum decrease in TV-1 followed by TV-30, TV-29 
and TV-20 as compared to the stressed plants. However, 
micronutrient treatment with rehydration showed various 
responses in tested clones. In TV-1, lowest 2O



O

  level 
was maintained by K (100 M) treatment with 428%, 
475% and 552% decrease in 2  level in PDR I, PDR II 
and PDR III, respectively as compared to control. The 
decrease in  content was 353%, 263% and 206% 

with Mn; 197%, 186% and 420% with boron and 51%, 
32%, 116% with Ca in PDR I, PDR II and PDR III plants, 
respectively. In TV-20 lowest 2O  was maintained with 
Mn & boron (442% decrease) in PDR III as compared to 
control. TV-29 also showed lowest 2  content with Mn 
(587%) and B (442% decrease) treatments in PDR III. 
The response of TV-30 was the best with Mn and Ca, 
followed by K and B. Treatment with Mn, Ca, K and B 
showed 1849%, 759%, 500% & 500% decrease in 2O

O

2O



O

  
content over control in PDR III, respectively (Figure 
3(b)).  

Lipid perxoidation measured in terms of MDA was 
higher in all the stressed plants after 10 d, 20 d of drought 
imposition (data not shown; see Figure 6). Lipid peroxi-
dation was decreased after rehydration and with the dif-
ferent micronutrient treatments. Decrease in MDA con-
tent was maximum in almost all the clones with Ca 
treatment, except TV-29, which showed minimum lipid 
peroxidation with K (66%) and Mn (64%) in PDR III as 
compared to control. Decrease in lipid peroxidation was 
minimum with B in TV-1 & TV-29. TV-20 and TV-30 
showed the lowest lipid peroxidation in response to B 
treatment as compared to other clones (Figure 4(a)).  

Dehydration stress results in increased H2O2 content in 
plants as conceptualized in Figure 6. On rehydration 
H2O2 content decreased in different recovery phases 
(PDR I, PDR II & PDR III), which again reduced with 
various micronutrient application in different clones. 
TV-1 showed maximum decrease in H2O2 with B (274%) 
and K (268%) followed by Mn (198%) & Ca (141%) 
treatment over control. TV-20 showed maximum de-
crease with Ca (262%) and Mn (145%), followed by K 
(91%) and B (152%) treatment in PDR III. TV-29 main-
tained the lowest H2O2 content with Ca (256%) and K 
(159% decrease). In TV-30, maximum decrease with 
267%, 247% over control was observed in PDR III plants 
due to Ca and B treatment, respectively (Figure 4(b)).   

3.5. POX and PPO Activity  

POX activity was found to have increased in the stressed 
plants as compared to control after 10 and 20 days of 
dehydration but after rehydration, recovering plants 
showed increased POX activity, which is enhanced by 
the micronutrient spray. TV-1 and TV-20 showed maxi-
mum POX activity in response to K and Ca treatment 
followed by Mn and B, whereas TV-29 showed maxi-
mum POX activity in response to Mn and B, followed by 
Ca and K treatment. However, TV-30 showed highest 
POX activity in response to K and Ca, at the initial stage 
followed by B and Mn, but with increasing days of rehy-
dration and micronutrient spray TV-30 maintained the 
high POX activity with B and K followed by Mn and Ca 
(Figure 5(a)).     
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Figure 2. Changes in activities of catalase (CAT) (a) and superoxidase dismutase (SOD) (b) in four clonal varieties of 
Camellia sinensis (L.) O Kuntze after 10 d (PDR I), 20 d (PDR II) and 30 d (PDR III) of micronutrient treatments on the 
plants under post-drought recovery process after rehydration. Control ( ); 50 µM KCl ( ), 100 µM KCl ( ); 50 µM CaCl2 
( ), 100 µM CaCl2 ( ); 50 µM MnCl2 ( ), 100 µM MnCl2 ( ); 50 µM boric acid ( ), 100 µM boric acid ( ). Data 
presented are mean ± SE (n = 3). *Significant mean difference from control at p = 0.05 in multiple comparision by Tukey test. 
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Figure 3. Changes in activities of glutathione reductase (GR) (a) and superoxide anion content ( ) (b) in four clonal 

varieties of Camellia sinensis (L.) O Kuntze after 10 d (PDR I), 20 d (PDR II) and 30 d (PDR III) of micronutrient treatments 
on the plants under post-drought recovery process after rehydration. Control (

2O

); 50 µM KCl ( ), 100 µM KCl ( ); 50 µM 
CaCl2 ( ), 100 µM CaCl2 ( ); 50 µM MnCl2 ( ), 100 µM MnCl2 ( ); 50 µM boric acid ( ), 100 µM boric acid ( ). Data 
presented are mean ± SE (n = 3). *Significant mean difference from control at p = 0.05 in multiple comparision by Tukey test. 
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Figure 4. Changes in MDA (a) and total peroxide (H2O2) (b) contents in four clonal varieties of Camellia sinensis (L.) O 
Kuntze after 10 d (PDR I), 20 d (PDR II) and 30 d (PDR III) of micronutrient treatments on the plants under post-drought 
recovery process after rehydration. Control ( ); 50 µM KCl ( ), 100 µM KCl ( ); 50 µM CaCl2 ( ), 100 µM CaCl2 ( ); 50 
µM MnCl2 ( ), 100 µM MnCl2 ( ); 50 µM boric acid ( ), 100 µM boric acid ( ). Data presented are mean ± SE (n = 3). 
*Significant mean difference from control at p = 0.05 in multiple comparision by Tukey test. 
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Figure 5. Changes in POX (a) and PPO (b) contents in four clonal varieties of Camellia sinensis (L.) O Kuntze after 10 d (PDR 
I), 20 d (PDR II) and 30 d (PDR III) of micronutrient treatments on the plants under post-drought recovery process after 
rehydration. Control ( ); 50 µM KCl ( ), 100 µM KCl ( ); 50 µM CaCl2 ( ), 100 µM CaCl2 ( ); 50 µM MnCl2 ( ), 100 
µM MnCl2 ( ); 50 µM boric acid ( ), 100 µM boric acid ( ). Data presented are mean ± SE (n = 3). *Significant mean dif-
erence from control at p = 0.05 in multiple comparision by Tukey test. f 
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PPO is also one of the important enzymes, which have 

potent role in the metabolism of tea. The activity of this 
enzyme has been reported to be increased with increasing 
dehydration stress in various clonal varieties of tea. After 
rehydration, the recovering plant showed increased PPO 
activity, which was enhanced by the foliar spray of vari- 
ous micronutrients. In TV-1, enhancement of PPO activ- 
ity was higher in response to B and K followed by Ca 
and Mn treatments as compared to control with rehydra- 
tion only. TV-20 showed higher initial PPO activity with 
Mn and K, followed by B and Ca treatments (PDR I and 
PDR II). TV-20 maintained higher PPO activity with B 
and K followed by Ca and Mn after 30 days of treatment 
(PDR III). While TV-29 showed highest PPO activity 
with B and Mn followed by K and Ca treatment, with 
increasing nutrient. Initial (PDR I) and final recovery 
(PDR III) study showed that TV-30, although show little 
increase PPO activity with Mn treatment (100 M), but 
with increasing days of rehydration and micronutrient 
treatment higher PPO was maintained with B and K fol- 
lowed by Ca and Mn treatment (Figure 5(b)).  

4. Discussion 

Post stress recovery studies involving both only rehydra- 
tion and rehydration with foliar spray of selected nutria- 
ents were significant as summarized in Figure 6. RWC 
of leaves decreased in all the cultivars due to drought but 
after rehydration RWC gradually increased to pre-stress 
level. Maintenance of high RWC in drought resistant 
cultivars has also been reported to be an adaptation to 
water stress in several crop species [35]. In the present 
study the recovery of water stress was markedly and 
consistently improved by micronutrient application, par- 
ticularly K and Ca. The osmotic effect of K and Ca was 
better in TV-1 and TV-30, which suggested the mainte- 
nance of water status better by these nutrients.  

H2O2 and other active oxygen species OH, 1O2 and 2O  
may be responsible for lipid peroxidation and oxidative 
damage leading to disruption of metabolic function and 
loss of cellular integrity at sites where it accumulates 
[36]. In our study, 2 , H2O2 and lipid peroxidation were 
found to be increased in all the stressed plants indicating 
loss of membrane function and induction of oxidative 
damage, where TV-1 and TV-30 showed comparatively 
least damage due to stress (data not shown). Better stress 
tolerance and recovery of TV-1 was also supported by 
comparatively minimum ROS level and lipid peroxide- 
tion after rehydration. Among the tested nutrients, the 
significant role in reducing the ROS and oxidative dam- 
age was shown by K and Ca (see Figure 6) in all the 
tested clones. However, boron and Mn also showed sig- 
nificant role in few clones (for eg., TV-1, TV-30, etc). 
The role of K in alleviating detrimental effects of abiotic 

stresses in plants was observed by Cakmak [21]. Ca 
showed alleviations of negative effect of water stress in 
plants [15,37]. Calcium is known to be involved in oxi- 
dative stress signaling participating in linking H2O2 per- 
ception and induction of antioxidant genes in plants [16]. 
Calcium is a player in most cellular signalling processes 
[17] and interacts strongly with ROS [18]. Dry mass of 
leaves was found to have decreased with increasing 
stress, suggesting photosynthetic arrest in almost all the 
tested clones, but it was not able to induce permanent 
damage to the photosynthetic system. After rehydration, 
growth resumed in the affected plants and photosynthetic 
activity started. Maximum dry matter accumulation was 
observed in TV-1 treated with Mn and K. Manganese 
participates in the photolysis of water in pigment system 
II during photosynthesis and thus it helps in the electron 
transport from water to chlorophyll [38]. Proline accu- 
mulation in response to water deficit stress was reported 
in wheat [39,40] and in tea [41]. Proline acts as an os- 
moprotectant and greater accumulation of proline in TV- 
1 suggested genotypic tolerance of tea to water deficit 
stress as proline accumulation helps in maintaining water 
relations, prevents membrane distortion and acts as a 
hydroxyl radical scavenger [42,43]. Proline content in the 
recovering plants was found to have increased with the 
nutrient treatment in all the clones being maximum in Ca 
treated plants except, TV-20, which show highest proline 
content with boron treatment. It indicates that boron 
might play some role in proline and other osmolyte bio- 
synthesis in plants, which needs to be analyzed. However, 
the effect of boron on water use efficiency in plants has 
been reported [12]. Calcium is known to ameliorate the 
water stress by maintaining higher level of calcium-pro- 
tein calmodulin complex which modulates the enzyme 
proline oxidase and osmotically active compounds like 
proline in plants during their early growth [44].  

O

Decrease in total phenolic contents in tea cultivars in 
response to water stress with simultaneous decrease in 
glutathione and ascorbate content suggested the inability 
of tea seedlings to overcome a drought induced oxidative 
damage as reported in other plants [45]. In the present 
study, after rehydration, the recovering plants showed 
increase in phenolic content with the tested micronutrient, 
K and Ca being most effective in almost all the cultivars. 
K increased the contents of free amino acid and caffeine 
of various tea types. The contents of polyphenols, thea- 
flvins and thearubigins in black tea were found to have 
increased and there are reports of improved quality com- 
ponents of different types of tea with K application [46]. 
The effects of potassium on drought resistance of plants 
have also been reported earliar [47]. Controversial stud- 
ies on the role of calcium in relation to phenolic com- 
pound metabolism and related enzymes have been re- 
ported. Some suggesting Ca a gmented the soluble POD  u   
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Figure 6. Model summarizing the effects of drought stress and subsequent rehydration on various physiological and bio- 
chemical parameters affecting the growth and productivity of Camellia sinensis. The effects of potassium, calcium, manga- 
nese and boron on biochemical processes of plant during rehydration recovery process is indicated above. Up-headed and 
down-headed arrow indicates increase and decrease respectively. RWC: relative water contents; FM: leaf fresh mass; DM: 
leaf dry mass; : superoxide anion; H2O2: total peroxide; MDA: malonyaldehyde; CAT: catalase; SOD: superoxide dis-

utase; POX: peroxidase; PPO: polyphenol oxidase.  
2O

m 
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and PAL activities accumulating [48] or reducing the 
phenolic compounds [49,50]. Increased total phenolic 
content during the stress recovery in tea plant as a result 
of calcium treatment improved not only the antioxidant 
potential by influencing biosynthesis of phenolics but 
also helped in maintaining the health quality of tea, as the 
most abundant phenolics present in tea are catechins 
which are potent contributors of many beneficial health 
properties of tea [51]. The effect of boron treatment 
showed a minimum increase in phenolic contents at low 
concentration. This is in agreement with the fact that, 
boron deficit plant accumulates phenolic compounds like, 
cafeic acid chlorogenic acid etc, suggesting the regula- 
tion of pentose shunt catabolic pathway by complexing 
phenolic compounds [52]. Such regulation of phenolic 
metabolism is essential as the high level of the total phe- 
nolic contents in plant is a critical stage in the initiation 
of impairment in several cellular functions. Since these 
phenolics can be oxidized to derivatives such as quinones, 
they have a higher potential to produce toxic oxygen 
species [53]. However, recently plants phenolic metabo- 
lites are also reported to function as free radical scaven- 
gers and mutagenesis inhibitors [54]. In case of tea, dif- 
ferent catechins are the important phenolic compounds 
contributing to free radical protection and anti mutagene- 
sis property of the plants.  

Water stress disrupts the non-enzymic antioxidant 
system in plants and consequently a decrease in ascor- 
bate content was reported with a maximum in TV-1 and 
minimum in TV-30. But, the post drought recovery (PDR) 
study with micronutrient treatment showed a rapid re- 
covery in TV-1 owing to highest ascorbate content. 
Ascorbate is an abundant small molecule in plants which 
is a key substance in the network of antioxidants that 
include ascorbate, glutathione, a-tocopherol, and a series 
of antioxidant enzymes. Ascorbate has also been shown 
to play multiple roles in plant growth, such as in cell di- 
vision, cell wall expansion, and other developmental 
processes. However, minimum decrease in glutathione 
content in response to water stress was also reported ear- 
lier in TV-1, but it maintained highest glutathione con- 
tent during the recovery process. Glutathione is widely 
used as a marker of oxidative stress to plants, although its 
role in plant metabolism is a multifaceted one. As it is a 
nonprotein sulphur-containing tripeptide, glutathione acts 
as a storage and transport form of reduced sulphur. Glu- 
tathione is related to the sequestration of xenobiotics and 
heavy metal and is also an essential component of the 
cellular antioxidative defence system, which keeps reac- 
tive oxygen species (ROS) under control. Antioxidative 
defence and redox reactions play a central role in the 
acclimatization of plants to their environment, which 
made glutathione a suitable candidate as a stress marker. 
The role of calcium and potassium in enhancing the non- 

enzymic antioxidant function may be attributed to their 
water stress amelioration effect. Thus these nutrients not 
only help in drought tolerance in woody plants [47] but 
also improve post stress recovery potential of woody 
plants by altering the non-enzymic antioxidants in plants.  

Increase in SOD activities in stressed plants were the 
indicative of enhanced 2O  production [55] but increase 
in SOD activities after rehydration during recovery pe- 
riod could be an adaptation to improve growth after re- 
hydration. However, decrease in SOD activities after 
rehydration in tea clones have been reported earlier [1]. 
Decrease in SOD with increasing days of rehydration and 
micronutrient spray in few tested clones could be due to 
the decrease in 2O  generations. In this study, CAT ap- 
peared to be an important enzyme in overcoming drought 
stress imposed oxidative stress as there was an increase 
in CAT activities in stressed plants (data not shown). The 
ability of tea clones to enhance CAT activities with in- 
creasing stress indicates that this enzyme could be the 
first line of defense during the drought adaptation process. 
After rehydration and micronutrient treatment maximum 
CAT activities was observed with K and Ca treatments 
suggesting improved photosynthetic rate induced by 
these nutrients. As tea is a C3 plant, higher CAT activity 
could scavenge the hydrogen peroxide formed in the 
photorespiratory pathway and thereby can reduced photo- 
respiration rate [56].  

Increased GR activity in stressed plant facilitates im- 
proved stress tolerance and it has the ability to alter the 
redox poise of important component of the electron 
transport chain. Glutathione is maintained in a reduced 
state by GR. Increase in GR activities do not influence 
the glutathione content, so that it seems likely that GSH 
content may be mere dependent on the relations of their 
synthesis, export and degradation of glutathione itself 
then by recycling of GSSG via GR activity [57]. How- 
ever, lower GR activity after dehydration could be due to 
tendency of the plants to acclimatize [58]. The enhance- 
ment of GR activity by various micronutrient with dif- 
ferential responses to various clones may be to offer bet- 
ter antioxidative protection to recovering plant. Boron 
induced reduction in phytotoxicity during stress by stimu- 
lating leaf biosynthesis of glutathione and increase in its 
concentration in the roots has been reported very recently 
[14]. In this study, similar observations were made where 
boron treatment during the recovery, induced maximum 
increase in glutathione content in some clones (for eg., 
TV-1, etc.), which could not be merely due to stimulation 
of its biosynthesis but might be due to regulation of GR 
activities in leaf maintaining regeneration of glutathione 
through active ascorbate-glutathione cycle.  

Increase in POX and PPO activities in almost all the 
stressed clones could be an acclimatization step against 
the stress. The role of POX in oxidation of tea catechins 
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to form theaflavin type compounds in presence of H2O2 
has also been reported earliar [59]. PPO plays important 
role in the production of theaflavins in tea. On rehydra- 
tion increase in POX and PPO activities were enhanced 
by micronutrient spray, with differential response per- 
taining to different micronutrients used. Maximum POX 
and PPO activities were observed in response to K and 
Ca treatment. Increased content of polyphenols, thea- 
rubigins and theaflavins in black tea by potassium appli- 
cation has also been reported. K is also known to im- 
prove flavour compounds in tea [46]. Calcium is known 
to regulate different metabolism in plant mediating sig- 
nalling pathways that modulate gene expression in re- 
sponse to stress and its adaptation. However, adequate 
information relating to the mechanism involving role of 
POX and PPO during post stress recovery in plant is 
lacking.  

5. Conclusion 

In conclusion, decrease in non-enzymic antioxidant with 
differential response of enzymic antioxidant due to 
drought stress in various clones of Camellia sinensis 
could not induce permanent oxidative damage. But rehy- 
dration recovery with various micro and macro nutrient 
treatment, showed differential response in activating and 
enhancing the coordinated antioxidant defense system in 
plant to recover and resume growth after rehydration. 
Comparatively lower ROS level, higher recovery of 
antioxidant property in response to nutrient treatments in 
TV-1 and TV-30 suggested their better recovery potential. 
Increase in SOD activity due to foliar spray of nutrient 
was also comparatively higher in both these clones. 
Moreover, higher increase in ascorbate content due to 
nutrients spray in TV-1 and TV-30 might help to lower 
lipid peroxidation improving their stress recovery potential. 
The present study reveals that the tested nutrients (K, Ca, 
Mn & B) showed some positive response in influencing 
growth and antioxidative responses during post drought 
recovery process, where K and Ca showed comparatively 
better effect in improving post drought recovery potential 
in tea plant. However, the interactive effect of nutrients 
among various clones needs to be tested.  
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