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ABSTRACT  
 

A 2-year pot experiment was conducted to investigate the effects of paclobutrazol (PBZ) and Ascorbic acid 
(AA) on leaf chlorophyll, osmolyte contents; proline and soluble sugars, nutrient contents; N, P, K, Fe, Mn and 
Zn, the activities of antioxidant enzymes; superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD), 
fruit yield and its quality, and water use efficiency (WUE) in tomato ‘Hybrid Alex 63’ plants subjected to water 
stress. Plants were treated with two regimes of irrigation water, i.e., 100% (control) and 60% of field capacity 
(FC) and two levels of both paclobutrazol (PBZ) (0.0 and 50 mg l-1) and ascorbic acid (AA) (0.0 and 250 mg l-

1). The contents of leaf chlorophyll, osmolytes and nutrients, the activities of antioxidant enzymes, fruit yield 
and its quality, and WUE were significantly altered by both water stress and antioxidant treatments. Results 
indicated that both PBZ and AA mitigated the water stress and significantly increased all tested parameters, 
except total soluble solids (TSS %), as compared to non-antioxidant-treated water-stressed plants. Our results 
showed that, PBZ or AA application removes suffering tomato plants grown under water stress by the increase 
in osmolyte contents and enhancing the activity of the antioxidant enzymes. PBZ was more efficient than AA in 
this concern. 
 
Key words: Tomato, Water stress, Paclobutrazol, Ascorbic acid, Chlorophyll, Soluble sugars, Proline, 

Antioxidant enzymes. 
 
Introduction 
 

Tomato (Lycopersicon esculentum Mill.) production has a major role in global horticulture, ranking second 
only in importance to potato in many countries. Tomato is widely cultivated in Egypt for local consumption or 
Exportation. Egypt is facing at this time a serious problem which is the lack of water due to the ongoing conflict 
among the Nile basin countries on the redistribution of water, which contained water shortages, threaten to 
Egypt. Reactive oxygen species (ROS) that arise from cellular metabolic processes are a potential threat to the 
crop plants.  

The reactive intermediates of oxygen, the concurrent accumulation of superoxide radical (O2
−) and 

hydrogen peroxide (H2O2) may prove deleterious to the cellular constituents because of their ability to initiate 
cascade reactions thus result in the production of more lethal hydroxyl radicals (OH-) (Noctor and Foyer, 1998). 
To counteract the damaging effects of ROS, plant cells rely on antioxidant defense mechanisms, comprising of 
enzymes and metabolites. Efficient processing H2O2 is achieved through an enzymic reaction involving 
ascorbate peroxidase (APX), superoxide dismutase (SOD) and catalase (CAT) also forms important enzymic 
tools of the antioxidant defense (Jaleel et al., 2007). Most plant species respond to water shortage in a similar 
way, through molecular responses, biochemical and physiological modifications, and ultimately morphological 
adaptations (Hubick et al., 1986). Different mechanisms are involved in the plant’s response to water limitation 
(Davies et al., 1990; Davies and Zhang, 1991; Thomas and Gausling, 2000). One of the most common 
mechanisms is associated with the accumulation of osmolytes like sugars and proline (Willigen et al., 2004; 
Adejare and Umebese, 2008). Water stress has been shown to reduce leaf water potential in many plant species 
(Atkinson et al., 2000; Thomas and Gausling, 2000), yield and WUE (Pan and Luo, 1994; Banon et al., 2002; 
Fernandez et al., 2006). The balance between production and removal of ROS are controlled by cellular osmo-
protectants (Bohnert and Jensen, 1996) and antioxidant enzyme systems (Apel and Hirt, 2004). Whereas, under 
severe abiotic stress conditions, the reductive enzymatic pathways in plants may be overwhelmed and result in 
damage of cell components and finally death of plant (Dat et al., 2000; Molassiotis et al., 2006). Attempts have 
been made in the past to overcome the adverse effects of drought by using plant growth regulators and 
antioxidants, which have potential to mitigate the water stress effects.  

The growth inhibitor paclobutrazol (PBZ) is a triazole and has been reported to protect plants against 
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several environmental stresses among them drought (Asare-Boamah et al., 1986; Marshall et al., 1991 and 2000; 
Fletcher et al., 2000). PBZ interferes with gibberellin biosyntheses by inhibiting the oxidation of ent-kaurene to 
ent-kaurenoic acid through inactivating cytochrome P450-dependent oxygenases (Graebe, 1987). It has also 
been shown that triazoles stimulate the accumulation of ABA in the leaves (Asare-Boamah et al., 1986), in a 
similar way to drought (Bano et al., 1993; Hubick et al., 1986).  

Ascorbic acid (AA) is an important antioxidant defense in plant cells (Foyer and Halliwell, 1976) to protect 
them by scavenging the ROS. It also stimulates respiration activities, cell division and many enzymes activities 
(Innocenti et al., 1990; Rautenkranz et al., 1994). The work with AA in this concern is very little.  

Based on these studies, the present investigation was conducted to discover the influence of PBZ and AA 
on drought tolerance in tomato, and to determine the interactive impacts of water stress, PBZ and AA on 
contents of leaf pigments, sugars, proline and nutrients, and antioxidant enzyme activities and their possible role 
in reducing water stress in tomato.  
 
Materials and Methods 
 
Plant Material and Treatments: 

 
Five-week-old tomato seedlings ‘Hybrid Alex 63’ obtained from the Ministry of Agriculture Nurseries, 

Cairo, Egypt, were transplanted separately into plastic pots on the 15th February 2010 and 2011. Each pot was 
filled with 6 kg loamy soil having pH (1:2, w/v, soil and water solution) 7.44, EC (1:2, w/v, soil and water 
solution) 1.31 dS m-1, CaCO3 5.82% and organic matter 1.32%. The pots were laid out in a completely 
randomized split plot design, having two irrigation water regimes (100% (control) and 60% of field capacity) 
and two levels of both PBZ (0.0 (control) and 50 mg l-1) and AA (0.0 (control) and 250 mg l-1). The two levels 
of both PBZ and AA were applied as foliar spray to run off 2 times; 20 and 40 days after transplanting. Doses of 
PBZ and AA, and irrigation water regimes were selected on the basis of preliminary studies conducted using a 
limited tomato pot experiment in 2009 (data not shown). Irrigation was applied twice a week and the pots were 
irrigated every 2 weeks with a nutrient solution containing 200 mg l-1 nitrogen (N), 100 mg l-1 phosphorus (P), 
200 mg l-1 potassium (K), 2.0 mg l-1 iron (Fe), 1.0 mg l-1 manganese (Mn), 0.5 mg l-1 boron (B), 0.1 mg l-1 
copper (Cu), 0.1 mg l-1 zinc (Zn), and 0.05 mg l-1 molybdenum (Mo). 

 
Chlorophyll, Soluble Sugars and Proline Content Determinations: 

 
Leaf chlorophyll (mg g-1 fresh matter) was determined using a colorimetric method outlined by Arnon 

(1949) method. Leaf soluble sugars (mg g-1 dry matter) were assessed by the method of A.O.A.C. (1990). 
Proline content in 9-week-old tomato leaves was measured by rapid colorimetric method according to Bates et 
al. (1973). Proline was extracted from 0.5 g of dry leaf samples by grinding in 10 ml of 3% sulphosalicylic acid 
and the mixture was then centrifuged at 10,000 ×g for 10 min. Two ml of the supernatant was added into test 
tubes to which 2 ml of freshly prepared acid-ninhydrin solution was added. Tubes were incubated in a water 
bath at 90 ºC for 30 min. The reaction was terminated in ice-bath. The reaction mixture was extracted with 5 ml 
of toluene and vortexed for 15 s. The tubes were allowed to stand at least for 20 min in darkness at room 
temperature to allow the separation of toluene and aqueous phase. The toluene phase was then carefully 
collected into test tubes and toluene fraction was read at 520 nm. The proline concentration in the sample was 
determined from a standard curve using analytical grade proline and calculated on dry weight basis. 

 
Nutrient Content Determinations: 

 
Leaf nitrogen and phosphorus (mg g-1 dry matter) were determined according to Hafez and Mikkelsen 

(1981) and Jackson (1967), respectively; leaf potassium (mg g-1 dry matter) was assessed using a Perkin-Elmer, 
Flame Photometer (Page et al., 1982); and leaf Fe, Mn and Zn (ppm) were determined using a Perkin-Elmer, 
Model 3300, Atomic Absorption Spectrophotometer (Chapman and Pratt, 1961). 

 
Antioxidant Enzyme Activity Determinations: 

 
Leaves of 9-week-old plants were excised, rapidly weighed (1.0 g fresh weight) and ground with a pestle in 

an ice-cold mortar with 10 ml 50 mM phosphate buffer (pH 7.0). The homogenates were centrifuged at 20,000 
×g for 30 min at 4 ºC. The supernatant filtered through two layers of cheese-cloth were used for the assays of 
enzymatic activities. 

The SOD activity was determined according to the method of Fridovich (1975). One enzyme unit of SOD 
activity was defined as the amount of enzyme required to cause 50% inhibition in the rate of nitro-blue-
tetrazolium (NBT) at 560 nm. The reaction mixture (3 ml) contained 50 mM phosphate buffer (pH 7.0), 200 
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mM methionine, 1.125 mM NBT, 1.5 mM EDTA, 75 M riboflavin, and 10–40 µl of enzyme extract. Riboflavin 
was added as the last component. The tubes were shaken and placed 30 cm below a light bank consisting of two 
15-W fluorescent tubes. The reaction was started by switching on the light and allowed to run for 10 min, and 
switching the light off stopped the reaction. The tubes were then immediately covered with black cloth and the 
absorbance was spectrophotometrically measured at 560 nm. The non-irradiated reaction mixture had zero 
absorbance (log A560), which was plotted as a function of the volume of the enzyme extract in the reaction 
mixture. The volume of the enzyme extract producing 50% inhibition of the reaction was read from the resultant 
graph. 

The CAT activity in leaves of 9-week-old plants was determined by employing the method suggested by 
Luck (1975). CAT activity was assayed by estimating the residual H2O2 by oxidation with KMnO4 
titrimetrically. The enzyme extraction was done in a similar way to SOD extraction. The reaction mixture 
consisted of 3 ml of phosphate buffer (0.1 M, pH 7.0), 30 µl of H2O2 (5 mM) and 1 ml of enzyme extract. It was 
then incubated in a test tube at 20 ºC for 1 min, reaction stopped by adding 10 ml of 0.35 M H2SO4 and the 
residual H2O2 estimated by titrating the reaction mixture against 0.01 M KMnO4. The end-point for the titration 
was a faint purple colour which persisted for at least 15 s. A blank was prepared by adding enzyme extract to an 
acidified solution of reaction mixture at zero time. The enzyme activity was expressed as moles of H2O2 10 
min−1 g−1 of fresh weight of leaves. 

The POD activity in leaves was estimated using the method of Thomas et al. (1981). POD was assayed 
using guaiacol as the substrate. The enzyme extract was prepared in a similar way to the one used for the 
extraction of SOD and CAT. The reaction mixture was consisted of 3 ml of phosphate buffer (0.1 M, pH 7.0), 
30 µl of H2O2 (20 mM), 50 µl of enzyme extract and 50 µl of guaiacol (20 mM). The reaction mixture was 
incubated in a cuvette for 10 min at room temperature. The optical density was measured at 436 nm. The 
enzyme activity was expressed as number of absorbance units g-1 fresh weight of leaves.  

 
Fruit Yield And Its Quality, And Water Use Efficiency (WUE): 

 
Total fruit yield pot-1 was recorded at the end of the experiment. Fruit vitamin C (mg 100g-1 juice) and 

TSS% were determined according to the methods described by A.O.A.C. (1990). WUE values as kg fruits liter 
of applied water were calculated for different treatments after harvest according to the following equation 
(Jensen, 1983). 
 
WUE = [Fruit yield (kg/pot)] ÷ [Water applied (liter/pot)] 

 
Statistical Analysis: 

 
The data were analyzed using analysis of variance (ANOVA), as suggested by Gomez and Gomez (1984). 

Valid conclusions were drawn only on significant differences between treatment means at the P ≤ 0.05 of 
probability. 
 
Results and Discussion 
 
Total Chlorophyll: 

 
Considerable variation in total chlorophyll was observed among the treatments of water stress, PBZ and AA 

(Table 1). Water-stressed plants without PBZ or AA showed a significant reduction in total chlorophyll than 
non-water-stressed plants without the two antioxidants. The application of PBZ or AA significantly increased 
the total chlorophyll in water-stressed plants. The maximum content of chlorophyll was observed in PBZ-treated 
plants as compared to AA-treated plants and the control; plants without PBZ and AA. The data pertaining to 
interaction effect of water stress, PBZ and AA clearly indicated indefective role of PBZ and AA for improving 
total chlorophyll and the dose of PBZ was found to be more efficient in mitigating the stress by increasing total 
chlorophyll. Water-stressed plants with PBZ or AA had significant increases in total chlorophyll than water-
stressed plants without PBZ and AA treatments (Table 1). It is worth mentioning here that as compared to non-
water-stressed and non-PBZ or AA-treated plants (control), the water-stressed plants without PBZ or AA 
treatments showed significant reduction total chlorophyll whereas application of PBZ or AA in water-stressed 
plants significantly increased it. Thus, it appears that PBZ and AA have a positive role in improving total 
chlorophyll in tomato plants. In this study, the plants treated with PBZ appear to have been more resistant to 
water stress than those with AA or without antioxidant treatments, as shown by the alleviation of the reduction 
in total chlorophyll under water stress. The increment in total chlorophyll for the PBZ-treated plants was 
particularly significant as compared to all other treatments.  
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Table 1: Effect of water stress and antioxidants on total chlorophyll (mg g-1 fresh matter), total soluble sugars (mg g-1 dry matter) and free 

proline (µg g-1 dry matter) of 9-week-old tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

Total 
chl.

Soluble 
sugars

Free 
proline

Total 
chl. 

Soluble 
sugars 

Free 
proline

100%  
of ETc 

Control 2.07 20.08 36.56 2.13 18.04 40.07
AA 2.41 23.72 45.13 2.41 24.08 45.99 
PBZ 2.86 27.68 51.48 2.84 28.16 54.25

60%  
of ETc 

Control 1.28 23.28 44.70 1.48 23.54 46.18
AA 1.86 26.39 48.31 2.07 26.42 52.09
PBZ 2.74 30.87 54.56 2.80 30.49 58.76

LSD0.05 0.32 3.05 5.19 0.30 2.88 5.10

Means of ETc 
100% 2.45 23.83 44.39 2.46 23.43 46.77 
60% 1.96 26.85 49.19 2.12 26.82 52.34

LSD0.05 0.21 2.97 3.78 0.23 2.06 3.96 

Means of antioxidants 
Control 1.68 21.68 40.63 1.81 20.79 43.13

AA 2.14 25.06 46.72 2.24 25.25 49.04
PBZ 2.80 29.28 53.02 2.82 29.33 56.51

LSD0.05 0.24 2.84 4.10 0.26 2.36 4.34

 
Paclobutrazol increased chlorophyll content; this may be partially due to the observed increase in mass of 

the root system which is the major site of cytokinin biosynthesis (Sopher et al., 1999). The increase in 
cytokinin levels was associated with stimulated chlorophyll biosynthesis (Fletcher et al., 2000). In support of 
our results, significant influence of paclobutrazol has obtained by Mahgoub et al., (2006) who found that foliar 
application of paclobutrazol significantly increased chlorophyll A and chlorophyll B in Calendula officinalis 
L. plants.  

Similar results were observed by Sharokhi et al., (2011) who stated that paclobutrazol (40 mg l-1) had 
higher total chlorophyll content in comparison with control. Also, Ghosh et al., (2010) reported an increase in 
chlorophyll A and B content in leaves of Jatropha curcas plants treated with paclobutrazol. Similarly, ascorbic 
acid fulfills many key functions in plant biology as well as the most abundant low molecular weight 
antioxidant in plant cell; it participates in the regulation of mitosis and cell expansion. Also, it is a substrate for 
antioxidant enzyme ascorbate peroxidase a function that is particularly important in stress resistance in plant 
(Noctor and Foyer, 1998). 

 
Soluble Sugars and Proline Contents: 

 
Irrespective of PBZ and AA treatments, soluble sugars and proline contents in water-stressed plants were 

significantly higher than non-water-stressed plants. As for the antioxidants treatments, the contents of soluble 
sugars and proline in PBZ or AA-treated plants were significantly higher than non-antioxidants-treated plants. 
PBZ was found to be more efficient than AA in this regard. The interaction effect of water stress, PBZ and AA 
treatments was significant, and maximum soluble sugars and proline contents was observed in water-stressed 
plants with PBZ as compared to AA-treated water-stressed plants and the control in spite of the significant 
increase in soluble sugars and proline contents in AA-treated plants as compared to the control (Table 1). These 
increased contents of soluble sugars and proline may be enabled plants to overcome the adverse effects of 
drought due to their osmo-protectant nature; consequently the significant increase in yield (Table 5). Similar 
observations were also made by Upadhyaya et al. (1989) in cucumber, Jaleel et al. (2008) in Cajanus cajan and 
Farooqi et al. (2010) in Vetiveria zizanioides. 

 
Nutrient Contents: 

 
Regardless PBZ and AA treatments, contents of nutrients; N, P, K, Fe, Mn and Zn of water-stressed plants 

were significantly lesser than non-water-stressed plants. Irrespective of water stress treatment, N, P, K, Fe, Mn 
and Zn contents of PBZ or AA-treated plants were significantly higher than non-antioxidants-treated plants. 
PBZ was more efficient than AA in this concern. The interaction effect of water stress, PBZ and AA treatments 
was significantly, and maximum contents of nutrients were observed in water-stressed plants with PBZ as 
compared to AA-treated water-stressed plants and the control in spite of the significant increment of nutrients 
contents in AA-treated plants as compared to the control (Table 2, 3).  

It is clear from the data recorded in Table (2, 3) that nutrient contents in tomato leaves were increased as a 
result in PBZ or AA application. These observations could be an indication to the highest levels of N, P, K, Fe, 
Mn and Zn, to the stimulation of chlorophyll synthesis and to carbohydrates formation as a result in ascorbic 
acid application. Triazol compounds proved to be enhance the free radical scavenging capacity of treated plants 
including the levels of carotenoids, ascorbate, superoxide dismutase and ascorbate peroxidase (Kraus et al., 
1995). Moreover, many investigators supported the present results such as Amin et al., (2008) on wheat, and 
Mohamed (2009) on canola plant.  
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Table 2: Effect of water stress and antioxidants on shoot macronutrients (mg g-1 dry matter) of 9-week-old tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

N P K N P K 

100% of ETc 
Control 18.78 0.16 17.10 18.99 0.18 18.87 

AA 21.17 0.18 19.27 21.42 0.21 20.94 
PBZ 23.06 0.21 22.09 24.15 0.25 23.79 

60% of ETc 
Control 14.26 0.13 12.78 15.84 0.14 16.04 

AA 20.10 0.16 17.10 18.09 0.17 18.26 
PBZ 22.43 0.20 20.88 22.84 0.23 22.48 

LSD0.05 2.35 0.02 2.12 2.40 0.03 2.06 

Means of ETc 
100% 21.00 0.18 19.49 21.52 0.21 21.20 
60% 18.93 0.16 16.92 18.92 0.18 18.93 

LSD0.05 1.85 0.02 1.64 1.82 0.02 1.88 

Means of antioxidants 
Control 16.52 0.15 14.94 17.42 0.16 17.46 

AA 20.64 0.17 18.19 19.76 0.19 19.60 
PBZ 22.75 0.21 21.49 23.50 0.24 23.14 

LSD0.05 1.98 0.02 1.92 2.00 0.02 1.96 
 
Table 3: Effect of water stress and antioxidants on shoot micronutrients (ppm) of 9-week-old tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

Fe Mn Zn Fe Mn Zn 

100% of ETc 
Control 542 303 184 498 310 167 

AA 618 342 208 563 344 201 
PBZ 697 392 229 652 388 226 

60% of ETc 
Control 385 221 126 348 228 109 

AA 492 287 189 493 302 182 
PBZ 661 368 214 614 372 214 

LSD0.05 64 38 21 63 34 25 

Means of ETc 
100% 619 346 207 571 347 198 
60% 513 292 176 485 301 168 

LSD0.05 42 28 16 48 28 17 

Means of antioxidants 
Control 464 262 155 423 269 138 

AA 555 315 199 528 323 192 
PBZ 679 380 222 633 380 220 

LSD0.05 52 31 18 55 30 20 
 
Table 4: Effect of water stress and antioxidants on the activities of SOD (units 10min-1 mg-1 protein), CAT (µmole H2O2 10min-1 g-1 

FW) and POD (units 10min-1 g-1 FW) of 9-week-old tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

SOD 
activity 

CAT 
activity 

POD 
activity 

SOD 
activity 

CAT 
activity 

POD 
activity 

100%  
of ETc 

Control 16.2 25.7 0.65 15.8 27.4 0.84 
AA 19.4 31.2 0.91 18.4 32.6 1.16 
PBZ 23.1 36.1 1.24 24.8 37.5 1.99 

60%  
of ETc 

Control 18.9 29.8 0.82 18.2 31.8 0.96 
AA 22.6 35.0 0.98 22.9 38.2 1.56 
PBZ 26.8 42.9 1.52 29.3 45.3 2.34 

LSD0.05 3.0 4.4 0.15 2.6 4.8 0.26 

Means of ETc 
100% 19.6 31.0 0.93 19.7 32.5 1.33 
60% 22.8 35.9 1.11 23.5 38.4 1.62 

LSD0.05 2.1 3.2 0.09 2.0 3.1 0.12 

Means of 
antioxidants 

Control 17.6 27.8 0.74 17.0 29.6 0.90 
AA 21.0 33.1 0.95 20.7 35.4 1.36 
PBZ 25.0 39.5 1.38 27.1 41.4 2.17 

LSD0.05 2.4 3.6 0.11 2.2 3.4 0.15 

 
Antioxidant Enzymes Activities (SOD, CAT and POD): 

 
SOD, CAT and POD activities varied significantly in response to the water stress, PBZ and AA treatments. 

Water stress-treated plants had significantly higher SOD, CAT and POD activities. PBZ or AA-treated plants 
had significantly higher SOD, CAT and POD activities than the control plants. The interaction effect of water 
stress, PBZ and AA on the activities of all antioxidant enzymes showed maximum activities in water-stressed 
plants treated with PBZ, which was significant as compared to the water-stressed plants treated with AA or the 
control. However, the minimum activities of SOD, CAT and POD were noted in non-water-stressed plants 
without antioxidants treatment was observed in water stressed plants without PBZ and AA (Table 4). It was also 
evident that water-stressed plants having paclobutrazol supplements showed significantly higher SOD, CAT and 
POD activities than water-stressed plants with AA treatment. SOD enzyme catalyses the dismutation of 
superoxide anion radicals (O2

−) with great efficiency resulting in the production of H2O2 and O2 which improves 
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the scavenging systems of cell and reduces the accumulation of free radicals (Smironoff, 1993; Winston, 1990). 
CAT enzyme is an important antioxidant system that catabolizes hydrogen peroxide, a precursor of reactive 
oxidants (Larson et al., 1988) and reacts with H2O2 directly to form water and oxygen (Smironoff, 1993; 
Winston, 1990). POD enzyme catalyzes H2O2 dependent oxidation of substrate (RH2). It is one of the major 
systems for the enzymatic removal of H2O2 in plants (Somasundaram et al., 2009). The increased activity of 
POD in plants suggests the protective role of the enzyme in drought stress.  

Water-stressed plants having PBZ supplements showed higher SOD, CAT and POD activities than water-
stressed plants with AA treatment and/or the control plants. Results clearly suggest the positive role of PBZ in 
upregulating the SOD, CAT and POD activities in tomato plants under water stress. Similar effects of PBZ in 
increasing the antioxidant enzymes activities (SOD, CAT and POD) have also been observed by other studies 
(Sankhla et al., 1997; Senaratna et al., 1988; Sankar et al., 2007; Percival and AlBalushi, 2007; Somasundaram 
et al., 2009). 

Foyer et al. (1994) had also reported that PBZ-treated plants have very efficient antioxidative defense 
mechanism for detoxifying and scavenging of toxic oxygen species through an adoptive mechanism involving 
upregulation of antioxidative enzymes such as SOD, CAT and POD. Therefore, the results in tomato are 
consistent with the findings by Fletcher and Hofstra (1988) who suggested that triazole compounds induce stress 
tolerance in plants due to increased antioxidant activity.  

With significant preferment of paclobutrazol, results showed that paclobutrazol (50 mg l-1) or ascorbic acid 
(250 mg l-1) minimizes the negative effects of water stress (60% FC) with evidence of enhancing leaf pigments, 
soluble sugars, proline and nutrients content by upregulating the endogenous production of proline and 
antioxidant enzymes like SOD, CAT and POD. 

 
Fruit Yield and Water Use Efficiency (WUE): 

 
Regardless PBZ and AA treatments, fruit yield ha-1 and WUE of water-stressed plants were significantly 

lesser than non-water-stressed plants. Irrespective of water stress treatment, fruit yield ha-1 and WUE of PBZ or 
AA-treated plants were significantly higher than non-antioxidants-treated plants. The PBZ was more efficient 
than AA in this regard. The interaction effect of water stress, PBZ and AA treatments was significant, and 
maximum WUE was observed in water-stressed plants with PBZ as compared to all other treatments (Table 5). 
It was found that under non-water-stressed or water stressed condition, PBZ have maximum fruit yield ha-1 and 
WUE. Our results were true in the 2008 and 2009 seasons. Ogaya and Pen˜uelas (2003) demonstrated that 
sclerophyllous plant, Phillyrea latifolia, was able to increase WUE by reducing transpiration losses during 
midday drought treatment. However, many studies observed that WUE improved with limited water availability. 
For example, Turk and Hall (1980) and Liu et al. (2004) reported that the WUE of soybean was improved by 
mild soil water deficits. On the contrary, the WUE of vegetable amaranth, a C4 crop, was unaffected by drought 
(Liu and Stu¨tzel, 2004). In this study, these parameters were significantly increased by PBZ or AA treatment 
with significant preferment for PBZ under water-stressed condition. This circumstance highlights that tomato 
plants treated with 50 mg l-1 of PBZ reduced their irrigation water needs and had significantly higher WUE 
under droughts and water shortages, thus increasing their suitability for cultivating in semi-arid and arid climatic 
conditions. This result is in line with the finding of Fernandez et al. (2006). 

 
Table 5: Effect of water stress and antioxidants on total fruit yield ha-1 (ton) and water use efficiency (WUE) (kg m-3) of tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

Fruit yield  WUE Fruit yield  WUE 

100%  
of ETc 

Control 36.12 1.96 37.54 2.04 
AA 41.14 2.24 42.99 2.34 
PBZ 49.34 2.68 48.78 2.65 

60%  
of ETc 

Control 12.74 1.15 13.99 1.27 
AA 39.40 3.57 40.04 3.63 
PBZ 46.98 4.26 46.35 4.20 

LSD0.05 4.92 0.27 5.14 0.29 

Means of ETc 
100% 42.20 2.29 43.10 2.34 
60% 33.04 2.99 33.46 3.03 

LSD0.05 3.14 0.18 3.28 0.20 

Means of antioxidants 
Control 24.43 1.56 25.77 1.66 

AA 40.27 2.91 41.52 2.99 
PBZ 48.16 3.47 47.57 3.43 

LSD0.05 3.84 0.20 3.90 0.23 

 
Fruit Quality; Vitamin C and TSS%: 

 
In the time in which TSS% revealed no significant differences between all treatments under both non-

water-stressed and water-stressed conditions, vitamin C varied significantly in response to the water stress, PBZ 
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and AA treatments. Water stress-treated plants had significantly lower vitamin C than non-water-stressed plants. 
Similarly, AA-treated plants had significantly higher vitamin C than PBZ-treated plants which in turn revealed 
significantly higher vitamin C than the control. The interaction effect of water stress, PBZ and AA on vitamin C 
showed maximum values in non-water-stressed followed by water-stressed plants treated with AA, which was 
significant as compared to the non-water-stressed and water-stressed plants with PBZ and treatments which in 
turn represented significantly higher vitamin C values than the control (Table 6). Our results throughout the 
experiment were in the same line in the 2010 and 2011 seasons. 

 
Table 6: Effect of water stress and antioxidants on fruit vitamin C (mg 100g-1 juice) and fruit TSS% of tomato plants. 

Water regime  Antioxidant 
2010 season 2011 season 

Vitamin C TSS% Vitamin C TSS% 

100%  
of ETc 

Control 29.8 4.31 27.5 4.24 
AA 39.6 4.88 41.0 4.95 
PBZ 34.7 4.96 34.2 4.98 

60%  
of ETc 

Control 21.4 4.92 21.9 4.84 
AA 38.0 4.90 38.8 4.92 
PBZ 31.7 4.98 32.2 4.95 

LSD0.05 3.5 NS 3.9 NS 

Means of ETc 
100% 34.7 4.72 34.2 4.72 
60% 30.4 4.93 31.0 4.90 

LSD0.05 2.8 NS 2.8 NS 

Means of 
antioxidants 

Control 25.6 4.62 24.7 4.54 
AA 38.8 4.89 39.9 4.94 
PBZ 33.2 4.97 33.2 4.97 

LSD0.05 3.0 NS 3.1 NS 
 

Conclusion: 
 
Results showed that PBZ (50 mg l-1) and AA (250 mg l-1) minimizes the negative effects of water stress 

(60% FC) with evidence of increasing chlorophyll, soluble sugars, proline and nutrient contents which were in 
parallel line with enhancing the activity of antioxidant enzymes; SOD, CAT and POD in tested plants leading to 
maximization of fruit yield accompanied with higher WUE. 
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