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                                                                                                      Abstract
Two greenhouse experiments have been conducted to evaluate the ability of foliar supplementary application of K (10mg l-1 of K2O), Zn (0.5
mg l-1  of ZnO) and their combination to increase tomato (Solanum lycopersicum cv. ‘Strain B’) tolerance for water stress in soilless culture. Plants
were exposed to two irrigation levels including well-water and water stress (50% of field capacity). Data indicate that spraying of K or/and Zn
increased plant height, leaf area, number of leaves and dry weight of tomato with both irrigation levels. Furthermore, significant reductions in
photosynthetic parameters were recorded in leaves of water stressed tomato. Supplementary spraying of K and Zn enhanced relative chlorophyll
content, photosynthesis and reduced transpiration rate of those stressed plants. Comparing to control, higher significant increase of catalase,
superoxide dismutase and ascorbic peroxidase (78.9%, 88.9% and 42%) were detected in leaves of tomato exposed to water stress and sprayed with
a combined K and Zn treatment. Therefore, spraying water stress plants with K and Zn showed significant improvement in vitamin C, total soluble
solids, fruit weight and yield components. These favorable effects of foliar K and Zn on growth performance, photosynthesis and antioxidant defense
enzymes could play major role to increase tomato tolerance to water stress.
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Introduction
Water stress is a critical factor affecting agricultural production in
zones that has limited water resources 1. Arid and semi-arid regions
suffer from increasing future food demand because of the severity
of drought 2, 3. Up to date, no traditional breeding efforts or
economical technique proved to recover plant production under
water shortage 4, 5. Plant alters different defense mechanisms to
mitigate harmful dehydration effects like decreasing leaf size,
stomatal closure, osmotic adjustment 6, reactive oxygen species
(ROS) scavenging 7 and increasing abscisic acid (ABA) content 8.
In addition, particular techniques are used to activate plant drought
tolerance such as seed priming 9, application of exogenous plant
growth regulators 10,11, grafting 12 and usage of osmoprotectants13,14.
   Furthermore, limited available irrigation water hampers nutrients
uptake and translocation 15. Therefore, compensating that defeat
in essential mineral nutrients could play a vital role in motivating
water stress tolerance 16. In connection, potassium was reported
to regulate stomatal trigger and formulates water relations in plant
leaf 17. For instance, an adequate K status maintains higher turgor
pressure, relative water content and lower osmotic potential, thus
mediates plant capability to tolerate water stress 18-20. Also, zinc
has a significant function in plant growth and development as well
as carbohydrates, protein metabolism and sexual fertilization 21, 22.
   Consequently, foliar spraying has been an efficient fertilizing
method increasing the absorption of liquid form of micro and
macronutrients by plant leaves 23. Foliar potassium improved tomato
yield 24, fruit quality of cucumber 25 and volatile compound of
muskmelon 26. Also, a higher tomato and potato yield were recorded
from Zn-sprayed plants compared to control 27, 28. In this respect,
foliar application of macro and micronutrients may be an effective
tool that enhances crop growth and yield under abiotic stress by

mediating nutrient use efficiency 29,30. This work aims to
investigate impact of supplementary foliar applications of K and
Zn, either alone or in combination, on greenhouse tomato grown
under water stress condition. Therefore, different morphological,
photosynthesis and chemical parameters as well as yield and its
components were measured.

Materials and Methods
Plant and experimental conditions: Two soilless culture
experiments were carried out in the plastic greenhouses at
Faculty of Agriculture, Cairo University, Egypt, during the two
summer seasons of 2015 and 2016. The automatic greenhouse
growth conditions were 28 and 18±1°C day/night temperatures,
with 60% relative humidity. Two tomato (Solanum lycopersicum
cv. ´Strain B´) seedlings at three true leaves stage were
transplanted in plastic pots filled with sand: peatmoss: perlite
(1:1:1). Pots were arranged in 50 cm x 50 cm distance. Before
planting, 2.5 g nitrogen (ammonium sulphate, 20.5% N), 1.5 g
phosphorus (calcium superphosphate, 15.5% P2O5) and 1.0 g
potassium (potassium sulphate, 48% K2O) were mixed  with
growing medium 31. Additional amount of 1.5 g N (ammonium
sulphate, 20.5% N) per pot was supplied at 30, 60, and 120 days
after transplanting.

Foliar spraying and water treatments: For supplementary foliar
application,  concentrations of  10 mg l-1 potassium  (K2O), 0.5 mg
l-1 zinc (ZnO) and their combination (10 mg l-1 K2O + 0.5 mg l-1

ZnO) were used. Applications were sprayed twice, one week
before flowering for the first treatment and 15 days later for the
second one. Tap water was used as mock control. For irrigation
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levels, an automatic drip irrigation system was practiced to irrigate
pots of cultivated tomato. A portable moisture meter was daily
used to detect water stress point (50% moisture of field capacity).

Determination of growth characters and yield: Two weeks after
spraying, ten plants were randomly selected from each
experimental unit to measure plant height, number of leaves, area
of the fifth leaf and plant dry weights. Plant height was measured
using a graduated meter while leaf area meter (model C1 202 Laser
Areameter) was used. Mature fruits were collected gradually and
first three harvests considered as early yield. Number of fruits per
plant were recorded and weighed to calculate total yield through
whole growing seasons.

Photosynthetic analysis: Relative chlorophyll content was
measured in the fifth leaf of the selected plants using chlorophyll
meter (model SPAD - 502 Minolta Co, Japan). Stomatal
conductance, photosynthetic and respiration rates were measured
using portable photosynthesis device (LI-6400, Licor, Inc., Lincoln,
USA).

Determination of  proline, vitamin C and antioxidant enzymes:
Briefly, half-gram of fresh leaves was ground in a mortar with 5 ml
of a 3% sulfosalicylic acid solution (w/v). The homogenate was
filtered and mixed with ninhydrin reagent (v/v) to calculate the
standard curve, based on the absorbance of the reaction mixture,
at 546 nm 32. Ascorbate peroxidase (APX), superoxide dismutase
(SOD) and catalase (CAT) were measured 33 in the fifth frozen
tomato leaf. The total ascorbic acid content in fresh fruits of treated
tomato plants was spectrophotometrically determined 31.

Statistical analysis: A factorial experiment in 2015 and 2016
seasons, with two factors and three replications was designed.
Treatments were set in a randomized block design with 30
replicates/pots. Test of normality distribution was carried out 34

using SPSS v. 17.0 computer package 35. Combined analysis of
variance of a RCBD across the two seasons was computed after
carrying out Bartlet test 36. Estimates of least significant difference
test (P< 0.05) were calculated to test the significance of differences
between means.

Results
Tomato is a major fresh vegetable crop grown in arid and semi-
arid areas that struggle various abiotic stress conditions 37. In this
study, reducing irrigation schedule up to 50% of soil field capacity
extremely decreased growth characters of tomato in soilless culture
if compared to well-watered plants (Fig.1). Our result indicates
that supplementary spraying of K and/or Zn caused significant
increase in terms of plant height, leaf area, number of leaves and
dry weight of water-stressed tomato (Fig. 1A-D). In addition,
number of leaves per plant was especially higher with the combined
foliar K+Zn application than well-watered control  (Fig. 1B). Similar
trend was observed with leaf area of whole treated plants (Fig.
1C). Single foliar K revealed better dry weight under well-water
treatment (20.1 g) than control (12.3). while, foliar K+Zn resulted
significantly higher dry weights (13.5 g) of stressed plant than
control (8 g), (Fig. 1D). However, the combination supplementary
treatment stimulated growth performance of water-stressed tomato
plants, and formed better growth under well-watered condition if
compared to single K or Zn treatments (17 and 14) and water
stress treatments (11 and 9), respectively.

Figure 1. Impact of foliar supplementary applications of K, Zn and their combination on plant height (A), number
of leaves (B), leaf area (C) and plant dry weight (D) of well-watered and water-stressed tomato. Data show combined
analysis of means (n = 8) of two growing seasons (2015 and 2016). Bars indicate standard error of the mean. Dissimilar
letters indicate separation between treatments by the LSD-test (P < 0.05).
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   Likewise, water shortage had negative significant influences on
relative chlorophyll content, photosynthetic and transpiration
rates of tomato leaves if compared to control (Fig. 2A-B,D).
Meanwhile, all foliar K and Zn applications significantly improved
the above-mentioned traits under all water regimes. On the other
hand, stomatal conductance was significantly lower under water
stress (Fig. 2C). Notably, values of stomatal conductance did not
differ under well-water treatment while slight significant increase
was found when water-stressed tomato was sprayed with
combined K and Zn treatment. Similarly, different reports revealed
that K had no effect on stomatal conductance and photosynthetic
rates in normal condition 38.
   However, higher significant increase of relative chlorophyll
content and photosynthetic rate were recorded with combined
foliar K and Zn application (Fig. 2A-B). Significant decrease in
transpiration rate was obtained with all spraying treatments
compared to control (Fig. 2D).
   Catalase (CAT), superoxide dismutase (SOD) and peroxidase
(APX) exhibited an increasing response with all foliar applications
of K and Zn (Fig. 3A-C). Clearly, the highest significant increases
of CAT, SOD and APX  (78.9%, 88.9% and 42%, respectively)
were found in leaves of plants exposed to water stress. However,
lower contents of CAT, SOD and APX were produced with control
(11.2, 196, 4.3, respectively), while the maximum content was
resulted with combined K and Zn treatment (20, 371, 4.9,
respectively). Meanwhile, proline showed lower significant
decrease with the combined foliar K and Zn (25.8 µM g -1 FW) if
compared to water stress (55.9 µM g -1 FW), as shown in (Fig. 3D).
   High decay in yield of tomato plants under water stress was
obtained (Table 1). Water deficit decreased number of fruits;
early and total yield up to 53%, 67% and 57%, respectively.

Meanwhile, water shortage resulted higher significant increase in
T.S.S of tomato fruits combined with better vitamin C content. In
term of interactions, single foliar K application recorded the highest
number of fruits (31.6) with control, while the combined
supplementary spraying of K and Zn resulted in higher number of
fruits (20.4), T.S.S (3.4) and vitamin C (18.3 mg// 100 g FW), under
water stress treatment.

Discussion
Limited water recourses are a serious problem in economical
greenhouse production in arid and semi-arid zones. Consequently,
water shortage stimulates different physiological changes that
modify normal plant growth and development 39. Furthermore,
water stress affects crop yield and its components in various
commercial greenhouse vegetable crops like cantaloupe, cucumber
and tomato 40-42. In this study, we observed significant decreases
in plant height, number of leaves, leaf area and dry weights of
water-stressed tomato if compared to well-watered plants (Fig. 1).
Water stress negatively affects all morphological parameters of
two tomato genotypes 43. Therefore, we tested the capability of
two supplementary foliar doses of K and/or Zn to increase tomato
tolerant to the existence water deficit stress. Markedly, two weeks
after foliar spraying, significant increases in growth of tomato
under water stress were detected (Fig. 1). This trend was more
obvious in plants suffering from water shortage than in well-
irrigated plants. These positive effects may be explained that foliar
spraying increases available K and Zn uptake by plants  23.
Potassium and zinc are needed essential elements for enzymes
utilization; IAA formation, regulating plant water status and
optimizing plant growth performance 30, 44, 45.
    Maintaining sufficient quantity of water in root zone plays an

Figure 2. Impact of foliar supplementary applications of K, Zn and their combination on relative chlorophyll content (A), photosynthetic
rate (B), stomatal conductance (C) and transpiration rate (D) of fifth tomato leaf under well-watered and water-stressed conditions
at two weeks after foliar applications. Data show combined analysis of means (n = 8) of two growing seasons (2015 and 2016). Bars
indicate standard error of the mean. Dissimilar letters indicate separation between treatments by the L.S.D (P < 0.05).
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important role in plants survival during water deficit. Water stress
leads to decrease leaf water content that linked to stomatal closure,
decline of photosynthesis processes 46 and disturbance of plant
metabolism  47. Under 50% of soil field capacity, tomato recorded
significant decreases in  chlorophyll content, photosynthetic and
respiration rates combined with an increase in stomatal
conductance (Fig. 2). This trend was expected  to allow stressed
plants to deal with water deficit and improve water use efficiency48.
Mostly, as Aslam et al. 49 indicated, all foliar treatments improved
photosynthetic activities according to the fundamental function
of K on osmotic adjustment and stomata closure under water
stress 16. Potassium protects leaves from dehydration by inducing
accumulation of solute such as proline, thus lowering osmotic
potential that maintains plant cell turgor under osmotic stress  50,

51. In addition, Zn increased chlorophyll a and b contents and
photosynthesis rate 52, 53. Evidently, combined foliar K and Zn
treatment was more sufficient than other treatments in improving
photosynthesis of tomato plants grown under water deficit stress.
     Water stress induces excessive oxidative cascade in plant cells
leading to stimulate reactive oxygen species (ROS) metabolism54,

55. To mitigate ROS consequences, plant activates scavenging
antioxidant enzymes protocols 14, 56. Our result indicates that foliar
K and Zn applications triggered antioxidant defense system, which
improved tomato tolerance to water deficit. To confirm this trend,
according to Gomes et al. 57, proline as a common drought stress
osmoprotectant was measured. We detected lower significant
values of APX, CAT, SOD in leaves of sprayed tomato as well as
higher proline content in control plants (Fig. 3). Usually, proline
increases in response to decrease in water availability 58. In this
respect, it can be concluded that foliar combination of K and Zn

alleviates water stress effect by improving antioxidant activities.
Water deficit reduced marketable yield of tomato compare to
control 59. According to the impact of foliar application treatments,
taken data reveal the ability of single K or Zn and their combination
to improve yield components and fruit quality compared to un-
sprayed plants.
     Regarding to the impact of foliar application on yield of water
stressed plants, Table 1 records higher significant increase in early
and total yield as well as quality of tomato fruits. There was higher
significant increase in fruit diameter, weight and length, T.S.S and
cucumber yield when sprayed with two concentrations of
potassium nitrate 14. Also, significant increase in tomato fruit
weight and yield was obtained with foliar Zn application 27. In
addition, foliar application of Zn increased wheat grain yield under
drought stress, as compared with non-Zn-treated plants 53 . These
results 60, 61 might be attributed to the role of potassium in
increasing plant growth, synthesis of carbohydrates and nitrogen
assimilation that improves drought tolerance.  Furthermore, more
uptake of Zn by foliar application may enhance the crop yield 62 ,63.

Conclusions
Single foliar supplementary application of  K or Zn showed some
favorable effects on growth and yield of tomato plants with all
irrigation regimes. Meanwhile, better growth performance and
photosynthesis efficacy were verified when water-stressed tomato
plants were sprayed with a supplementary combination of K and
Zn. These findings suggest use of foliar supplementary application
of K and/or Zn as an applied method to improve tomato production
in semi-arid regions.

Figure 3. Impact of foliar supplementary applications of K, Zn and their combination on antioxidant enzymes, (A) catalase (CAT); (B)
superoxide dismutase (SOD); (C) peroxidase (APX) and (D) proline, in tomato leaves under well-watered and water-stressed
conditions at two weeks after foliar applications. Data show combined analysis of means (n = 8) of two growing seasons (2015 and
2016). Bars indicate standard error of the mean. Dissimilar letters indicate separation between treatments by the L.S.D (P < 0.05).
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