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Abstract: Heat stress poses a major challenge to tomato plants as
global warm temperatures continue to rise and its negative effects on
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200 ppm, Methyl jasmonate at 100 ppm, Melatonin at 150 ppm,
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pigments and hormones as well as yield and quality followed by
glycine betaine treatment in most cases. This mitigation effect by
applied treatments is likely attributable to stimulate nutrients uptake
and osmotic adjustment in tomato plants. Also, these results highlight

the vital role of either melatonin or other foliar substances for
improving productivity of tomato plants under heat stress conditions.

Key words: Tomato, heat stress, bio-stimulant, melatonin, glycine
betaine.

1. Introduction

Tomato (Solanum Lycopersicum L.) is a vital member of the Solanaceae family. It considered one
of the most important vegetable crops in Egypt and worldwide due to either cultivation in a wide range
of soil and climatic conditions or its economic and nutritional values. It contributes in human health due
to its high contents of vitamins, carotenoids, lycopene, minerals, and antioxidants. In Egypt, tomato is
daily and widely consumed as fresh vegetables or as processed food as sauce, ketchup, soups, juices, as
well as dry powder. It cultivated and grown worldwide but remains highly sensitive to heat stress
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conditions, with an optimal growth temperatures of 21-24° C (Singh et al., 2017). Heat shocks or stress
was defined as a rise in temperature for a period of time higher than the optimum level and its effect
depends on the speed of rise in temperature and the total period. Besides, the frequency of heat shocks,
day or night high temperatures are considered as a main limiting factor for growth. High temperatures
negatively affect phyto-synthesis, water relations, nutrients uptake as well as respiration and membrane
stability ended by low quality and quantity of tomato fruits yield (Singh ef al., 2017). Temperature above
35° C severely restricts growth, flowering, bio-constituent activity, fruit set and development as well as
yield and quality of tomato plants (Alsamir et al., 2021 and Sellami and Kooli, 2026). Heat exposure
is characterized by oxidative stress, which arises from an overproduction of reactive oxygen species
(ROS) that can impair cellular functions (Khan et al., 2024a). Plants enhance their antioxidant defenses
by boosting the activity of enzymes such as peroxidase, catalase superoxide dismutase, to counteract the
damage caused by ROS. These enzymatic actions are vital to preserve cellular balance (Bhattarai et al.,
2021). Also, plants initiate non-enzymatic strategies, such as accumulating antioxidants and producing
heat shock proteins (Fig. 1).
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Figure (1). Adverse effects of heat stress on tomato vegetative and reproductive stages (Hoshikawa
et al., 2021)

Therefore, alternative strategies such as bio-stimulants are attracting attention to enhance tomato
plants resilience under heat stress conditions. Applying certain stimulants such as brassinolide,
melatonin, glycine betaine, jasmonic acid, glutathione, methyl jasmonate and spirulina extract, can
improve plant development and enhance fruit set, yield as well as quality characteristics of tomatoes
under high temperature. Bio stimulants are either natural or synthetic substances that can be applied to
seeds, foliar or soil application to influence changes in vital and structural processes in plants to order
to enhance plant growth through improved tolerance to abiotic stresses and increase yield and quality.
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Brassinolide, a growth regulator which is known as a raw fatty extract extracted from Brassica nupus,
is also presents in plants in their unprocessed form or in combination with sugars or fatty acids. Spraying
brassinolide enhances yield and quality of tomato (Rahman and Ahmad, 2025 and Ullah et al., 2025).

Melatonin is a hormone or molecule induced naturally in both animals and plants (Siddiqui et
al., 2020), plays vital biological functions in plants against stresses by prompting strong defensive
mechanisms as a master regulator in plants (Kaya et al., 2020). Numerous physiological systems, such
as stomatal conductance, photosynthesis, root dynamics, carbohydrate absorption, and water relations,
are assisted by melatonin in withstanding biotic stressors. Additionally, melatonin increases antioxidant
enzyme activity and respiration, which together lessen oxidative damage to proteins, lipids, and nucleic
acids (Moustafa et al., 2020). In this regard, spraying melatonin enhanced the growth, yield and quality
of tomato plants (Mumithrakamatchi et al., 2024 and Ibrahiem and Ahmed, 2025).

Glycine betaine, an amino acid derivative builds up in a number of plant species in reaction to
environmental stressors including high temperatures. Therefore, exogenous glycine betaine application
could be an alternate strategy to withstand environmental stress (Chang e al., 2026). Foliar application
of glycine betaine enhanced vegetative growth, antioxidant enzyme activities and economic yield
(Ragab, et al., 2015 and Ramadan and Shalaby, 2024) of tomato-treated plants. Additionally,
Jasmonates are well characterized as defense phyto-hormones involved in numerous physiological and
biochemical processes related to plant growth and development, as well as resistance to both biotic and
abiotic stress (Kaushik e al., 2022). When tomato plants are sprayed with jasmonates, their tissues
develop defense proteins, polyphenol oxidases and protease inhibitors, among other phytochemical
changes (Koiwa ef al., 1998). Exogenous applications of jasmonates on tomato plants grown under
high-temperature conditions significantly improved plants performance and defense against stress
(Okasha et al., 2023 and Ramadan and Shalaby, 2024).

Marine algae extract also stimulates plant growth because it contains numerous macro and
micronutrients, amino acids, vitamins, phyto-hormones (auxins, gibberellins, and cytokines),
polypeptides, antioxidants, and compounds with antifungal and antibacterial properties (Godlewska et
al., 2019). Among these algae is Spirulina platensis, a blue green, spiral-shaped organism that scientists
categorize as algae due to its chlorophyll content, which is akin to that found in higher plants. It was
used in the past as a human food because it contains carbohydrates, vitamins, proteins and pigments
such as carotenoids and chlorophyll A (ALzarie and El-Gamal, 2025). Spraying tomato plants with
Spirulina platensis extract enhanced plant growth, leaf chlorophyll, flower number, enzyme activity,
such as peroxidase as well as economic yield (Khaled et al., 2023). Glutathione is a crucial tri-peptid-
ethiol molecule that increases plants' resilience to abiotic stressors (Banerjee and Roychoudhury,
2019). According to Hossain et al. (2022), glutathione is essential for detoxifying reactive oxygen
species and shielding cells from oxidative damage. Additionally, glutathione is involved in other
processes such protein synthesis, enzyme control, and DNA creation and repair (Pompella et al., 2003).
In this regard, foliar application of glutathione significantly improved cucumber plants performance (Al-
shammari et al., 2020). Therefore, this study aims to investigate the effects of some stimulant materials
to reduce the negative effect of high temperature on tomatoes under late summer plantation and to
achieve higher productivity and better quality of tomato fruits under the experiment conditions.

2. Materials and Methods

Experimental site description: At a private farm in Mansoura district, Dakahlia Governorate,
Egypt, a field experiment was conducted during the two late summer seasons in 2024 and 2025 to
evaluate the effects of some bio-stimulators on growth, yield, and fruit quality of tomato “Alisa hybrid”
grown in clay soil conditions using a drip irrigation system to mitigate the detrimental effects of high
temperature on tomatoes in late summer. Some physical and chemical properties of the experimental
soil of cultivated area listed in Table 1. The meteorological data at Dakahlia Government during the
experimental seasons are presented in Table 2.
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Table (1). Some physical and chemical properties of the experimental soil profile of cultivated area
before planting during the two seasons 2024-2025

Soil properties 2024 2025
Fine sand % 18.14 18.34
Coarse sand % 7.71 791
Physical analysis Silt % 33.65 33.45
Clay % 40.50 40.30
Texture Clay-loam Clay-loam
pH 791 7.99
E.C. (dSm™) 1.12 1.13
Chemical analysis
Organic matter % 1.45 1.45
Available P (ppm) 11.72 11.70
CaCo; 4.55 4.58
Total N % 0.2 0.2
Cr 3.56 3.46
HCo3 3.20 3.40
Soluble anions (meq/L)
Co; 0.00 0.00
So, 5.16 5.26
Ca*™* 4.03 4.03
Mg 1.35 1.35
Soluble cations (meq/L)
Na* 1.21 1.21
K* 5.33 5.33
Fe 3.62 3.62
Mn 1.51 1.51
Available micronutrients (ppm)
Zn 1.35 1.35
Cu 0.52 0.52

Table (2). Meteorological data at Dakahlia Governorate during the two growing seasons, 2024 and

2025
Relative humidity Max. temperature Min. temperature

Month (%) (W9 (°C)

2024 2025 2024 2025 2024 2025
April 49.81 44.58 37.6 38.8 17.1 18.8
May 39.27 37.84 40.5 39.6 19.7 19.4
June 37.68 43.01 41.0 41.4 20.3 20.5
Jule 40.68 40.17 43.5 43.0 21.2 19.5
August 43.54 44.59 40.8 40.52 21.7 20.4

Experimental setup: This experiment included 8§ treatments as foliar treatments were applied in a
complete randomized block design system in three replications and arranged as follows:

1. Control treatment (spraying with water),
2. Brassinolide (C2sH4sOs) at 250 ppm,

3. Glutathione (CioHi7NsOsS) at 200 ppm,
4. Methyl jasmonate (Ci3H2003) at 100 ppm,
5. Melatonin (Ci3H6N203) at 150 ppm,
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Glycine betaine (CsH11NO2) at 2 g/L,
Spirulina (2.5%) as blue-green algae and

Jasmonic acid (C12H1s0s) at 100 ppm, all applied foliar substances were obtained by Sigma-
Aldrich (St. Louis, MO, USA) except for spirulina-a blue-green algae were acquired
from an agricultural research Center.

In order to get complete and consistent coverage of the plants' foliage, the plants were sprayed
three times at 30, 45, and 60 days from transplanting using a manual atomizer. At the same time, the
untreated plants (control) were sprayed with only water. In order to prevent the foliar spray from
overlapping, a guard area of one line was placed between each pair of experimental units. Seedlings of
the Alisa hybrid were transplanted 50 cm apart on one side of the ridge on May 24 and 26 of the first
and second seasons, 30 days after the seeds were sown in the nursery. The plot measured 64 square
meters. It has two dripper lines, each 1.6 meters wide and 20 meters long. Two drippers on the line were
separated by fifty centimeters. During the two growing seasons preparation of the soil (organic and
chemical fertilaization), fertigation and pest control were applied as recommended by Egyptian Ministry
of Agriculture and land reclamation.

Measurements: A random sample of three plants from each plot was taken at 70 days after
transplanting, and the following parameters were determined:

1. Plant vegetative growth: Plant height (cm), number of leaves and branches /plant, leaf area, fresh
weight and dry weight of shoot (foliage) were recorded after drying at 70°C till constant weight.

2-Leaf pigments: A disc sample from the fourth outer leaf of the plant was randomly taken from every
experimental unit at 70 days after planting in both growing seasons to determine chlorophyll a, b and
total chlorophyll (atb) as well as carotenoides pigments according to the method described by
Wettestein (1957).

3. Macro and micro elements content: Samples of dried shoots at 70 days were wet digested using
sulphoric acid mixture to analyze N, P, K, Ca, Mg, Fe, Zn and Mn. Total nitrogen was determined using
micro Kjelddahl apparatus (Chapman and Pratt, 1961). Potassium was evaluated using flame
photometer, while Ca, Mg, Fe, Zn and Mn were determined by atomic absorption. Spectrophotometry
(AOAC, 2000).

4. Enzymes activity: Assays of catalase, Peroxidase and super oxide dismutase were determined in leaf
tissues at 70 days after transplanting in both seasons according to the methods described by Cao et al.,
(2005) and calculated according to the method of Kong et al., (1999).

5. Endogenous phyto-hormones: such as cytokinins, Auxins, Gibberellins as promoting hormones, and
abscisic acid as an inhibitor hormone (ug/g F.W.) in leaf tissues at the same time in the two growing
seasons, were achieved by the method of (Sadeghian, 1971) and determined by using gas-liquid
chromatography according to (Srinivasan et al., 1996).

6. Yield and its component: Early yield of tomato fruits expressed as weight of the first three pickings.
Total yield as the weight of fruits of all pickings as kg/ plot, then were summated and calculated as ton/
fed. Average fruit fresh weight (g) was determined theoretically by dividing total fruit weight by the
total fruit number.

7. Fruit quality: Five fruits from every plot in both experiments were taken at the full-ripe maturity
stage from the second harvest to determine the following parameters: Vitamin C it was assayed in juice
(mg/L juice) using 2, 6 dichlorophenol indophenol dye (AOAC, 2000). Titratable acidity %: It was
determined by the titration method with 0.1 sodium hydroxide using phenolphthalin indicator (AOAC,
2000). Total soluble solids (TSS) were determined in juice by Carle Zeis refractometer. Lycopene
concentrations of tomato fruits were measured Spectrophotometrically using a modified method based
on Fish et al. (2002). Reducing, non-reducing and total sugars were determined according to the method
described by Forsee (1938).

Statistical analysis: Recorded data in both experiments were subjected to the analysis of variance to
Snedecor and Cachran (1980). Mean separation was done by Duncan (1958).
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3. Results

Vegetative growth: Data in Table 3 indicated that spraying tomato plants Alisa hybrid during late
summer plantation with brassinolide, melatonin, glycine betaine, jasmonic acid, glutathione, methyl
jasmonate and spirulina extract increased plant height, number of leaves/plant, number of
branches/plant, leaf area, and fresh and dry weight of foliage/plant values compared to control (spraying
with water) in both seasons. Exogenous application of melatonin achieved the superior results in all
mentioned parameters followed by spraying glycine betaine with significant differences in all studied
parameters except for number of branches in the first season. Plants in the absence of foliar substances
recorded the lowest values of vegetative growth traits as a result of heat stress.

Table (3). Effect of some bio stimulants on vegetative growth of tomato plants at 70 days after
transplanting during 2024 and 2025 late summer seasons

Plant height No. of No. of Total leaf Total. fresh Tota.l dry
area weight weight
Treatments (cm) leaves/plant branches/plant (m?) © (@

2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025
Brassinolide | 5o 54 | 6600 | g10¢ | 87.1% | 144c | 163% | 16.1¢7 | 183¢ | 776.0¢ | 826.5¢ | 80.8c | 85.8¢
(250 ppm)

Glutathione | ) 4o | 793¢ | g1 | oggv | 1520 | 17.1¢ | 26.3¢ | 28.6° | 821.0¢ | 871.5¢ | 102,00 | 107.00
(200 ppm)
Methyl
jasmonate 69.3¢ | 77.2¢ | 94.1> | 89.3¢d | 122¢ | 13.5¢ | 25.0° | 27.9¢ | 816.3 | 856.9<4 | 89.7¢ | 89.8¢
(100 ppm)
Melatonin 80.0° | 91.2% | 106.4* | 115.0° | 20.2* | 22.8° | 35.5° | 36.4* | 982.3% | 1049.6* | 118.1* | 124.8*
(150 ppm)
Glycine
betaine 75.9b | 83.6° | 959 | 99.3b | 19.82 | 21.0° | 28.4° | 30.6> | 882.4° | 933.0° | 101.6" | 106.6°
2gl)
(Szp‘sr},‘/l‘)“a 5749 | 653% | 91.7% | 96.9% | 122¢ | 14.1¢ | 16.7¢ | 183¢ | 818.6¢ | 869.1¢ | 78.8" | 83.7'
. ()
Jasmonic
acid 5839 | 66.2¢ | 843 | 89.5¢d | 1374 | 1569 | 23.49 | 2579 | 806.8%0 | 857.4¢ | 8550 | 94.6°
(100 ppm)
Control 5579 | 62.4¢ | 7624 | 80.7¢ | 11.6c | 13.5¢ | 1517 | 17.4¢ | 673.6° | 714.1¢ | 72.6¢ | 77.6¢

Leaf pigments: Data in table 4 showed that plants in the presence of all applied foliar substances
achieved an increment in chlorophylls a, b and total chlorophyll as well as carotenoids in both seasons.
Foliar application of either melatonin or glycine betaine recorded the best values of chlorophyll b in
both seasons without significant differences. Exogenous application of melatonin came in the first order
in boosting both chlorophyll a and total chlorophyll, while glycine betaine recorded the best values of
carotenoids in both seasons. On the other hand, a reduction in the mention studied leaf pigments was
recorded in the control plants which exhibited to heat stress in both seasons.

Macro and micro elements content in leaves: Data in tables 5 and 6 illustrated that N, P, K, Ca and
Mg as well as Fe, Zn, and Mn contents in tomato leaves responded positively to all applied foliar bio-
stimulators in both seasons. The highest records of N, P, K, Mg, Fe, and Zn contents were obtained when
plants sprayed with melatonin followed by glycine betaine. On the other hand, the best values of both
Ca and Mn contents were obtained when plants sprayed with glycine betaine followed by melatonin
treatment in both seasons. In contrast, as a result of heat stress, the lowest records of both macro and
micro elements were obtained when plants sprayed with water only (the control treatment).
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Table (4). Effect of some bio stimulants on photosynthetic pigments concentration in tomato leaves
at 70 days after transplanting during 2024 and 2025 late summer seasons

Chlorophyll a Chlorophyll b Total chlorophylls Carotenoides
Treatments (mg/gm F.Wt.) (mg/gm F.Wt.) (mg/gm F.Wt.) (mg/gm F.Wt.)
2024 2025 2024 2025 2024 2025 2024 2025
gr;)ssp‘;zgde 11455 | 1.234% | 0724« | 0670¢ | 1.869¢ | 1.904¢ | 0.637¢ | 0.625¢
glo“ot";;‘:l’)“e 1.165° | 1.248> | 0.833> | 0.750 1.998¢ 1.998 | 0.687¢ | 0.700¢
Methyl
jasmonate 1.065¢ | 1.148 | 0.758 | 0.700¢ | 1.823% | 1.848% | 0.620¢ | 0.630¢
(100 ppm)
?f;}f‘;‘;‘;‘:)‘ 1485 | 1.577° | 0955 | 0885 | 2440° | 2.642¢ | 0773 | 0.785b
g‘éfi‘;e betaine |\ 550 | ose [ 00400 | 0.880° 2.110° 2131 | 0.848* | 0.837°
(Szl"sr},‘/l‘)“a 1.070 | 1.163¢ | 0.706<¢ | 0.655% | 1.776¢" | 1.818F | 0.616¢ | 0.628¢
. 0
gfgg‘;;:;)“‘d 1.075¢ | 1.185% | 0.704<¢ | 0.650% | 1.779¢ | 1.835% | 0.637¢ | 0.648¢
Control 1.056° | 1.136° | 0.671¢ | 0.620° 1.727¢ 1.756' | 0.571¢ | 0.559¢

Table (5). Effect of some bio stimulants on N, P, K, and Ca concentrations in tomato plants at 70

days after transplanting during 2024 and 2025 late summer season

N P K Ca
Treatments (%) (%) (%) (%)

2024 | 2025 | 2024 | 2025 2024 2025 2024 2025
gr;)s?;;ﬂ;de 3434 | 367 0.444 0.484 2.554 2.044 0.19¢ 0.20¢
gl()“(;*:;‘:r‘:)“e 382% | 3.65b | 054 | 0.58 3.37b 2.86b 0.21b 0.22b
Methyl
jasmonate 3249 | 3650 | 048 | 052 | 3200 2,78 0.20° 021
(100 ppm)
1(‘14;’(1:‘;‘;;‘3 466° | 440" | 096 | 0.96° 3.85¢ 3340 021° 0.22
g‘;fi‘;e betaine | 5 o0 | 3900 | o690 | 0740 3.420 2.91° 027 0.28°
(Szp‘sr},‘/")“a 3234 | 364> | 0469 | 0.50% 2.70% 2.19¢d 0.20% 0.21%

. 0
‘('1*‘5(‘)“[‘)’;3)““1 3.02¢ | 343 | 0400 | 0450 | 3120 | 261% | 0200 | o021
Control 2004 | 287 | 030° | 034 2.07¢ 1.56¢ 0.16¢ 0.17¢

Enzymes activity: Exogenous application of some substances as brassinolide, melatonin, glycine
betaine, jasmonic acid, glutathione, methyl jasmonate and spirulina extract boosted antioxidant enzymes
activity, i.e., peroxidase, catalase as well as superoxide dismutase in leaves compared to the control
treatment (Table 7). Spraying melatonin increased the studied enzymes in leaves in both seasons,
followed by spraying glycine betaine. High temperature significantly decreased the studied enzymes
activity in the control plants in both seasons.
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Table (6). Effect of some bio stimulants on magnesium, iron, zinc and manganese in tomato plants
at 70 days after transplanting during 2024 and 2025 late summer season

Mg Fe Zn Mn
Treatments (%) (ppm) (ppm) (ppm)
2024 2025 2024 2025 2024 2025 2024 2025

Brassinolide 0.516° | 0.504° | 194.10® | 184.10° | 11.31° | 12,65 | 187.63¢ | 177.53¢
(250 ppm)
Glutathiene 0.604% | 0.502% | 208.76* | 200.86® | 11.49° | 12.83¢ | 214.63¢ | 204.53¢
(200 ppm)
Methyl
jasmonate 0.533% | 0.521% | 167.73° | 199.13® | 10.72¢ | 12.06° | 194.20¢ | 184.10¢
(100 ppm)
Melatonin 0.794* | 0.782* | 210.86* | 204.76® | 17.19* | 18.53* | 231.60° | 221.50°
(150 ppm)
g‘éfi‘;e betaine 0.616" | 0.604> | 214.76* | 237.35* | 1327° | 14.61° | 244.20° | 234.10°
(Szp‘sr},‘/")“a 0.572% | 0.560% | 199.80% | 189.80° | 11.08c | 12.42¢ | 166.23" | 156.23"

. (1]
Jasmonic acid 0.565% | 0.553% | 182.20% | 172.20° | 11.28° | 12.62° | 166.23" | 156.13"
(100 ppm)
Control 02474 | 02359 | 78.40° | 68.40° | 9.86° | 11.20° | 146.23¢ | 136.13¢

Table (7). Effect of some bio stimulants on antioxidant enzymatic activity in tomato plant leaves
at 70 days after transplanting during the 2024 and 2025 late summer season

Peroxidase Catalase Superoxide dismutase
(mg/g F.Wt./h) (CAT) oV

Treatments (mg/g F.Wt./h) (mg/g F.Wt./h)

2024 2025 2024 2025 2024 2025
Brassinolide 59.03¢ | 66.934 82.00¢ 87.20¢ 14.46¢ 16.36%
(250 ppm)
Glutathione 71 46° 79 36¢ 84.15¢ 98.83b 15.20b 17.10¢
(200 ppm)
Methyl jasmonate 69.30¢ 77.20¢ 94.11 89.35¢de 12.26° 13.53¢
(100 ppm)
Melatonin 80.00° 91.23 106.50° 115.03 20.23¢ 22.80°
(150 ppm)
Glycine betaine 75.90° 83.60" 95.96° 99.31° 19.83 21.06b
2g/L)
Spirulina d de be be e e
s v 57.46 65.36 91.72 96.92 12.20 14.10
Jasmonic acid 58.36¢ 66.26¢ 84.34¢ 89.54¢ 13.73¢ 15.63¢
(100 ppm)
Control 55.704 62.40° 76.224 80.70¢ 11.63¢ 13.50°

Endogenous phyto-hormones: Cytokinin, auxins as well as gibberellins in tomato leaves responded
positively to the exogenous application of all sprayed bio-stimulators in both seasons, while abscisic
acid responded negatively (Table 8). Plants sprayed with either glycine betaine or melatonin recorded
the best values of cytokinin, auxins as well as gibberellins and the lowest values abscisic acid without
significant differences in both growing seasons. On the other hand, the control plants (affected by heat
stress) recorded higher values of abscisic acid and lower ones of cytokinins, auxins, and gibberellins
both seasons.
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Table (8). Effect of some bio stimulants on endogenous phyto-hormones in tomato leaves at 70
days after transplanting during 2024 and 2025 late summer season

Cy(tg;‘{‘;‘;“s Auxins (IAA) Gibberellins (GA?) Abs&i;f:)‘c'd
Treatments (ng/g FE.W.) (ng/g EW.) (ng/g EW.) (ng/g EW.)
2024 2025 2024 2025 2024 2025 2024 2025
gr;)ssp‘;zgde 90.08 | 91.06° | 33.90¢ | 34.02¢ | 6340° | 6437 | 3.01¢ | 3.98
glo“ot";;‘:l’)“e 97.88" | 98.86> | 5841° | 5825 | 6977 | 7095° | 286 | 3.820
Methyl
jasmonate 96.26" | 97.24° | 51.41° | 51.70° | 50.82¢ 51.81¢ 331 4.09°
(100 ppm)
l(\l“;’(l)a;‘;‘::l‘)‘ 10479 | 106.15° | 59.80° | 59.87° | 7738 | 76.57% | 146° | 2.05°
g‘éfi‘;e betaine | 0 o3 | 107870 | 60190 | 60.12¢ | 75.26° 78.67° 0.70° 1.68
(Szl"sr},‘/l‘)“a 96.12% | 97.10" | 43.98c | 44.11° | 48.41¢ 49.40¢ 2.882 2.292
. 0
gfgg‘;;:;)“‘d 83.81¢ | 84.79¢ | 3435¢ | 34.48! | 53519 54,509 3.05° 3.69°
Control 81.12¢ | 82.15¢ | 32.72¢ | 33.05¢ | 41787 | 42.40f 3.350 425

Yield and its components: Spraying tomato plants with brassinolide, melatonin, glycine betaine,
jasmonic acid, glutathione, methyl jasmonate and spirulina extract promoted average fruit weight,
number of fruits/plant, early yield and total yield/fed. in both seasons compared to control treatment
(sprayed with water), as shown in Table 9. Foliar application of melatonin increased all the above
mentioned parameters followed by spraying glutathione in both seasons. As a result of heat stress, plants
in the absence of foliar substances recorded the lowest values in both seasons.

Table (9). Effect of some bio stimulants on yield parameters of tomato plants during 2024 and

2025 late summer seasons

Average fruit Number of fruit/ Early yield Total yield

Treatments weight (g) plant (ton./fed.) (ton./fed.)
2024 2025 2024 2025 2024 2025 2024 2025
Brassinolide 185.9° | 196.6° | 38.0° | 39.0° | 8396¢ | 7.947%| 33.153¢| 33.585¢
(250 ppm)
Glutathione 200.1° | 21080 | 43.6° | 446> | 9.051% | 8354% | 36.775°| 37.208
(200 ppm)
Methyl
jasmonate 187.8% | 198.5% |  393¢ 403° | 85119 | 8.012%| 33.611¢| 34.044¢
(100 ppm)
Melatonin 207.9° | 218.7° | 48.0° 49.0° | 10.428°| 9.469° | 41278 | 41.711*
(150 ppm)
g‘éfi‘;e betaine 195.8° | 206.6¢ 40.0°¢ 41.0¢ 93020 | 8.462° | 35.773%| 36.206
Spirulina 194.1¢ | 204.8¢ 39.3¢ 40.3¢ | 8.768 | 8.399% | 34.640%| 35.072¢
(2.5 %)
Jasmonic acid 190.1¢ | 200.8¢ | 40.0¢ 41.0° 84614 | 7.780% | 33.411¢| 33.844¢
(100 ppm)
Control 180.5° | 191.1F | 31.6¢ 3134 | 7718 | 7.654° | 30.441c| 30.874
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Fruits quality: Tomato plants responded negatively to the absence of foliar substances, so the control
plants (exhibited to high temperature) recorded the lowest values of vitamin C, acidity, TSS, lycopene,
lycopene, reducing sugars and non-reducing sugars in the two growing seasons (Table 10). In contrast,
foliar application of brassinolide, melatonin, glycine betaine, jasmonic acid, glutathione, methyl
jasmonate and spirulina extract enhanced the mentioned studied quality characteristics in both seasons.
Exogenous application of melatonin significantly increased the studied quality parameters in both
seasons followed by glutathione application. The lowest records were obtained when plants sprayed
with water only.

Table (10). Effect of some bio stimulants on yield quality parameters of tomato plants during 2024
and 2025 late summer seasons

Vit. C Acidity TSS Lycopene Rse:;:;;‘g N"“s'l:;g;‘:‘“g
Treatments (mg/100 g FW) (%) (Brix) (mg/100 g FW) (%) (%)
2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025 | 2024 | 2025
Brassinolide 15.08° | 15.64 | 0420 | 0550 | 5.01c | 5.04c | 1156 | 1139 | 2.37¢ | 2.50¢ | 1.67¢ | 1.57¢
(250 ppm)
Glutathione 15.58° | 16.18° | 0.45% | 0.58%¢ | 524> | 528> | 12.14% | 12.00° | 259 | 2.72¢ | 1.55¢ | 1.45¢
(200 ppm)
Methyl
jasmonate 15.11° | 15.67¢ | 0.44< | 0.56% | 5.00° | 5.03¢ | 11.52¢ | 11.37¢ | 2.64¢ | 2.77¢ | 1.82¢ | 1.73b
(100 ppm)
Melatonin 17.94* | 18.47* | 0.51° | 0.63* | 5.97* | 6.00* | 12.62* | 12.47* | 341> | 3.55 | 1.97° | 1.87
(150 ppm)
. . b b
(Gzlzfi‘;ebem‘“e 15222 1 IST72 1 g 4geb | 0.60% | 4.83¢ | 4.86° | 11275 | 11.14¢ | 2.92° | 3.05° | 2.020 | 1.928
. . b b
Spirulina 152101 15782 1 a0 | 0500 | 4g4c | 487 | 10590 | 1045¢ | 2320 | 2450 | 1.70¢ | 1.60¢
(2.5 %) c e
. . b b
Jasmonic acid 15:23% | IS.T90 g agve | 0590 | 4.87¢ | 4.90° | 1130 | 11.14c | 2.850 | 2.98 | 1.86° | 1.76"
(100 ppm) ¢ ¢
Control 12.13¢ | 12754 | 0.39¢ | 0.50° | 4.60¢ | 4.579 | 10.46¢ | 10304 | 2.26¢ | 2394 | 121 | 1.11¢

4. Discussion

This study offers new perspectives to mitigate the harmful impacts of high temperature on tomato
plants performance grown in the late summer seasons. Tomato vegetative and reproductive growth is
highly influenced by high temperature in open fields during the late summer season. High temperature
has adverse effects on plant vegetative and reproductive development and reduces crop yield. This study
reveals that the ambient high temperatures (Table 2 and Fig. 1) during growth negatively affected
vegetative growth and resulted in minimum values of plant height, number of leaves and branches/plant,
leaf area as well as fresh and dry weights. Elevated temperatures are adversely affected vital and
physiological processes such as photosynthesis, growth and development (Bokszczanin ef al., 2013).
Additionally, it restricts water relations, roots growth and distribution, nutrients absorption as well as
the synthesis of hormones that affect sink-source relationships between roots and shoots, which in turn
decreases growth (Giri et al., 2017).

Previous studies investigated the impacts of exogenous applications of some stimulators, i.e., with
brassinolide, melatonin, glycine betaine, jasmonic acid, glutathione, methyl jasmonate and spirulina
extract to improve tomato plants performance and abiotic stress resistance, particularly heat stress. This
study illustrated that exogenous application of the previous mentioned substances restores the negative
effects of heat stress on tomato plants performance. Plants treated with melatonin showed the best
improvement in plant height, number of leaves and branches/plant, leaf area as well as fresh and dry
weights as compared other treatments. The positive impact of melatonin may be due it has a similar
structure to auxin specifically IAA, hence it is involved in regulating root and shoot development, so it
plays the role of auxins to encourage vegetative growth of plant species (Kolai and Machackova,

Future of Hort., 2 (2026) 1-17 10 of 17




Abd El-Basir and Sewalm, 2026

2005), enhancing both cell division and cell elongation as well as in restricting production of reactive
oxygen species (Zhang et al., 2015). Also, the improvement in vegetative growth due to spraying
glycine betaine may be due to the fact that it penetrates into plant leaves soon after application and
translocate to roots, meristems, and expanding leaves. Thus, developing and expanding plant organs are
primarily protected from stress and enhanced growth and reproduction, it acts as an osmo-protectant in
the cells (Makela et al. 1998).

Additionally, heat stress affects photosynthesis and the efficiency of photosystems through the
inhibition of chlorophyll biosynthesis (Sellami and Kooli, 2026) due to non-stomatal limitations
(Zhang et al., 2011), changes the membrane fluidity, limits the general stability of vital metabolic
mechanisms, hence thus causes both oxidative stress and over production of reactive oxygen species
(Larkindale et al., 2005). The obtained results from this study indicate that high temperature caused
remarkable reduction in chlorophylls, carotenoids as well as macro and microelement contents in tomato
leaves (Tables 4, 5, and 6). In the same manner, heat stress affected nutrients metabolism and ammonium
assimilation in tomato plants due to the decrease in root growth and nutrients-uptake per root unit (Giri
et al., 2017). By increasing nutrient uptake efficiency and plant tolerance to abiotic stress, particularly
heat stress, the use of certain stimulants, such as brassinolide, melatonin, glycine betaine, jasmonic acid,
glutathione, methyl jasmonate and spirulina extract, can improve plant development (Poberezny et al.,
2020) and protect cell membranes, maintaining their structure and function against the harmful and
destructive effects of ROS during stress which leads to increased minerals absorption and translocation.
In this case, it is possible to draw the conclusion that the increased dry matter accumulation in leaves,
photosynthetic pigments, and leaf area reverses the stimulatory effects of these elements on the
efficiency of the photosynthesis process, resulting in the creation of more photo-synthates and an
improvement in the translocation of minerals from roots to leaves (El-Desouky et al., 2009). Hence, the
positive respond of chlorophylls and carotenoids contents in melatonin-treated tomato leaves may be
due to the fact that it has a valuable role in controlling both physiological and biological processes in
plants as root growth and photosynthetic activity through regulating the biosynthesis of several plant
growth hormones (Sharif ef al., 2018). Results are in harmony with those obtained with EI-Metwaly e?
al. (2024) on potato and Ibrahiem and Ahmed (2025) on tomato.

Enzymes activity significantly declined under heat stress as heat stress may influence biochemical
processes in tomato plants, which could contribute to the observed variations in antioxidant activity and
endogenous phyto-hormones. Heat stress enhanced the production of ROS species which can impair
cellular functions (Khan et al., 2024a) and caused phototoxic reactions like lipid peroxidation, protein
degradation and alteration in DNA (Pospisil and Yamamoto, 2017). To counteract the damage caused
by ROS, plants enhance their antioxidant defenses by enhancing the activity peroxidase, superoxide
dismutase and catalase enzymes. These enzymatic actions are vital for preserving cellular balance
(Khan et al., 2024b). Plants sprayed with melatonin recorded superior activities of peroxidase,
superoxide dismutase and catalase enzymes in tomato leaves. The increased activity of antioxidant
enzymes was due to the role of melatonin in scavenging ROS species, hence, melatonin significantly
mitigated the effects of heat stress by minimizing the ROS species and lipid peroxidation with the help
of antioxidant enzymes (Wang et al. 2016). Hence, melatonin also augmented antioxidant enzyme
activity due to its quality of electron donor to ROS species leading to reduced oxidative damage.
Additionally, melatonin has a valuable role in controlling both physiological and biological processes
in plants as root growth, photosynthetic activity and regulating plant hormones (Arano and Hernandez,
2018). In this regard, stress hormones including ethylene and abscisic acid (ABA) function as signal
molecules to regulate a variety of physiological characteristics as ABA levels rise in response to many
environmental stressors, such as high temperatures (Larkindalr and Haung, 2005).

Tomato plants are exposed to unfavorable environmental conditions in the late summer season,
especially higher day and night temperatures for successive days or even weeks during the reproductive
stage, which greatly cause flower abortion and negatively impact fruit set percentage by reducing pollen
viability (Pham et al., 2020 and Lee et al., 2022). Also, heat stress is a significant challenge for plant
growth and development, leading to considerable economic losses in yield due to various changes in the
plants either biochemical or physiological traits (Wahid et al., 2007). Furthermore, Zhao et al. (2017)
estimated that each 1°C elevation could decrease the total yield of important commodities by 4.1% -
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6.4%, which has a negative impact on the economic and environmental levels. In addition, fruit
quantities are all negatively impacted by late summer planting in open fields because it exposes plants
to heat stress, which increases ROS species, reduces the amount of water in leaf cells, and slows down
photosynthesis. Accordingly, heat stress significantly diminishes the production of larger fruits while
encouraging the growth of smaller fruits, ultimately leading to a decline in the commercial quality of
the yield (Sellami and Kooli, 2026). Also, increasing the day temperature over 25°C in tomato
production significantly affected flower abortion leading to 80% flowers loss causing reduced fruit sit
(Rieu et al., 2017) and decreased numbers and weights of fruits (Peet et al., 1998). Heat stress decreased
tomato yield and quality by inducing ROS, reducing water contents, disrupting membrane stability and
photosynthetic apparatus, hence, these traits are responsible for improving tomato yield and quality
(Hassan et al., 2022). The positive respond of sprayed-tomato plants with the different mentioned
materials, i.e., brassinolide, melatonin, glycine betaine, jasmonic acid, glutathione, methyl jasmonate
and spirulina extract may be due to the previous mentioned improved vegetative growth (Table3), the
enhanced leaves photosynthetic pigments (Table 5), mineral contents (Tables 5 and 6) as well as plant
phyto-hormones (Table 8) may be the reason for the obtained higher yield and fruit quality in both
growing easons.Yield and quality attributes were improved by spraying melatonin as it is considered a
master regulator and defensive player under stresses and plays its role in increasing water, proteins as
well as amino acids contents and photosynthetic pigment. All these increased substances improved
tomato yield and quality (Jahan et al., 2019). Besides, foliar application of melatonin on tomato plants
preserves pollen activity and lowers ROS accumulation by inducing antioxidant enzyme activities under
heat stress (Qi et al., 2018). Additionally, under heat stress, tomato plants may have less chlorophyll
and a decrease in the activity of the enzyme needed for chlorophyll production; however, exogenous
melatonin and glycine betaine significantly improved the fruit quality of tomato plants under heat stress
(Khan et al., 2024Db).

Generally, the favorable impact of applying brassinolide on tomato plants have been reported to
accumulate more heat shock proteins as compared to non-treated plants, which resulted in induced
thermo tolerance as well as enhanced photosynthetic efficiency (Singh and Shono, 2005). Also,
brassinolide application enhances chlorophyll content, photosynthetic efficiency, sugar production,
which may be manifested in higher sugar levels in fruits (Maia et al., 2022). Additionally, compared to
the control treatment, the administration of glutathione improved the growth indices, chlorophyll,
photosynthesis, and antioxidant enzyme activities, indicating a rise in the abiotic stress tolerance of
plants (Koh et al., 2021). In the same manner. Spirulina extract contains growth hormones, vitamins,
amino acids, and mineral elements responsible for increasing chlorophyll and thus improving plant
productivity (Mostafa et al., 2024). These results agreed with Mumithrakamatchi ez al. (2024) on
tomato applying melatonin; Rezaei et al. (2012) using glycine betaine; Rahman and Ahmad (2025)
applying brassinolide; Okasha et al. (2023) and Ramadan and Shalaby (2024) spraying jasmonic acid;
Khaled et al. (2023) applying spirulina extract and Al-shammari ef al. (2020) applying glutathione.

One of the greatest challenges to sustainable agriculture is heat stress, which become more
frequent and severe due to climate changes. Actually, heat shocks are considered one of the most vital
issues for both growing crops and food security in the present and the future with the increased
population around the world. To minimize these adverse effects, sustainable agricultural practices such
as cultivating heat-tolerant crops, irrigation management, soil practices, and the application of bio-
stimulants can improve maintain productivity and crop resilience. Our study focus on using some natural
eco-friendly substances as one of the management strategies to sustain tomato productivity, overcome
the high ambient temperature and supporting sustainable agricultural systems under changing climatic
conditions.

5. Conclusion

Heat stress affects growth, yield and productivity of crops and is considered a major risk for
sustainable agriculture. To mitigate the harmful effects of elevated temperature on tomato plants (Alisa
hybrid) grown in the late summer season, it could be concluded that spraying melatonin at 150 ppm
three times at 30, 45, and 60 days after transplanting significantly improved all vegetative growth
parameters (plant height, number of leaves/plant, number of branches/plant, leaf area, and foliage fresh
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weight as well as dry weight of foliage/plant), total chlorophyll, macro and micro elements (N, P, K,
Mg, Fe, and Zn), enzymes activity (peroxidase, catalase and superoxide dismutase) and phyto-hormones
(cytokinin, auxins and gibberellins) as well as average fruit weight, number of fruits/plant, early and
total yield/fed. and fruit quality (vitamin C, acidity , TSS, and total sugars) followed by spraying glycine
betaiene at 2 g/l under the experiment conditions. These insights can help in improve heat-resistance to
maintain tomato productivity with the rising temperatures.
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