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ABSTRACT
Water scarcity during the dry season limits the continuous supply of fresh tomatoes. This
study aimed to determine the optimal proline concentration for mitigating water stress
in tomato plants while reducing irrigation water usage. Field experiments were
conducted in two seasons, where tomato plants were subjected to water stress two weeks
after transplanting and treated with foliar-applied proline at 0, 5, 10, and 15 mg/L.
Unstressed treatment was included as a positive control. Field capacity was determined
using the gravimetric method in order to accurately calculate the water required per
plant viz: 2 L of water per plant was applied during the vegetative stage, while 3 L was
applied during flowering and fruiting stages. The experiment followed a randomized
complete block design with three replications. Results showed that water stress
increased antioxidant enzyme activity, including glutathione reductase, catalase, and
ascorbate peroxidase. Lycopene content was lowest in stressed plants without proline,
while β-carotene was highest in stressed plants treated with 5 mg/L proline. The highest
antioxidant enzyme activities were recorded in stressed plants treated with 15 mg/L
proline. Although marketable yield was highest in unstressed plants, it was statistically
comparable to that of stressed plants treated with 15 mg/L proline. This treatment also
improved leaf relative water content, chlorophyll production, and lipid peroxidation
control. These findings suggest that exogenous proline at 15 mg/L enhances tomato
resilience to water stress and offers a sustainable approach to reducing irrigation water
requirements while maintaining yield during dry seasons.
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INTRODUCTION

Tomato (Solanum lycopersicum) is one of the world's most vital crops widely recognized
for its nutritional contributions to health (Waheed et al, 2020; Collins et al., 2022). It is
rich in essential nutrients such as mineral, dietary fibres, non-enzymatic antioxidant
including lycopene and beta-carotene, vitamins A, B and C thus making it a component
of a healthy diet (Akinboye et al., 2024; Wang et al., 2023). S. lycopersicum can be
processed into diverse products including soap, sauces, juice, and puree thereby
enhancing its culinary versatility. There are several varieties of tomato, one of such
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varieties is Roma VF which is a determinate type that is characterized by its distinct pear
shaped fruit (Kathimba et al., 2021).

Tomato cultivation is significantly influenced by water availability as the crop requires
substantial irrigation and is venerable to water stress (Alordzinu et al., 2021, Alshami et
al., 2023). Water deficit is increasingly recognized as a critical factor affecting
agricultural productivity as a result of inadequate rainfall and limited soil moisture
during dry season (Bhattacharya, 2021). Due to increasing demand of water for
household and industrial sector, the efficient management of irrigation water becomes
essential to sustain crop yield (Ungureanu et al., 2020)

Several researchers suggested that metabolic responses to water stress involve
generation of by products such as malondialdehyde and various from of reactive oxygen
species (ROS) (Hasanuzzaman et al., 2020; García-Caparrós et al., 2021). These ROS can
cause cellular damage thereby necessitating the presence of enzymatic antioxidant such
as catalase (CAT), ascorbate peroxidase (APX), and glutathione (GR) which can combat
the oxidative stress (Zandi and Schnug, 2022).

Growth regulators such as proline have emerged as vital component in modulating the
plant defense response against oxidative stress (Zulfiqar and Ashraf, 2023). The
interplay between the ascorbate-glutathione pathway and proline metabolism has been
shown to enhanced tolerance to abiotic stress (Khalid et al., 2022). When the activity of
enzymatic antioxidant is increase, it can effectively prevent oxidative damage to plant
during water deficit condition (Zulfiqar and Ashraf, 2023). Therefore, the aim of this
research was to explore the potential of exogenously applied proline to improve the yield
of tomato subjected to water deficit.

MATERIALS ANDMETHODS
The study was conducted during the dry seasons at the experimental farmland of
Adeleke University, Ede, Osun State, Nigeria (Lat. 7°46'N, Long. 4°30'E; Alt. 275 ± 48
m). Roma VF tomato seeds were sourced from the National Horticultural Research
Institute, Ibadan, and were sown in a nursery for four weeks. At transplanting, each
seedling received 240 mL of a starter solution.

Before transplanting of tomato seedlings to plots, topsoil (0–15 cm) samples were
collected, air-dried, sieved (2 mm), and analyzed for pH (1:2.5 soil:water), organic
carbon (Hernandez et al, 2023), total nitrogen (Rutherford et al., 2007), available
phosphorus (Koralage et al., 2015) , and texture (hydrometer method). Plots (2 m × 1.5
m) were prepared by mechanical hoeing with 0.5 m intra-row spacing and 1 m between
treatments. The experiment followed a randomized block design with three replications.

Plants were subjected to water stress two weeks post-transplanting from nursery and
irrigated at 7-day intervals, while unstressed plants received water every 2 days. There
were five treatments which include: T1: Stressed + 5 mg/L proline; T2: Stressed + 10
mg/L proline; T3: Stressed + 15 mg/L proline; T4: Unstressed control and T5: Stressed +
distilled water. Proline (J.T. Baker™) was foliar-sprayed (10 mL/plant) using a hand-
held aerosol sprayer on 0, 14 and 28 after stress began.

Standard agronomic practices were uniformly applied. Weed control involved hoeing
and hand-pulling. Irrigation was based on field capacity by gravimetric method (IAEA,
2008): 2 L/plant during vegetative stage, 3 L during flowering/fruiting.
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Measurement of Parameter
Leaf relative water content (RWC) was measured using Barrs and Weatherley (1962)
method.

Enzymatic Antioxidant Activities (EAA): Catalase (Aebi, 1984), ascorbate
peroxidase (Nakano and Asada, 1981), and glutathione reductase (Massey and Williams,
1965) were measured at 14, 28, and 42 days post-stress.

Malondialdehyde (MDA): MDA was determined following the method of Hodges et al.
(1999).

Beta-Carotene and Lycopene: The two carotenoids were quantified from mature
fruits using Nagata and Yamashita (1992) method.

Fruit Yield: When all the treatments had one or more ripe fruit, yield per plant was
weighed and converted to t/ha using:

Fruit yield (t/ ha) = ����� ����ℎ� ���������� �� � 10,000
���� �� ������� � 1000

Where 10, 000 = size of hectare in m2; 1,000 = conversion of kg to tonne

Data Analysis: The data were subjected to analysis of variance using SPSS-16.0
statistical analysis software (SPSS Inc., Chicago, IL, USA). Means were separated using
Duncan’s multiple range test (DMRT) at P <0.05%.

RESULTS AND DISCUSSION
The study investigated the effects of exogenous proline on tomato plants exposed to
water deficit stress over two seasons. The experimental soil was a sandy loam type with
slightly acidic pH, showed stable physical and chemical properties between seasons
(Table 1), offering a consistent basis for treatment comparisons.

Table 1: Physico-chemical properties of the experimental surface of soil
before cropping in 2018/2019 and 2019/2020 seasons

Seas
on

Physical properties Chemical properties

Sand
(%)

Silt
(%)

Clay

(%)

Textur
al class

Organi
c
conten
t

pH Nitroge
n (%)

Phosphor
us
(mg/Kg)

Potassiu
m
(cmol/K
g)

1 65.00 25.0
0

10.0
0

Sandy
loam

1.34 5.7
2

1.25 2.29 1.15

2 68.00 23.0
0

9.00 Sandy
loam

1.58 5.6
6

1.32 2.27 1.17

Effect of Proline on Relative Water Content
Proline-treated plants, particularly at 15 mg/L (T3), consistently maintained higher
RWC values across all in both seasons compared to other treatments (Table 2). While the
stressed untreated plants (T5) had the lowest RWC, the highest was observed in
unstressed plants (T4) and T3. The significance levels (p < 0.05) confirm that these
differences are not due to random variation. The significant improvement in RWC
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across all developmental stages in proline-treated plants, particularly at 15 mg/L (T3),
suggests that exogenous proline facilitates osmotic adjustment and water conservation
under stress.

Table 2: Effects of application of exogenous proline on relative water
content (%) of tomato plants during seasons 1 and 2

Treatments

Days after application of proline

Season 1 Season 2

14 28 42 14 28 42

T1 71.86±1.87c 70.08±4.4
6b

66.13±2.52b 77.25±1.22c 76.24±3.33b 70.48±3.34ab

T2 78.71±4.81b
c

76.88±2.16
ab

70.50±1.09a 83.7±90.68b 80.94±3.68a
b

74.97±3.54a

T3 86.13±1.77a
b

83.72±3.51
a

72.18±3.21a 87.31±1.06a 86..70±0.67a
b

77.24±3.43a

T4 89.25±2,03
a

84.28±2.42
a

72.50±1.43a 89.58±0.21a 87.42±3.96a 79.76±3.39a

T5 60.18±0.69
d

57.49±4.28
c

55.89±3.71b 61.84±0.62d 62.34±3.38c 60.53±4.26b

p-level 0.000 0.001 0.000 0.000 0.002 0.019

Each value represented Mean ± Standard error of mean. Similar letters are not
statistically different at p˂0.05 probability according to Duncan Multiple Range Test.
(T1= stressed plants that were sprayed 5 mg/L; T2= stressed plants that were sprayed 10
mg/L of proline; T3= stressed plants that were sprayed 15 mg/L of proline; T4=
unstressed plants (positive control) and T5= stressed plants (negative control)

This is consistent with previous reports where proline accumulation was associated with
enhanced cellular hydration, maintenance of turgor pressure, and reduced water loss
during dehydration (Patanè et al., 2022). In contrast, untreated stressed plants (T5)
exhibited the lowest RWC values, indicating severe water deficit stress and impaired
water balance mechanisms (Bhattacharya and Bhattacharya, 2021).

Effect of Proline on Enzymatic Activities
From Table 3, T3 consistently exhibited the highest GR activity throughout all growth
stages in both seasons, suggesting that higher concentrations of exogenous proline
enhance the anti-oxidative defense system. Compared to T5, which showed moderate GR
activity under stress, T3 indicates a stronger capacity to mitigate oxidative damage.
Interestingly, T4 (unstressed control) exhibited lower GR activity. Results showed that
T3 had significantly higher CAT activity, especially during the vegetative and flowering
stages in Season 1, with diminishing significance in Season 2. This suggests that proline
improves H₂O₂ detoxification, protecting plant cells from oxidative damage. The low
CAT activity in T4 aligns with minimal oxidative stress in non-stressed plants, whereas
T5 had moderately elevated CAT activity, insufficient to prevent oxidative damage, as
evidenced by other stress markers. APX is another key enzyme in scavenging hydrogen
peroxide. T3 plants displayed significantly elevated APX activity across all stages and
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seasons, supporting the notion that proline augments the enzymatic antioxidant system.
The APX activity was markedly lower in T4 and T5, confirming that proline actively
contributes to upregulating defense mechanisms against oxidative stress rather than
stress alone triggering the response.

The high MDA in T1 and T2, though lower than T5, further demonstrates a dose-
dependent protective role of proline, with 15 mg/L offering the most effective protection.
The lowest MDA levels in T3-treated plants suggest that proline confers protection
against membrane damage by enhancing antioxidant capacity and limiting ROS-induced
peroxidation

Table 3: Effects of application of exogenous roline on glutathione reductase
activity, catalase activity and ascorbate peroxidase activity of tomato plants
during Seasons 1 and 2

Treatments

Days After application of proline

Season 1 Season 2

14 28 42 14 28 42

Glutathione reductase activity (10-2µ mol. mg-1min-1)

T1 0.27±0.03c 0.25±0.23bc 0.18±0.02c 0.50±0.04ab 0.46± 0.10a 0.48±0.11ab

T2 0.48±0.30b 0.39±0.03b 0.36± 0.06b 0.56±0.06ab 0.52±0.17a 0.51±0.53ab

T3 0.82±0.11a 0.74±0.04a 0.73±0.04a 0.64±0.09a 0.59±0.04a 0.58±0.04a

T4 0.17±0.03c 0.14±0.01d 0.13±0.02c 0.12±0.01c 0.13±0.02b 0.11±0.02c

T5 0.22±0.04c 0.34±0.03c 0.16±0.04c 0.43±0.05b 0.41±0.03ab 0.34±0.02b

p-level <0.000 <0.000 <0.000 <0.000 0.044 0.003

Catalase activity (10-2µ mol. mg-1min-1)

T1 0.23± 0.08c 0.27±0.01bc 0.24±0.02b 0.13±0.01ab 0.10± 0.01ab 0.10±0.01a

T2 0.41±0.03b 0.36± 0.02b 0.34±0.02ab 0.14±0.01ab 0.12±0.01ab 0.11±0.01a

T3 0.58± 0.05a 0.57±0.05a 0.44±0.11a 0.16±0.02a 0.14±0.02a 0.12± 0.01a

T4 0.09±0.01d 0.05± 0.02d 0.04±0.02c 0.09±0.19b 0.08±0.02b 0.07±0.01b

T5 0.16±0.03cd 0.18±0.02c 0.16±0.02bc 0.12± 0.02ab 0.11± 0.02ab 0.09±0.01ab

p-level <0.000 <0.000 0.004 0.180 0.129 0.034

Ascorbate peroxidase activity (µ mol. -mg-1min-1)

T1 0.13± 0.03b 0.08±0.01c 0.08±0.02bc 0.15±0.02b 0.09±0.0
1c

0.08±0.97bc

T2 0.63± 0.08a 0.42± 0.04b 0.09±0.01b 0.68± 0.05a 0.45±0.0
2b

0.16± 0.02b

T3 0.64±0.09a 0.64±0.12a 0.62±0.04a 0.70±0.06a 0.69±0.11
a

0.67±0.07a
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Each value represented Mean ± Standard error of mean. Similar letters are not
statistically different at p˂0.05 probability according to Duncan Multiple Range Test.
(T1= stressed plants that were sprayed 5 mg/L; T2= stressed plants that were sprayed 10
mg/L of proline; T3= stressed plants that were sprayed 15 mg/L of proline; T4=
unstressed plants (positive control) and T5= stressed plants (negative control)

The significant upregulation of key antioxidant enzymes GR, CAT, and APX in proline-
treated plants supports the role of proline in activating the antioxidant defense system
(Sachdev et al., 2023). The observed increase in GR activity in T3 plants enhances the
cellular glutathione pool, thereby maintaining redox homeostasis and facilitating ROS
detoxification (Khalid et al., 2022). Similarly, elevated CAT and APX activities aid in the
breakdown of hydrogen peroxide which is a major ROS that accumulates under stress
(Fujita and Hasanuzzaman, 2022). These findings are in line with prior studies showing
that exogenous proline enhances the activity of enzymatic antioxidants, thereby reducing
oxidative damage and improving stress resilience (Fujita and Hasanuzzaman, 2022).

Oxidative Stress and Antioxidant Enzymes
Table 4 showed that T3 treatment consistently had the lowest MDA values across all
stages and seasons. This suggests that proline reduces membrane damage by quenching
ROS. In contrast, T5 recorded the highest MDA, revealing severe oxidative damage in
stressed, untreated plants.

Table 4: Effects of application of exogenous proline on MDA content
(µmol./g fresh weight) of tomato plants during seasons 1 and 2

Treatments

Days after application of proline

Season 1 Season 2

14 28 42 14 28 42

T1 0.47±0.0
0

0.36±0.01 0.22±0.01 0.47±0.01 0.37±0.0
0

0.24±0.01

T2 0.48±0.0
1

0.35±0.01 0.22±0.01 0.48±0.0
2

0.37±0.0
0

0.23±0.01

T3 0.03±0.0
1

0.06±0.0
2

0.02±0.0
0

0.03±0.0
2

0.03±0.01 0.02±0.0
0

T4 0.14±0.0
2

0.12±0.01 0.10±0.02 0.13±0.01 0.14±0.03 0.14±0.03

T5 0.57±
0.09

0.35
±0.04

0.24
±0.02

0.57
±0.01

0.35
±0.12

0.24
±0.02

p-level 0.002 0.000 0.000 0.001 0.002 0.002

T4 0.02±0.00b 0.02± 0.01c 0.02±0.01c 0.05 0.00b 0.03±0.0
0c

0.03± 0.00c

T5 0.02±0.003
b

0.06± 0.01c 0.04±0.01bc 0.08± 0.00b 0.07±0.0
0c

0.09±
0.00bc

p-level <0.000 <0.000 <0.000 <0.000 <0.000 <0.000
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Each value represented Mean ± Standard error of mean. Similar letters are not
statistically different at p˂0.05 probability according to Duncan Multiple Range Test.
(T1= stressed plants that were sprayed 5 mg/L; T2= stressed plants that were sprayed 10
mg/L of proline; T3= stressed plants that were sprayed 15 mg/L of proline; T4=
unstressed plants (positive control) and T5= stressed plants (negative control)

In contrast, the high MDA accumulation in T5 plants highlights the extent of cellular
injury under unmanaged stress conditions (Atta et al., 2024).

T3-treated plants demonstrated increased activity of antioxidant enzymes including GR,
CAT, and APX, contributing to enhanced ROS scavenging and cellular protection. These
findings support earlier research that identified proline as a modulator of redox
homeostasis and enzymatic defense (Fujita & Hasanuzzaman, 2022; Khalid et al., 2022;
Sachdev et al., 2023). In contrast, stressed untreated plants (T5) showed insufficient
enzymatic responses, leading to higher oxidative damage. A reduction in lipid
peroxidation was evidenced by lower MDA levels in T3 plants, indicating effective
protection against oxidative membrane damage (Atta et al., 2024). T5 plants recorded
the highest MDA levels, reflecting pronounced cellular injury under stress.

Effect of Proline on Yield
Carotenoids such as lycopene and beta-carotene serve as antioxidants and are keys to
fruit quality. No statistically significant difference was observed among treatments for
lycopene and beta-carotene in Season 2, indicating that proline may not significantly
alter these metabolites under field conditions. However, yield data show that T3 plants
significantly outperformed other stressed groups (T1, T2, and T5), with yields
approaching that of unstressed T4. This indicates that although proline may not enhance
carotenoid biosynthesis, it significantly boosts yield under stress by improving
physiological resilience and reducing oxidative damage.

Table 5: Effects of application of exogenous proline on carotenoid content
(µmol./g fresh weigh) and yield (t/ha) of fruit of tomato plants during
seasons 1 and 2

Treatments
Season 1 Season 2

Lycopene Beta-
carotene

Fruit
yield

Lycopene Beta-
carotene

Fruit yield

T1 23.41±0.14a 2.56±0.41a 2.12±0.58cd 24.15±0.40a 2.63±0.42a 2.90±0.52
bc

T2 25.27±0.35a 2.27±0.09a 3.99±0.93bc 25.41±0.36a 2.34±0.28a 5.31±1.14a
b

T3 25.29±0.13a 2.19±0.15a 6.41±0.72ab 26.07±0.50a 2.26±0.06a 7.87±1.37a

T4 19.33±-0.52a 2.10±0.14a 8.24±1.49a 19.99±0.53a 2.16±0.11a 8.36±0.46
a

T5 27.87±1.42a 2.20±0.29a 0.85±0.29d 28.75±1.62a 2.27±0.14a 1.06±0.22
c

p-level 0.000 0.000 0.001 0.728 0.695 0.001
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Each value represented Mean ± Standard error of mean. Similar letters are not
statistically different at p˂0.05 probability according to Duncan Multiple Range Test.
(T1= stressed plants that were sprayed 5 mg/L; T2= stressed plants that were sprayed 10
mg/L of proline; T3= stressed plants that were sprayed 15 mg/L of proline; T4=
unstressed plants (positive control) and T5= stressed plants (negative control)

Carotenoids, particularly lycopene and beta-carotene, are important antioxidants and
indicators of fruit nutritional quality (Tufail et al., 2024). While the differences in
carotenoid content among treatments were not statistically significant in Season 2,
proline-treated plants maintained higher carotenoid levels comparable to unstressed
controls. This supported by the work of Xi et al. (2021) that stress causes an increase in
carotenoids.

CONCLUSION
Exogenous application of proline, particularly at 15 mg/L, significantly enhances drought
tolerance in tomato plants by improving water retention, augmenting antioxidant
enzyme activities, reducing oxidative membrane damage, preserving photosynthetic
pigments, and enhancing yield under stress conditions. These findings provide strong
empirical support for the use of proline as a low-cost, effective strategy for enhancing
abiotic stress tolerance in tomato production systems. Future studies should explore the
molecular signaling pathways underlying proline-mediated stress responses and
evaluate its long-term agronomic feasibility across different environmental conditions.
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