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ABSTRACT
Keywords: This study investigated the mitigating effects of exogenous proline application
Proline, Salinity Stress, on lettuce (Lactuca sativa L.) plants subjected to salinity stress induced by
Lettuce, Antioxidant NaCl. The experiment evaluated vegetative growth, photosynthetic pigments,
Enzymes, Photosynthetic chemical constituents, and antioxidant enzyme activity under varying proline
Pigments, Ionic Balance. concentrations (with 200 mg/1 identified as the optimal treatment) and

salinity conditions. Salt stress significantly impaired vegetative growth,
reducing fresh weight by 6.73%, leaf number by 10.0%, and leaf area by
19.08% compared to control conditions; however, dry matter content
increased under salinity. Foliar application of proline effectively alleviated
these adverse effects, with 200 mg/1 proline achieving the highest plant yield
under non-saline conditions (5.00% increase over control) and substantially
offsetting growth inhibition under NaCl stress. Photosynthetic pigments
(chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids) were
significantly degraded by salinity, yet proline-treated plants exhibited marked
improvement. The 200 mg/1 proline treatment enhanced total chlorophyll and
carotenoid contents by approximately 9.34% and 9.77%, respectively, relative
to untreated controls. Regarding chemical constituents, NaCl stress reduced
nitrogen (N), phosphorus (P), potassium (K), and the K/Na ratio while
increasing sodium (Na*) and chloride (C17) accumulation. Proline application,
particularly at 200 mg/1, counteracted these ionic imbalances by elevating N,
P, K, and K/Na levels and suppressing Na® and Cl- uptake. Antioxidant
enzyme activities—peroxidase (POD), superoxide dismutase (SOD), and
catalase (CAT)—were significantly stimulated under salinity, increasing by
45.87%, 113.1%, and 58.5%, respectively, compared to control plants. Proline
spraying further enhanced these enzymatic activities, reinforcing the plant's
oxidative stress defense mechanism. In conclusion, foliar application of
proline at 200 mg/1 represents an effective strategy to ameliorate salinity-
induced damage in lettuce by improving growth parameters, photosynthetic
efficiency, ionic homeostasis, and antioxidant capacity.

Introduction

Lettuce (Lactuca sativa L.) constitutes one of the most economically important leafy vegetables worldwide,
primarily consumed in fresh or minimally processed forms such as salads [1]. This crop is nutritionally
distinguished by its substantial content of vitamins, minerals, dietary fiber, and omega-3 fatty acids, all of
which are indispensable for normal human growth and metabolic functions. Additionally, lettuce serves as
a rich source of bioactive phytochemicals, including phenolic compounds, tocopherols, ascorbic acid, and
lignans, thereby exhibiting notable therapeutic properties such as anti-inflammatory, hypocholesterolemic,
and antidiabetic activities [2].

Despite its nutritional significance, lettuce is classified among vegetable species with moderate to high
sensitivity to salinity stress [3], a constraint that severely compromises its agronomic performance and
marketable yield. Salinity represents a pervasive abiotic stressor that substantially undermines agricultural
productivity, particularly in arid and semi-arid agro-ecosystems where irrigation practices often exacerbate
soil sodicity [4]. The continuous application of saline irrigation water has progressively converted fertile
arable lands into non-productive areas, posing a critical threat to global food security [5]. At the physiological
level, salinity stress manifests through dual mechanisms: osmotic stress, which reduces water availability
to plant tissues, and ionic stress, arising from excessive accumulation of Na* and Cl™ ions in the soil solution
[6]. These perturbations collectively restrict root system development, impair mineral nutrient acquisition,
induce lipid peroxidation and protein denaturation, destabilize membrane integrity, and suppress enzymatic
activities essential for metabolic homeostasis [7]. Consequently, photosynthetic apparatus functionality
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deteriorates, evidenced by chlorophyll degradation, diminished leaf area, and the onset of necrotic lesions
and premature leaf abscission [8]. Furthermore, salinity stress interferes with growth regulatory processes,
disrupts normal developmental patterns, and significantly alters the uptake and partitioning of essential
mineral nutrients [9-12], while concurrently stimulating excessive generation of reactive oxygen species
(ROS) [13].

To counteract salinity-induced cellular damage, plants activate an integrated network of protective
mechanisms. These adaptive responses encompass: (i) upregulation of antioxidant enzymatic and non-
enzymatic systems to attenuate ROS accumulation; (ii) biosynthesis and accumulation of compatible
osmolytes to sustain tissue water potential and cellular turgor; and (iii) enhanced expression of regulatory
genes governing ion transport, compartmentalization, and salt exclusion pathways [14,15]. Among these
osmolytes, proline (an imino acid) has garnered considerable attention due to its multifunctional roles in
stress physiology. Beyond its conventional function as an osmoprotectant, proline contributes to protein
stabilization through hydrogen bonding, maintains membrane structural integrity, enhances cellular water
retention capacity, and modulates enzyme activation under adverse conditions [16,17]. Moreover, proline
exhibits potent ROS-scavenging capacity and reinforces antioxidative defense machinery, thereby protecting
lipids, proteins, and nucleic acids from oxidative damage [18,19].

Although the protective efficacy of exogenous proline application has been documented across diverse crop
species [20], its dose-dependent physiological and biochemical impacts on lettuce under controlled salinity
regimes remain insufficiently characterized. Specifically, the optimal proline concentration required to
maximize growth performance, preserve photosynthetic pigment composition, restore mineral ion
homeostasis, and enhance antioxidant enzyme activity in salt-stressed lettuce has not been systematically
quantified. Therefore, the present investigation was undertaken to evaluate the ameliorative potential of
foliar-applied proline at varying concentrations on lettuce plants exposed to NaCl-induced salinity stress,
with particular emphasis on vegetative growth attributes, photosynthetic pigment profiles, chemical
constituents, and antioxidant enzyme responses.

Methods

Experimental Site and Design

A pot experiment was conducted at the experimental farm of the Faculty of Agriculture, Mansoura
University, Egypt, to evaluate the effects of exogenous proline application on lettuce (Lactuca sativa L. cv.
Nader) grown under NaCl-induced salinity stress. The study comprised six treatment combinations arranged
in a randomized complete block design (RCBD) with three replicates. The factorial treatments included two
salinity levels (O and 50 mM NaCl) and three foliar proline concentrations (0, 100, and 200 mg/L).

Plant Material and Cultural Practices

Plastic pots (40 cm diameter) were filled with 10 kg of clay loam soil. A compound fertilizer (N:P:K 20:20:20)
was applied four times at two-week intervals following transplanting. Seeds were surface-sterilized by
immersion in 0.5% sodium hypochlorite solution for 4 min, subsequently rinsed thoroughly with distilled
water, and sown in a nursery bed in mid-October 2023. Uniform seedlings were transplanted into the
prepared pots during the first week of November 2023. Irrigation was administered three times at 10-day
intervals, alternating between saline solution (twice) and tap water (once) to maintain the designated salinity
regime. Foliar proline treatments (0, 100, and 200 mg/L) were applied three times at 14-day intervals
commencing after transplanting.

Growth and Yield Measurements
Seventy days after transplanting, three plants per treatment were randomly selected and harvested for
morphological and physiological analyses. The following parameters were recorded:

= Number of leaves per plant: counted manually.

= Plant fresh weight (g): determined using a digital balance.

= Dry matter percentage: calculated after oven-drying samples at 70 °C to constant weight.

= Leaf area (cm? plant™): estimated according to the method described by[21].

Photosynthetic Pigment Analysis

Chlorophyll a, chlorophyll b, and total chlorophyll contents (mg g™ fresh weight) were quantified following
the spectrophotometric procedure of [22]. Fresh leaf tissue was homogenized in 80% acetone, filtered
through Whatman No. 1 filter paper, and absorbance was measured using a UV-visible spectrophotometer.
Carotenoid concentrations (mg g™ * fresh weight) were determined spectrophotometrically according to [23].
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Chemical Constituent Analysis
Dried leaf samples were analyzed for nitrogen (N), phosphorus (P), potassium (K), sodium (Na*), and chloride
(CI") percentages using the standard analytical protocols outlined by [24].

Antioxidant Enzyme Assays

Leaf tissue (0.2 g) was homogenized in 4 mL of ice-cold 0.1 M sodium phosphate buffer (pH 7.0) containing
0.1 mM EDTA and 1% (w:v) polyvinylpyrrolidone. The homogenate was centrifuged at 10,000 x g for 20 min
at 4 °C, and the resulting supernatant was utilized for enzyme activity determinations. Protein concentration
in the extracts was estimated following[25]. Peroxidase (POD; EC 1.11.1.7) activity was assayed as described
by [26] and expressed as units mg ' protein. Superoxide dismutase (SOD; EC 1.15.1.1) activity was
measured by monitoring the inhibition of nitroblue tetrazolium (NBT) reduction at 560 nm according to [27].
Catalase (CAT; EC 1.11.1.6) activity was determined by measuring the decline in H,O, absorbance at 240
nm following the method of [28].

Statistical Analysis

All data were subjected to analysis of variance (ANOVA) using SPSS statistical software (SPSS for Windows,
SPSS Inc., Chicago, IL, USA). Treatment means were compared using Duncan's multiple range test at a
significance level of P < 0.05.

Results

Vegetative Growth and Yield

The results presented in (Figure 1) demonstrated that salinity stress significantly affected the vegetative
growth and yield of lettuce plants. Compared with the non-saline control, exposure to NaCl reduced fresh
weight by **6.73%**, leaf number by **10.00%**, and leaf area by **19.08%**, whereas dry matter showed
a significant increase under saline conditions. These findings indicate that salinity markedly suppressed
plant growth, with leaf area being the most affected vegetative trait. Foliar application of proline improved
the growth performance of lettuce plants under both normal and saline conditions. The greatest
enhancement in plant yield was recorded with **200 mg/L proline under 0 mM NaCl**, where fresh weight
increased by **5.00%** compared with the untreated control grown under the same non-saline conditions.
In addition, proline-treated plants exhibited greater leaf production and larger leaf area than the
corresponding untreated plants exposed to salinity, indicating a substantial recovery of vegetative growth.
Overall, the data confirm that salinity caused significant reductions in lettuce vegetative growth, particularly
in leaf area (**19.08%%**), followed by leaf number (**10.00%**) and fresh weight (**6.73%%**). Conversely,
foliar application of proline effectively mitigated these reductions, with the **200 mg/L** treatment
producing the highest fresh biomass and improving overall plant performance, highlighting its effectiveness
in enhancing lettuce productivity under saline conditions.
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Figure 1. Impact of proline applications on the number of leaves plant! (A), fresh weight (B), leaf
area (C), and dry matter (D) of lettuce plants under salinity stress. Significant variation in
relation to the Duncan test is indicated by diverse letters

Photosynthetic pigments

The results presented in (Figure 2) showed that salinity stress significantly reduced the concentrations of
photosynthetic pigments in lettuce plants. Exposure to NaCl markedly decreased chlorophyll **a**,
chlorophyll **b**, total chlorophyll, and carotenoid contents compared with plants grown under non-saline
conditions, indicating that salinity negatively affected the photosynthetic apparatus. Foliar application of
proline significantly improved the photosynthetic pigment content under both normal and saline conditions.
Among the tested concentrations, **200 mg /L proline** produced the greatest enhancement, increasing
**total chlorophyll by 9.34%** and **carotenoids by 9.77%** compared with the untreated control. In
addition, chlorophyll **a** and chlorophyll **b** also showed higher values in proline-treated plants than in
untreated plants exposed to salinity, demonstrating the beneficial effect of proline on maintaining pigment
accumulation. Overall, the findings indicate that salinity markedly impaired photosynthetic pigment
synthesis, whereas exogenous proline effectively alleviated these adverse effects. The **200 mg/ L** proline
treatment was the most effective, resulting in the highest accumulation of photosynthetic pigments and
confirming its positive role in preserving the photosynthetic capacity of lettuce plants under saline
conditions.
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Figure 2. Impact of proline applications on chlorophyll a (A), total chlorophyll (B), chlorophyll b
(C), and carotenoids (D) of lettuce plants under salinity stress. Significant variation in relation to
the Duncan test is indicated by diverse letters

Chemical constituents

The results presented in (Figure 3) demonstrated that salinity stress significantly altered the mineral
composition of lettuce plants. Exposure to NaCl resulted in marked reductions in the concentrations of
**nitrogen (N), phosphorus (P), potassium (K), and the K/Na ratio**, while significantly increasing the
accumulation of **Na™* and **Cl™* compared with plants grown under non-saline conditions. These
changes indicate a pronounced disturbance in nutrient balance under saline conditions. Foliar application
of proline markedly improved the chemical composition of lettuce plants under salt stress. Proline-treated
plants exhibited higher concentrations of **N, P, K, and K/Na ratio**, together with lower **Na*** and **Cl™**
contents than untreated salt-stressed plants, indicating a substantial improvement in mineral status.
Among the tested treatments, **200 mg /L proline** produced the most pronounced response, showing the
highest values of beneficial mineral nutrients and the lowest accumulation of toxic ions. Overall, the results
confirm that salinity significantly disrupted nutrient homeostasis by decreasing essential mineral elements
and increasing the accumulation of **Na*** and **Cl™**. Exogenous application of proline effectively
alleviated these adverse effects, with the **200 mg /L** treatment providing the greatest improvement in
mineral balance and maintaining the highest **K/Na ratio**, thereby demonstrating its superior
effectiveness in enhancing ionic regulation under saline conditions.
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Figure 3. Impact of proline applications on N (A), K (B), Na* (C), P (D), K/Na (E), and Cl (F) of lettuce
plants under salinity stress. Significant variation in relation to the Duncan test is indicated by
diverse letters.

Antioxidant enzymes

The results presented in (Figure 4) revealed that salinity stress significantly enhanced the activities of the
antioxidant enzymes peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) in lettuce plants.
Compared with the non-saline control, NaCl treatment increased POD activity by 45.87%, SOD activity by
113.10%, and CAT activity by 58.50%, with SOD exhibiting the greatest relative increase among the
evaluated antioxidant enzymes. Foliar application of proline further promoted antioxidant enzyme activities
under both normal and saline conditions. Proline-treated plants exhibited higher POD, SOD, and CAT
activities than the untreated plants, indicating a stronger antioxidant response. The enhancement was more
pronounced under salinity stress, demonstrating that proline application effectively stimulated the
antioxidant defense system. Among the tested treatments, the 200 mg/L proline application produced the
highest antioxidant enzyme activities, indicating its superior effectiveness in improving the enzymatic
antioxidant capacity of lettuce plants. Overall, the findings demonstrate that salinity markedly increased
antioxidant enzyme activities, with SOD (113.10%) showing the greatest response, followed by CAT (58.50%)
and POD (45.87%). Exogenous application of proline further enhanced the activities of these enzymes,
particularly at 200 mg/L, confirming its effectiveness in strengthening the antioxidant defense system and
improving the physiological performance of lettuce plants under saline conditions.
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Figure 4. Impact of proline applications on POD (A), SOD (B), and CAT (C) of lettuce plants under
salinity stress. Significant variation in relation to the Duncan test is indicated by diverse letters

Discussion

Salinity stress imposes severe constraints on plant growth and development by disrupting multiple
physiological and biochemical processes. The present investigation revealed that lettuce plants exposed to
50 mM NacCl exhibited significant reductions in vegetative growth parameters, including leaf number, leaf
area, and fresh biomass, accompanied by a concomitant increase in dry matter percentage. These findings
align with previous reports indicating that salinity adversely affects plant growth, photosynthetic efficiency,
water status, oxidative biomarkers, osmolyte accumulation, and antioxidant enzyme activity [29,30]. The
growth inhibition observed under saline conditions may be attributed to the detrimental impacts of excess
Na* and CI” ions on fundamental physiological functions, including photosynthetic electron transport,
stomatal conductance, reactive oxygen species (ROS) accumulation, and perturbations in nutritional and
hormonal homeostasis[31-32]. The suppression of lettuce growth under salt stress can be further explained
by impaired assimilate translocation through vascular conductive tissues, resulting in restricted cell division
and elongation [33]. Additionally, salinity-induced enzymatic inhibition of chlorophyll biosynthesis pathways
leads to diminished chlorophyll content [34], which subsequently compromises photosynthetic capacity and
overall plant productivity.

Similar reductions in chlorophyll content and growth performance under saline conditions have been
documented across diverse plant species [35-38]. Under non-stress conditions, plants maintain a delicate
equilibrium between ROS generation and antioxidant defense capacity. However, salinity stress disrupts
this balance, leading to excessive ROS accumulation that inflicts oxidative damage on cellular
macromolecules. To mitigate this damage, plants have evolved sophisticated enzymatic and non-enzymatic
antioxidant systems that strictly regulate intracellular ROS levels [39]. The enzymatic cascade initiated by
superoxide dismutase (SOD) catalyzes the dismutation of superoxide radicals (O,") into hydrogen peroxide
(H,0,) and molecular oxygen (O5).

Subsequently, peroxidase (POD) and catalase (CAT) facilitate the detoxification of H,0O, into water and
oxygen, thereby preventing the accumulation of this cytotoxic molecule [40]. The present results
demonstrate that NaCl stress significantly upregulated the activities of POD, SOD, and CAT, indicating a
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coordinated antioxidant response aimed at scavenging excess H,0, and alleviating oxidative damage. This
enzymatic cooperation is essential for effective ROS detoxification under salinity stress [31,41]. While certain
antioxidant enzymes primarily function in growth regulation and detoxification processes, others are critical
for maintaining ROS homeostasis and redox signaling [42,43].

Exogenous application of proline has emerged as an effective strategy for enhancing plant tolerance to
various abiotic stressors through the modulation of both enzymatic and non-enzymatic antioxidant defense
networks [44]. The current findings demonstrate that foliar proline supplementation, particularly at 200
mg/L, significantly ameliorated the adverse effects of salinity on lettuce growth and physiological
performance. Proline-treated plants exhibited enhanced vegetative growth compared to both salt-stressed
and unstressed control plants (Figure 1). These beneficial effects may be attributed to the elevated
endogenous proline levels in plant tissues, which confer osmotic adjustment and cellular protection under
saline conditions. Furthermore, proline application stimulates root nutrient absorption and enhances leaf
mineral content, thereby optimizing photosynthetic efficiency and promoting favorable vegetative
development [45].

Previous studies have established that exogenous proline preserves cellular osmotic equilibrium and
mitigates ion toxicity by facilitating the sequestration or exclusion of excess Na* and Cl™ ions [46]. Superoxide
dismutase serves as a critical first-line defense component within the plant antioxidant arsenal, rapidly
converting superoxide ions into H,O, and O, [47]. Peroxidase, in turn, plays a predominant role in the
efficient elimination of H,O, from cellular compartments. The present study revealed that proline application
significantly enhanced SOD, POD, and CAT activities, thereby accelerating ROS scavenging and reducing
peroxidative membrane damage. These results corroborate the findings of [44], who reported that proline
mitigates oxidative stress by activating antioxidant enzyme systems and exerting direct antioxidant effects.
Collectively, the data presented herein indicate that exogenous proline application promotes lettuce growth
and productivity under saline conditions through the preservation of photosynthetic pigment integrity and
the enhancement of antioxidant enzyme accumulation, thereby establishing a robust defense against
salinity-induced oxidative stress.

Conclusions

Salinity stress (50 mM NaCl) significantly inhibited lettuce growth, photosynthetic pigments, and mineral
ion balance while inducing oxidative stress. Foliar application of proline at 200 mg/L effectively alleviated
these adverse effects by enhancing vegetative growth, preserving chlorophyll and carotenoid contents,
restoring K*/Na* homeostasis, and upregulating antioxidant enzyme activities (POD, SOD, and CAT). These
findings indicate that exogenous proline application represents a promising, sustainable strategy for
improving lettuce productivity under saline conditions.

Conflict of interest. Nil

References

1. Oh MM, Trick HN, Rajashekar CB. Secondary metabolism and antioxidants are involved in environmental
adaptation and stress tolerance in lettuce. J Plant Physiol. 2009;166(2):180-191. doi:
10.1016/j.jplph.2008.04.015.

2. Kim MJ, Moon Y, Tou J, Mou B, Waterland N. Nutritional value, bioactive compounds and health benefits of
lettuce (Lactuca sativa L.): study review. J Food Comp Anal. 2016;49:19-34. doi: 10.1016/j.jfca.2016.03.004.

3. Yildirim E, Ekinci M, Turan M, Dursun A, Kul R, Parlakova F. Roles of glycine betaine in mitigating deleterious
effect of salt stress on lettuce (Lactuca sativa L.). Arch Agron Soil Sci. 2015;61(12):1673-1689. doi:
10.1080/03650340.2015.1030611.

4. Hernandez JA. Salinity tolerance in plants: Trends and perspectives. Int J Mol Sci. 2019;20(10):2408. doi:
10.3390/ijms20102408.

S. Shrivastava P, Kumar R. Soil salinity: A serious environmental issue and plant growth promoting bacteria as
one of the tools for its alleviation. Saudi J Biol Sci. 2015;22(2):123-131. doi: 10.1016/j.sjbs.2014.12.001.

6. Parihar P, Singh S, Singh R, Singh VP, Prasad SM. Effect of salinity stress on plants and its tolerance strategies:
A review. Environ Sci Pollut Res. 2015;22(6):4056-4075. doi: 10.1007/s11356-014-3739-1.

7. Fatma M, Masood A, Per TS, Khan NA. Nitric oxide alleviates salt stress inhibited photosynthetic performance
by interacting with sulfur assimilation in mustard. Front Plant Sci. 2016;7:521. doi: 10.3389/{pls.2016.00521.

8. Fernandez JA, Niirola D, Ochoa J, Orsini F, Pennisi G, Gianquinto G, et al. Root adaptation and ion selectivity
affects the nutritional value of salt-stressed hydroponically grown baby-leaf Nasturtium officinale and Lactuca
sativa. Agr Food Sci. 2016;25(3):230-239. doi: 10.23986/afsci.58960.

9. Elkelish AA, Soliman MH, Alhaithloul HA, El-Esawi MA. Selenium protects wheat seedlings against salt stress-
mediated oxidative damage by up-regulating antioxidants and osmolytes metabolism. Plant Physiol Biochem.
2019;137:144-153. doi: 10.1016/j.plaphy.2019.02.004.

Copyright Author (s) 2026. Distributed under Creative Commons CC-BY 4.0
Received: 20-04-2026 - Accepted: 18-06-2026 - Published: 24-06-2026 268


https://doi.org/10.69667/amj.26223

Attahadi Medical Journal
2026;3(2):261-270 OPEN ACCESS
https://doi.org/10.69667 /amj.26223

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

El-Taher AM, Abd El-Raouf HS, Osman NA, Azoz SN, Omar MA, Elkelish A, et al. Effect of salt stress and foliar
application of salicylic acid on morphological, biochemical, anatomical, and productivity characteristics of
cowpea (Vigna unguiculata L.) Plants. Plants. 2022;11(1):115. doi: 10.3390/plants11010115.

Youssef MHM, Raafat A, El-Yazied AA, Selim S, Azab E, Khojah E, et al. Exogenous application of alpha-lipoic
acid mitigates salt-induced oxidative damage in sorghum plants through regulation growth, leaf pigments, ionic
homeostasis, antioxidant enzymes, and expression of salt stress responsive genes. Plants. 2021;10(11):2519.
doi: 10.3390/plants10112519.

Alnusairi GSH, Mazrou YSA, Qari SH, Elkelish AA, Soliman MH, Eweis M, et al. Exogenous Nitric Oxide
Reinforces Photosynthetic Efficiency, Osmolyte, Mineral Uptake, Antioxidant, Expression of Stress-Responsive
Genes and Ameliorates the Effects of Salinity Stress in Wheat. Plants. 2021;10(8):1693. doi:
10.3390/plants10081693.

AbdElgawad H, Zinta G, Hegab MM, Pandey R, Asard H, Abuelsoud W. High salinity induces different oxidative
stress and antioxidant responses in maize seedlings organs. Front Plant Sci. 2016;7:276. doi:
10.3389/1pls.2016.00276.

Xu N, Liu S, Lu Z, Pang S, Wang L, Wang L, et al. Gene expression profiles and flavonoid accumulation during
salt stress in Ginkgo biloba seedlings. Plants. 2020;9(9):1162. doi: 10.3390/plants9091162.

Alsamadany H, Mansour H, Elkelish A, Ibrahim MFM. Folic acid confers tolerance against salt stress-induced
oxidative damages in snap beans through regulation growth, metabolites, antioxidant machinery and gene
expression. Plants. 2022;11(11):1459. doi: 10.3390/plants11111459.

Hossain MA, Kumar V, Burritt DJ, Fujita M, Makela P. Osmoprotectant-mediated abiotic stress tolerance in
plants. In: Proline Metabolism and Its Functions in Development and Stress Tolerance. Cham: Springer Nature;
2019:41-72.

Burritt DJ. Proline and the cryopreservation of plant tissues: Functions and practical applications. In: Katkov
I, editor. Current Frontiers in Cryopreservation. Rijeka: InTech; 2012:415-426.

Dar MI, Naikoo MI, Rehman F, Naushin F, Khan FA. Proline accumulation in plants: Roles in stress tolerance
and plant development. In: Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics
Technologies. New Delhi: Springer; 2016:155-166.

Adejumo SA, Oniosun B, Akpoilih OA, Adeseko A, Arowo DO. Anatomical changes, osmolytes accumulation and
distribution in the native plants growing on Pb-contaminated sites. Environ Geochem Health. 2021;43(4):1537-
1549.

Hosseinifard M, Stefaniak S, Ghorbani Javid M, Soltani E, Wojtyla L, Garnczarska M. Contribution of exogenous
proline to abiotic stresses tolerance in plants: a review. Int J Mol Sci. 2022;23(9):5186. doi:
10.3390/ijms23095186.

Koller HRC. Leaf area-leaf weight relationship in soybean canopy. Crop Sci. 1972;12(2):216-220.

Sadasivam S, Manickam A. Biochemical Methods. 2nd ed. New Delhi: New Age International; 1996.
Lichtenthaler HK. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. Methods Enzymol.
1987;148:350-382. doi: 10.1016/0076-6879(87)48036-1.

AOAC International. Official Methods of Analysis of AOAC International. 19th ed. 2nd revision. Gaithersburg,
MD: AOAC International; 2012.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem. 1976;72(1-2):248-254. doi: 10.1016/0003-2697(76)90527-3.
Tao MQ, Jahan MS, Hou K, Shu S, Wang Y, Sun J, et al. Bitter melon (Momordica charantia L.) rootstock
improves the heat tolerance of cucumber by regulating photosynthetic and antioxidant defense pathways.
Plants. 2020;9(6):692. doi: 10.3390/plants9060692.

Beyer WF, Fridovich I. Assaying for superoxide dismutase activity: Some large consequences of minor changes
in conditions. Anal Biochem. 1987;161(2):559-566. doi: 10.1016/0003-2697(87)90489-1.

Cakmak I, Strbac D, Marschner H. Activities of hydrogen peroxide-scavenging enzymes in germinating wheat
seeds. J Exp Bot. 1993;44(258):127-132. doi: 10.1093/jxb/44.1.127.

Farouk S, Elhindi KM, Alotaibi MA. Silicon supplementation mitigates salinity stress on Ocimum basilicum L.
via improving water balance, ion homeostasis, and antioxidant defense system. Ecotoxicol Environ Saf.
2020;206:111396. doi: 10.1016/j.ecoenv.2020.111396.

Sofy MR, Elhindi KM, Farouk S, Alotaibi MA. Zinc and paclobutrazol mediated regulation of growth, upregulating
antioxidant aptitude and plant productivity of pea plants under salinity. Plants. 2020;9(9):1197. doi:
10.3390/plants9091197.

Sofy AR, Dawoud RA, Sofy MR, Mohamed HI, Hmed AA, El-Dougdoug NK. Improving regulation of enzymatic
and non-enzymatic antioxidants and stress-related gene stimulation in cucumber mosaic cucumovirus-infected
cucumber plants treated with glycine betaine, chitosan and combination. Molecules. 2020;25(10):2341. doi:
10.3390/molecules25102341.

Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiological and biochemical changes in plants:
An omic approach towards salt stress tolerance. Plant Physiol Biochem. 2020;156:64-77. doi:
10.1016/j.plaphy.2020.08.042.

Queiros F, Rodrigues JA, Almeida JM, Almeida DP, Fidalgo F. Differential responses of the antioxidant defense
system and ultrastructure in a salt-adapted potato cell line. Plant Physiol Biochem. 2011;49(12):1410-1419.
doi: 10.1016/j.plaphy.2011.09.020.

Copyright Author (s) 2026. Distributed under Creative Commons CC-BY 4.0
Received: 20-04-2026 - Accepted: 18-06-2026 - Published: 24-06-2026 269


https://doi.org/10.69667/amj.26223

Attahadi Medical Journal

2026;3(2):261-270 OPEN ACCESS
https://doi.org/10.69667 /amj.26223

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Mohamed HI, Akladious S, El-Beltagi H. Mitigation the harmful effect of salt stress on physiological, biochemical
and anatomical traits by foliar spray with trehalose on wheat cultivars. Fresenius Environ Bull
2018;27(10):7054-7076.

Miceli A, Moncada A, Vetrano F. Use of microbial biostimulants to increase the salinity tolerance of vegetable
transplants. Agronomy. 2021;11(6):1143. doi: 10.3390/agronomy11061143.

Zhang L, Martinelli E, Senizza B, Miras-Moreno B, Yildiztugay E, Arikan B, et al. The combination of mild salinity
conditions and exogenously applied phenolics modulates functional traits in lettuce. Plants. 2021;10(7):1457.
doi: 10.3390/plants10071457.

Sofy MR, Elhawat N, Tarek A. Glycine betaine counters salinity stress by maintaining high K+/Na+ ratio and
antioxidant defense via limiting Na+ uptake in common bean (Phaseolus vulgaris L.). Ecotoxicol Environ Saf.
2020;200:110732. doi: 10.1016/j.ecoenv.2020.110732.

Abdel-Farid IB, Marghany MR, Rowezek MM, Sheded MG. Effect of salinity stress on growth and metabolomic
profiling of Cucumis sativus and Solanum lycopersicum. Plants. 2020;9(11):1626. doi: 10.3390/plants9111626.
Tahjib-UI-Arif M, Sohag AAM, Afrin S, Bashar KK, Afrin T, Mahamud ASU, et al. Differential response of sugar
beet to long-term mild to severe salinity in a soil-pot culture. Agriculture. 2019;9(10):223. doi:
10.3390/agriculture9100223.

Foyer CH. Reactive oxygen species, oxidative signaling and the regulation of photosynthesis. Environ Exp Bot.
2018;154:134-142. doi: 10.1016/j.envexpbot.2018.05.003.

Akyol T, Yilmaz O, Uzilday B, Uzilday R, Turkan I. Plant response to salinity: An analysis of ROS formation,
signaling, and antioxidant defense. Turk J Bot. 2020;44(1):1-13. doi: 10.3906/bot-1911-15.

Siddiqui M, Alamri S, Al-Khaishany M, Khan M, Al-Amri A, Ali H, et al. Exogenous melatonin counteracts NaCl-
induced damage by regulating the antioxidant system, proline and carbohydrates metabolism in tomato
seedlings. Int J Mol Sci. 2019;20(2):353. doi: 10.3390/ijms20020353.

El-Beltagi HS, Sofy MR, Aldaej MI, Mohamed HI. Silicon alleviates copper toxicity in flax plants by up-regulating
antioxidant defense and secondary metabolites and decreasing oxidative damage. Sustainability.
2020;12(11):4732. doi: 10.3390/su12114732.

Abdelkader M, Voronina L, Baratova L, Shelepova O, Zargar M, Puchkov M, et al. Biostimulants-Based Amino
Acids Augment Physio-Biochemical Responses and Promote Salinity Tolerance of Lettuce Plants (Lactuca sativa
L.). Horticulturae. 2023;9(7):807. doi: 10.3390/horticulturae9070807.

Al Mayahi MZ. Effect of exogenous proline application on salinity tolerance of Cordia myxa L. seedlings: effect
on vegetative and physiological characteristics. J Nat Sci Res. 2015;5(24):118-125.

Ashraf M, Foolad MR. Roles of glycinebetaine and proline in improving plant abiotic stress tolerance. Environ
Exp Bot. 2007;59(2):206-216.

Gill RA, Zang L, Ali B, Farooq MA, Cui P, Yang S, et al. Chromium-induced physio-chemical and ultrastructural
changes in four cultivars of Brassica napus L. Chemosphere. 2015;120:154-164. doi:
10.1016/j.chemosphere.2014.06.029.

Copyright Author (s) 2026. Distributed under Creative Commons CC-BY 4.0
Received: 20-04-2026 - Accepted: 18-06-2026 - Published: 24-06-2026 270


https://doi.org/10.69667/amj.26223

