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Abstract: Salt stress is a major constraint to crop productivity, negatively affecting plant
physiology and fruit quality. This study hypothesized that seed priming with polyethylene
glycol (PEG6000) might enhance antioxidant activity by mitigating oxidative stress in
Solanum lycopersicum ‘Micro-Tom” under salt stress. Seeds primed with —1.2 MPa PEG6000
were grown in Rockwool and treated with 0, 50, 100, 150, and 200 mM NaCl. Primed
plants showed a 32% increase in leaf potassium (K*) and a 28% decrease in sodium (Na*)
accumulation compared to non-primed plants under 150 mM NaCl. Glucose, fructose, and
sucrose contents increased by 25%, 22%, and 19%, respectively, in primed fruits, while citric
acid decreased by 15%. Malondialdehyde (MDA) and electrolyte leakage were reduced
by 35% and 29%, respectively, in primed plants under moderate salinity. Antioxidant
enzyme activities—SOD, POD, CAT, and APX were enhanced by 30—45% in primed plants
under 100 and 150 mM NaCl, compared to non-primed controls. Abscisic acid (ABA)
levels increased by 40% in primed roots under salt stress. Activities of polyamine-related
enzymes (DAO, PAO, and ADC) also rose significantly. Priming improved protein content
by 20% and relative water content by 18%. These results suggest that PEG6000 seed priming
enhances salt tolerance by boosting antioxidant defense, regulating osmotic balance, and
improving ion homeostasis, offering a viable strategy for sustaining tomato productivity
under salinity.

Keywords: antioxidant activity; fruit quality; salt stress; seed priming; tomato

1. Introduction

The tomato is a vegetable with immense nutritional benefits [1]. It is one of the most
consumable vegetables in the world [2]. However, stress factors significantly decrease
tomato yield, and one major factor is soil salinity [3,4]. Salinity emerges as a conspicuous
abiotic stressor, casting a substantial shadow of adversity over plant ecosystems [5,6]. This
abiotic stress reduces plant growth [7-9] and crop yield [10,11]. Salinity disrupts the water
balance within plant cells [12,13], leading to a pronounced osmotic stress that hinders nor-
mal metabolic functions [14]. Simultaneously, it interferes with nutrient absorption, with
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high salt concentrations in the soil hampering the plant’s ability to access vital elements [15].
Furthermore, the presence of excess ions, notably sodium and chlorine [11], induces toxicity,
perturbing cellular homeostasis. This, in turn, triggers oxidative stress [16], as heightened
levels of reactive oxygen species accumulate, subjecting plant cells to damage [17]. Addi-
tionally, salinity exerts an inhibitory influence on crucial physiological processes [18-20],
most notably photosynthesis [21,22]. Hormone regulation, which plays a pivotal role in
growth and development, is also disrupted by salinity’s pervasive impact [23], affecting
plant vitality [24,25] and fruit quality [26-28]. The intricate interplay of these consequences
collectively culminates in the stunted growth and decreased productivity of plants in saline
environments. Mitigating these multifaceted challenges has become a pressing concern in
contemporary agriculture and plant science, emphasizing the need for innovative strategies
to enhance salinity tolerance in crops.

Numerous strategies can be harnessed to ameliorate the deleterious impact of salin-
ity on plant growth, among them, seed priming [29,30]. This stands out as a relatively
straightforward yet pivotal technique. Seed priming is a controlled hydration technique
that initiates early metabolic processes in seeds without allowing radicle emergence. After
priming, seeds are re-dried, enhancing germination speed, seedling vigor, and stress toler-
ance. In contrast, seed pre-treatment broadly refers to any physical, chemical, or biological
treatment applied to seeds before sowing, such as fungicide coating or scarification, that
may not activate metabolic processes. Thus, seed priming is a physiological activation
method, while pre-treatment often involves external modifications [31]. Seed priming
entails immersing seeds in a solution [32-35] to augment their germination and early
growth [36,37], especially in saline environments [20]. Primed seeds exhibit accelerated
germination rates and require less time for seedling establishment [38]. Furthermore,
these primed seeds give rise to superior shoots [38] and root development [39], thereby
enhancing their capacity to access water [40] and essential nutrients [41] even in the face of
salt-induced stress. As a result, seed priming bolsters salinity tolerance [42-45], leading to
improved plant survival and growth [46].

In addition to traditional seed priming, exogenous applications of osmoprotectants
such as polyethylene glycol (PEG), proline, and glycine betaine have shown promising
results in mitigating the effects of abiotic stress, including salinity. PEG is widely used
to simulate drought and osmotic stress conditions and has been demonstrated to induce
adaptive responses in plants by altering gene expression, enhancing antioxidant enzyme
activities, and improving osmotic adjustment [47—49]. PEG-mediated priming can also
influence hormonal signaling pathways and improve membrane stability, contributing
to better seedling vigor and stress resilience [50-52]. Similarly, other exogenous com-
pounds like salicylic acid, jasmonic acid, and melatonin have been reported to enhance
salt tolerance by modulating antioxidant defenses and stress-responsive pathways [53-55].
These treatments offer complementary or synergistic effects when used alongside or in
place of conventional seed priming techniques, broadening the scope of physiological and
biochemical mechanisms that can be exploited for crop improvement under stress.

The level of reactive oxygen species (ROS) increases in plants facing salt stress and
leads to cellular damage. Thus, to maintain cellular activity and cope with salt stress,
plants have enzymatic and non-enzymatic antioxidants as a defense system. Plants have
various enzymes to scavenge ROS [4]. Superoxide dismutase (SOD) converts super-
oxide radicals (O,°7) into hydrogen peroxide (H,O,) and oxygen (O;°"), then catalase
(CAT) which is primarily found in peroxisomes breaks down H,O; into water (H,O) and
oxygen (0,°7) [56,57]. Ascorbate peroxidase (APX) uses ascorbate as an electron donor
to reduce hydrogen peroxide to water. Monodehydroascorbate reductase (MDHAR) and
dehydroascorbate reductase (DHAR) regenerate ascorbate from its oxidized forms, main-
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taining the ascorbate pool [58]. Therefore, this cycle will generate cell energy and mitigate
the effect of ROS. Previous studies show that there is a link between salt stress and the
plant antioxidant system [59]. Studies have also reported that an enhanced antioxidant
system is directly linked to salt tolerance. Therefore, salt tolerance is directly related to the
activity of antioxidants in plants, and especially in tomatoes has it been reported that SOD,
CAT, and APX are essential antioxidants to regulate salt stress [60].

However, no study has been conducted about the effects of seed priming on enhancing
the antioxidant activity of tomato plants under salt stress. Thus, this study hypothesized
that seed priming with PEG6000 might enhance antioxidant capacity, thereby mitigating
ROS damage under salt stress.

2. Results
2.1. Leaf Nutrient Analysis

Leaf element contents at the fruit-bearing stage of the tomato are shown in Figure 1.
Salinity and priming had a highly significant impact on Na*, K*, P, and Ca?* content. The
interaction of salinity level and priming treatment had a significant effect on Na* (p < 0.01),
K* (p <0.01), P (p < 0.05), and Ca?* (p <0.05). Compared to control (Sp), seed priming
treatment showed a significant increase in leaf sodium content by 66%, and this increment
was rapid under 100 mM, 150 mM, and 200 mM NaCl. Seed priming treatment reduced
leaf sodium content in all salinity treatments by 38%, 37%, 28%, 22%, and 25%, respectively.
The variations in leaf Ca?* content among treatments followed the same trend as that of
sodium content, with the highest under 200 mM salinity and no priming and the lowest in
0 mM and 50 mM with primed seeds. Salinity reduced K* significantly by 16%, 34%, 41%,
and 48% under 50 mM, 100 mM, 150 mM, and 200 mM salinity, respectively. Seed priming
treatment significantly increased K* by 31%, 20%, 42%, 58%, and 60%, respectively. The
highest leaf K™ was in 0 mM salinity with primed seeds and the lowest in 200 mM salinity
with no seed priming. The same trend was observed in leaf P, with the highest P content in
0 mM salinity with primed seeds and the lowest in 200 mM salinity with no seed priming.

2.2. Fruit Quality Parameters

As shown in Figure 2, salinity and seed priming have significant effects on the fruit
sugar and acid content of the tomato fruit. With the increase in salinity level, the fruit
sugar content increased in 50 mM NaCl (S;), especially in the seed priming treatment, then
decreased in 100 mM, 150 mM, and 200 mM NaCl. The organic acid content increased
with an increase in salinity level. The fruit glucose level was increased in 50 mM NaCl
(S1) compared to control (Sp), but decreased under higher salinity levels. Seed priming
significantly increased the fruit glucose level by 4%, 18%, 21%, 29%, and 44% in 50 mM,
100 mM, 150 mM, and 200 mM NaCl, respectively. The fruit fructose content increased
in 50 mM NaCl and 100 mM NaCl by 14% and 6%; however, it decreased in 150 mM and
200 mM NaCl by 12% and 32%. The seed priming treatment induced fruit fructose levels
by 15% in SpP1, 10% in 50 mM NaCl with primed seeds (51P1), 8% in 100 mM NaCl with
primed seeds (S;P1), 2% in 150 mM NaCl with primed seeds (S3P1), and 6% in 200 mM
with primed seeds (S4P7). The highest fruit fructose level was in 100 mM NaCl with primed
seeds (S1P1), and the lowest was in 200 mM NaCl with no priming (S4Pp). The same trend
was observed in fruit sucrose levels, with the highest and lowest levels in 0 mM NaCl
with no priming (SoP¢) and 200 mM NaCl with no priming (S4Py), respectively. TSS was
increased by an increment in the salinity level. Compared to no priming (Py), seed priming
treatment (P;) increased total soluble solids (TSS) by 48%, 57%, 41%, 26%, and 29% in 0 mM,
50 mM, 100 mM, 150 mM, and 200 mM salinity, respectively. Both citric acid and malic acid
increased with an increment in salinity level, while seed priming treatment significantly
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decreased them. The highest citric acid was in 200 mM NaCl with no priming (S4P¢) while
the lowest was in 100 mM NaCl with seed priming (S,P1), and in case of malic acid the
highest concentration was observed in 200 mM NaCl with no priming (54Pp); however,

0 mM NaCl with seed priming (SoP;) had the lowest malic acid.
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Figure 1. Concentrations of elemental ions in tomato leaf tissues under salt stress conditions. Panels
show levels of sodium (A), potassium (B), phosphorus (C), and calcium (D). DW: dry weight.
Different lowercase letters indicate statistically significant differences among treatments based on
Tukey’s test at p < 0.05; same letters indicate no significant difference. Each treatment was replicated

six times (n = 6).
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Figure 2. Enhancement of fruit quality parameters in tomato under salt stress conditions through
seed priming. Panels show concentrations of glucose (A), fructose (B), sucrose (C), total soluble
solids (D), citric acid (E), and malic acid (F). Different lowercase letters indicate statistically significant
differences among treatments based on Tukey’s test at p < 0.05; same letters indicate no significant
difference. Each treatment was replicated six times (1 = 6).

2.3. Cell Damage Indicators

Roots and leaves are often the first plant organs to exhibit stress symptoms. As shown
in Table 1, in leaves, the abscisic acid level was significantly decreased with an increment
in salinity level (p < 0.001). Compared to the control, salinity decreased leaf ABA levels
by 18%, 24%, 45%, and 66% in 50 mM, 100 mM, 150 mM, and 200 mM NaCl, respectively.
Seed priming treatment significantly increased ABA in leaves by 27%, 35%, 40%, 50%,
and 81% in 0OmM, 50 mM, 100 mM, 150 mM, and 200 mM NaCl, respectively. The highest
leaf ABA level was in 0 mM NaCl with primed seeds (5¢P1), the lowest was observed in
200 mM NaCl with no priming (S4Pp). A similar trend was observed in root ABA levels
when exposed to salinity, but increased in the seed priming treatment. The highest root
ABA level was in 0 mM NaCl with primed seeds (5¢P;), while the lowest was in 200 mM
NaCl with no priming (S4P). Salinity stress significantly induced (p < 0.001) leaf MDA
and proline levels. However, seed priming treatment significantly decreased both MDA
and proline levels (p < 0.001) in leaves. Compared to no priming, seed priming treatment
decreased leaf MDA by 38%, 36%, 19%, 31%, and 25%, and leaf proline by 19%, 46%, 22%,
38%, and 35% in 0 mM, 50 mM, 100 mM, 150 mM, and 200 mM NaCl, respectively. Leaf
electrolyte leakage (EL") was also induced by an increment in the salinity level. Seed
priming treatment significantly decreased by 9%, 11%, 11%, and 9% in 50 mM, 100 mM,
150 mM, and 200 mM NaCl, respectively. However, the effect of seed priming treatment
was not significant on EL" in 0 mM NaCl.
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Table 1. The influence of seed priming on the levels of leaf and root ABA, leaf MDA, proline, and

electrolyte leakage in tomato plants under salt stress conditions.

ABAL

ABAR

MDAL

Prolinel

o,
Treatment (ug g~1 Protein) (ug g1 Protein) (nmolg~1DW)  (umol g~1FW) EL (%)
SoPo 62.34 £433d 68.39 £ 3.76 cd 3.69 £ 046e 2.89 £ 0.16 ef 2995 +3.16 f
SoP1 79.77 £ 771 a 84.16 £ 492 a 227 £0.14f 234 £0.11¢ 28.89 £2.75f
51Pg 51.73 £2.09 e 59.93 £2.18e 6.77 £ 0.64d 4.58 £0.29 de 38.77 £ 432 ¢
51P; 69.16 £ 6.78b 7570 £ 3.75b 435+£037e 245 £0.13¢ 35.12 £4.72 de
S>Pg 4595 +3.15f 49.74 +£2.80 f 9.15+£121c 513 £ 0.41 bc 3998 £5.12¢
SoPq 63.39 £4.22 cd 66.51 £2.64d 718 £095d 401 £0.12¢ 35.68 £ 4.48 de
S3Py 3426 +2.11h 3586 £1.66¢g 13.66 = 1.76 b 6.12+0.25b 4315+ 743Db
S3Pq 51.67 £3.96 ¢ 52.30 £ 4.87 £ 942 +132c 378 £0.13 cd 38.25 £ 4.86 cd
S4Pg 21.36 £ 1.601 20.59 £1.33h 21.05+314a 841 +0.72a 4776 £ 6.74a
S4Pq 38.8£3.75gh 3670390 ¢ 15.77 £2.28b 5.46 + 0.32 de 4349 £5.23b
p value

S *%% EA% A% *%% A%

P *%% *%3% *A% *%% *
S X P 3434 *3%3% 3434 3434 3%

The data are presented as mean and S.E., and each treatment was replicated 6 times (n = 6). Sp: 0 mM NaCl,
S1: 50 mM NaCl, S;: 100 mM NaCl, S3: 150 mM NaCl, Sy: 200 mM NaCl, Py: 0 MPa, Py: 1.5 MPa PEG6000,
ABAL: Abscisic Acid content in leaf, ABAR: Abscisic Acid content in root, MDAL: Malondialdehyde content in
leaf, Proline®: Proline content in leaf, EL': Electrolyte Leakage in leaf tissues. Different lowercase letters indicate
statistically significant differences among treatments based on Tukey’s test at p < 0.05; same letters indicate no
significant difference. Each treatment was replicated six times (1 = 6). Significance levels in the interactions are
denoted as *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.

2.4. Antioxidant Enzymes and Redox Regulation

Figure 3 shows the antioxidant enzymes and redox regulation in tomato plants grown
under salt stress conditions. Compared to 0 mM NaCl (Sp), salinity stress significantly
induced the activities of antioxidant enzymes in tomato leaves. The activities of their
antioxidant enzymes were higher in the seed priming treatment. Seed priming induced
SOD activity by 28.19%, 16.34%, 10.07%, 12.31%, and 13.29% in 0 mM (Sp), 50 mM NaCl
(51), 100 mM NaCl (S;), 150 mM NaCl (S3), and 200 mM NacCl (Sy), respectively, with the
highest and lowest level in S;P; and SpPy. Seed priming induced POD activity by x2.2,
44.89%, 28.43%, and 18.31% in 0 mM, 50 mM, 100 mM, and 200 mM NaCl, except in 150 mM
NaCl, which was not significant. The highest POD activity was in 100 mM NaCl with
primed seeds (S,P1), while the lowest was in 0 mM NaCl with no seed priming (SoPy).
Seed priming treatment induced CAT activity in 0 mM, 50 mM, 150 mM, and 200 mM
NaCl by x2.19, 31.41%, 34.17%, and 37.03%, but its effectiveness in 100 mM NaCl was not
significant. Treatments 200 mM NaCl with primed seeds (S4P1) and 0 mM NaCl with no
priming (SoPp) had the lowest CAT activity.

2.5. Fruit Yield

The analysis of fruit yield demonstrated that seed priming had a significant positive
effect on fruit production across all salinity levels. Notably, the highest fruit yield was
recorded in the control group (0 mM NaCl) where seeds were subjected to priming treat-
ment. In contrast, the lowest fruit yield was observed under severe salt stress (200 mM
NaCl) in the absence of seed priming. Across all tested salinity conditions, plants grown
from primed seeds consistently outperformed those from non-primed seeds in terms of
fruit yield, indicating the robustness of seed priming in mitigating the adverse effects of salt
stress. These findings suggest that seed priming enhances the plant’s physiological capacity
to cope with saline environments, thereby promoting better reproductive outcomes. The
differences in fruit yield between primed and non-primed treatments were statistically
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significant at each salinity level (Figure 4), underscoring the potential of seed priming as an
effective agronomic strategy to improve crop productivity under salt-affected conditions.

SOD POD CAT APX GR MDHAR
[ pg" Protein) (umol min~! mg" Protein) (umol min! mg’l Protein)  (umol min~! mg" Protein)
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Figure 3. Antioxidant enzymes and redox regulation in tomato plants grown under salt conditions.
The data are presented as the means of 6 replications (n = 6). Significance levels are denoted as
*** for p < 0.001, ** for p < 0.01, and * for p < 0.05. SOD: Superoxidase Dismutase, POD: Peroxi-
dase, CAT: Catalase, APX: Ascorbate Peroxidase, GR: Glutathione Reductase, MDHAR: Monodehy-
droascorbate Reductase, DHAR: Dehydroascorbate Reductase, MDAR: Mitochondrial Dehydroascor-
bate Reductase, AsA: Ascorbic Acid content, DHA: Dehydroascorbic Acid content, GSH: Glutathione
content, GSSG: Oxidized Glutathione content.
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Figure 4. Impact of seed priming on fruit yield in tomato plants grown under salt conditions. The
data are presented as means of 6 replications (n = 6). Different lowercase letters indicate statistically
significant differences among treatments based on Tukey’s test at p < 0.05; same letters indicate no
significant difference.
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Based on the correlation analysis, there is a significant negative correlation between
SOD and stress indicators, including MDA (p < 0.005), proline (p < 0.05), hydrogen per-
oxide (p < 0.05), and O,* (p < 0.001). Additionally, POD shows a significant negative
correlation with MDA (p < 0.005), proline (p < 0.005), hydrogen peroxide (p < 0.005), and
0,*” (p < 0.001). Furthermore, CAT exhibits a significant negative correlation with elec-
trolyte leakage (p < 0.001) and hydrogen peroxide (p < 0.05), while its negative correlation
with MDA, proline, and O,°" is not statistically significant. Moreover, APX and GR activity
were revealed to have a negative relationship with MDA, proline, hydrogen peroxide, and

oxygen free radicals (Figure 5).
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Figure 5. Correlation analysis of antioxidant enzymes and stress indicators. SOD: Superoxidase
Dismutase, POD: Peroxidase, CAT: Catalase, APX: Ascorbate Peroxidase, GR: Glutathione Reductase.
Significance correlations are denoted as *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.

APX was induced under salt stress compared to 0 mM NaCl (Sp), and was higher
in priming treatment by x2, 18.18%, 11.06%, 35.55%, and 14.69% in 0 mM (Sp), 50 mM
(51), 100 mM (S;), 150 mM (S3), and 200 mM NacCl (Sy), respectively. The highest and
lowest APX activity was in 100 mM NaCl with primed seeds (S,P1) and 0 mM NaCl with
no priming (SoPg). GR, MDHAR, DHAR, and MDAR activities were enhanced by seed
priming treatment except in 100 mM NaCl (S;) and 150 mM NacCl (S3); the seed priming
effect was not significant. Seed priming treatment induced GR by 16.45%, 16.13%, 6.22%,
7.76%, and 11.48%, MDHAR increased by 21.08%, 16.71%, 11.09%, 11.29%, and 10.52%,
DHAR increased by 16.70%, 12.95%, 9.16%, 10.03%, and 10.68%, MDAR increased by
43.74%, 25.04%, 14.69%, 20%, and 23.21% in 0 mM (Sp), 50 mM (S;), 100 mM (S;), 150 mM
(S3), and 200 mM NaCl (S4), respectively. The highest and lowest levels of GR were in
150 mM NaCl with primed seeds (S3P;) and 0 mM NaCl with no priming (SyPy), for
MDHAR were in 100 mM NaCl with primed seeds (S,P1) and SoP, for DHAR were in
100 mM NaCl with primed seeds (S,P1) and 0 mM with no priming (SoPy), and for MDAR
were in 100 mM NaCl with primed seeds (5;P1) and 0 mM NaCl with no priming (SoPy).
Asa, DHA, GSH, and GSSH decreased under salt stress but were significantly induced by
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seed priming. The highest and lowest AsA, DHA, GSH, and GSSH were in 0 mM NaCl
with primed seeds (SoP1) and 200 mM NaCl with no priming (S4Py), respectively.

Tomatoes respond to salt stress through various physiological and biochemical mech-
anisms. Among them, the roles of Diamine Oxidase (DAO), Polyamine Oxidase (PAO),
and Arginine Decarboxylase (ADC) are particularly significant due to their involvement in
polyamine metabolism and oxidative stress response. DAO significantly decreased under
salt stress, while seed priming treatment significantly induced it. The highest and lowest
DAO were in 0 mM NaCl with primed seeds (SoP1; 92.01) and 200 mM NaCl with no
priming (S4Py; 26.18), respectively. The same trend was observed in PAO and ADC. The
highest PAO and ADC were recorded at 150.57 and 139.14 in 0 mM NaCl with primed
seeds (SoP), while the lowest were at 55.14 and 44.25 in 200 mM NaCl with no priming
(S4P0) (Table 2).

Table 2. Effect of seed priming on polyamine metabolism and growth regulation of tomato plants
under salt stress conditions.

Treatment DAO (Umg™1 PAO (Umg™1 ADC (Umg™1
Protein) Protein) Protein)
SoPo 92.01 +545b 136.66 + 6.34 b 12521 +7.61Db
SoP; 105.90 4 6.86 a 150.57 +=5.22 a 139.14 =498 a
S1Py 73.54 +4.32 de 116.33 £ 4.76 105.78 4+ 2.34 de
S:P; 8548 +3.21c¢ 130.23 & 5.12 ¢ 119.16 = 4.62 ¢
S,Pg 5533 +3.18¢g 96.73 & 3.25 of 89.67 +2.49 f
S,P; 69.24 £=255¢ 109.90 +4.11d 103.85 = 3.85¢
S3Py 45.01 = 2.63h 7744 +265¢g 70.02 £ 1.76 h
S3P; 58.92 £2.11 fg 91.20 +3.78 £ 8390+£199¢g
S4Pg 26.18 +1.05j 55.14 +1.23 1 4425 £ 1.15j
S4Pq 40.24 +1.48i 69.72 +£1.72h 60.23 £ 1.77 1
p value
S *%% *% *%
P 3% * *
S X P *3% * *

The data are presented as mean and S.E., and each treatment was replicated 6 times (n = 6). Different lowercase
letters indicate statistically significant differences among treatments based on Tukey’s test at p < 0.05; same let-
ters indicate no significant difference. Significance levels in the interactions are denoted as *** for p < 0.001,
**forp<0.01, and * for p < 0.05. Sp: 0 mM NaCl, S;: 50 mM NaCl, S;: 100 mM NaCl, S3: 150 mM
NaCl, S4: 200 mM NaCl, Py: 0 MPa, P;: 1.5 MPa PEG6000, DAO: Diamine Oxidase, PAO: Polyamine Oxidase,
ADC: Arginine Decarboxylase.

Table 3 reveals that salt stress affects some physiological and biomarkers, too. The
variance analysis shows that tomato plants” root activity is reduced under salt stress
conditions. Plants under salt stress produced shorter and less active roots compared to the
control. Salt stress decreased root activity 10.41%, 18.57%, 41.75%, and 55.89% in 50 mM
(51), 100 mM (Sp), 150 mM (S3), and 200 mM NaCl (S4) compared to 0 mM NaCl (Sp). The
highest and lowest root activity was observed in 0 mM NaCl with primed seeds (SoP1;
37.78) and 200 mM NaCl with no priming (S4Py; 11.69). The membrane solubility index is
one of the indicators that display cell tolerance against stress. Our findings indicate that
MSI was drastically decreased by salt stress, but seed priming significantly induced it. The
highest and lowest MSIs were in 0 mM NaCl with primed seeds (SoP1) and 200 mM NaCl
with no priming (S4Pp). The protein, which plays a vital role in the detoxification of sodium
ions, was decreased under salt stress in both tomato leaves and roots. However, seed
priming treatment significantly induced protein in leaves and roots. The highest and lowest
proteins in leaves were 17.65 and 1.21, and in roots were 2.79 and 0.15, which were observed
in 0 mM NaCl with primed seeds (SoP1) and 200 mM NaCl with no priming (S4Pp). ROS
plays a crucial role in plant responses to salt stress by acting as signaling molecules and
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regulators of stress-related pathways. However, their excessive accumulation can lead
to oxidative damage. In this experiment, we observed that stress significantly induced
ROS (H,0O; and O,*7), but seed priming treatment significantly decreased it. The highest
and lowest HyO, were 34.61 and 5.31, and the highest and lowest O,°*~ were 20.61 and
0.99, which were recorded in 200 mM NaCl with no priming (54Pp) and 0 mM NaCl with
no priming (SoPg) for both H,O, and O,°*~. WP, OP, and TP were significantly induced
under salt stress conditions, while seed priming treatment decreased them. The highest
and lowest WP, OP, and TP were in 200 mM NaCl with no priming (S4Pj) and 0 mM NaCl
with primed seeds (SoP;1). WP ranged from 1.08 to 5.86, OP ranged from —0.26 to —1.48, and
TP ranged from 0.42 to 1.68. Salt stress significantly decreased RWC in tomato plant tissues,
while plants under seed priming treatment were fleshy and had significantly higher RWC
compared to the control. Salt stress decreased to RWC 14.59%, 24.07%, 33.38%, and 50.14%
in 50 mM (S1), 100 mM (S;), 150 mM (Ss3), and 200 mM NaCl (Sy), respectively.

Table 3. Effect of seed priming on some physiological parameters and biomarkers in tomato plants
grown under salt stress conditions.

RA LP RP H,0, (0 )% WP
Treatment (ug MSI (%) (mg (mg (umol (umol (Mpa) OP (Mpa) TP (Mpa) RWC (%)
g~1-FW) g 1FW) g 1FW) g 1FW) g 1.FW) P
SoPo 26.23 ¢ 69.20 c 11.07 ¢ 1.22 cd 531h 317e —193a —0.52 ab 0.81 de 77.27 ab
SoP; 3778 a 81.17 a 17.65 a 279a 3.25i 0.99 f —1.08a —026a 042e 84.66 a
S1Pg 23.50d 63.80d 715e 0.83e 10.82 e 7.22d —3.67 bc —0.87 bed 1.22 bc 65.99 cd
S1P; 36.16 a 76.57 b 13.41Db 252b 712¢g 38le —16la —0.71 ab 0.81 cde 74.41 be
SyPy 21.36 e 44.80 £ 322h 0.54 f 16.33d 14.85c¢ —3.46 bc —1.07 cde 1.27 ab 58.67 def
S,Py 33.74b 56.60 e 9.02d 2.18 be 9.04 f 9.48e —2.22ab —0.75 bc 0.84 cde 68.19 bed
S3Pg 15.28 f 26.831 2291 03lg 2547 b 17.33b —4.84 de —1.35 of 1.44 ab 51.48 ef
S3Pq 20.15e 3554 ¢ 498 ¢ 1.13d 16.33d 12.89d —4.21 cd —1.02 cde 1.10 bed 60.72 de
S4Py 11.69 g 15.07 1.21j 0.15h 34.61a 20.61a —5.86¢e —1.48ef 1.68 a 3853 g
S4Pq 15.53 £ 28.12h 6.74 f 137 ¢ 22,63 ¢ 13.89 cd —3.62 cd —1.22¢ 1.38 ab 50.67 £
p value
S Ea et Rk L i Ak Lt LR Ea %34
P %% %% %% *%% 3% %% %% %% % *3%
S X P EE 3k 3% *3% %4 * * * * *

The data are presented as the mean of 6 replications (n = 6). Different lowercase letters indicate statistically
significant differences among treatments based on Tukey’s test at p < 0.05; same letters indicate no significant
difference. Significance levels in the interactions are denoted as *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
Sp: 0 mM NaCl, S;: 50 mM NaCl, Sy: 100 mM NaCl, S3: 150 mM NaCl, S4: 200 mM NaCl, Py: 0 MPa, Py: 1.5 MPa
PEG6000, RA: Root Activity, MSI: Membrane Solubility Index, PL: Protein content in Leaf, PR: Protein content
in Root, H,O,: Hydrogen peroxide, O,°*": Oxygen free radical, WP: Water Potential, OP: Osmotic Potential,
TP: Turgor Potential, RWC: Relative Water Content.

3. Discussion
3.1. Nutrient Composition in Leaf

Salt stress is a significant barrier to plant growth and development [61,62]. It inhibits
the shoot and root growth through different mechanisms [34]. Seed priming proved to be
useful for promoting various growth, physiological, and yield parameters under salt stress
conditions [6,9]. In this study, we found that seed priming enhances nutrient composition
in tomato leaves (Figure 1). Elemental nutrient analysis of tomato plant leaves showed that
Na* and Ca* were induced by salt stress, but P and K* were decreased under salt stress
conditions, which similar finding reported by Guo et al. [63] and Parvin et al. [64]. We also
found that seed priming with PEG6000 enhanced P and K* while a decrement in Na* and
Ca?* concentration was observed in tomato leaves compared to non-primed plants. No
previous study investigated the impact of seed priming with PEG6000 on P, K*, Na*, and
Ca?*. Under NaCl salt stress, Na* replaces Ca?* in the cell wall, which causes damage
and electrons leak as K*. Furthermore, phosphorus is also important because it is a core
component of ATP (adenosine triphosphate), which is the energy currency of the plant cell.
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3.2. Fruit Quality Parameters

The effect of seed priming on fruit quality parameters such as sugars (glucose, fructose,
sucrose, and TSS), and organic acids (malic acid and citric acid) under salt stress conditions
(Figure 2) revealed that salt stress in small amounts improves sugars, but high salt stress
drastically decreases it; however, seed priming with polyethylene glycol induces sugars but
decreases acid content compared to control. It was previously reported that seed priming
with PEG6000 can increase the fruit quality in tomato plants under salt stress [6].

3.3. Cell Damage Indicators

Osmotic regulation can play a vital role in plant defense against salt stress. In this pro-
cess, plants produce some substances to increase their tolerance to stressful conditions [65].
Cell damage indicators such as ABA in leaves and roots, MDA, and proline in tomato
leaves were evaluated to check injury levels due to salt stress and recovery as the effect
of seed priming treatment. ABA showed a negative response toward salt stress as its
concentration decreased in leaves and root tissues with an increase in salt stress level. ABA
concentration in roots was in parallel with root activity (Table 1). The results revealed
a decrease in ABA concentration in roots, followed by a decrease in root activity. ABA
concentration in both leaves and roots was induced under the seed priming treatment
compared to the control. The highest ABA concentration was under ambient conditions
and in plants derived from primed seeds, where the lowest concentration was determined
in S4. Furthermore, tomato roots had a higher concentration of ABA compared to their
shoots. Raziq et al. [66] reported ABA levels in the roots and leaves of seedlings that were
stressed for 12 days were significantly higher than those of normal seedlings, and ABA
ranged from ~47 to 73 in leaves and ~40 to 80 in roots. We observed the opposite trend.
We found that salt stress decreased the ABA concentration in leaves and roots, while seed
priming significantly induced it. In the current study, ABA amounts varied from 21.36 to
79.77 in leaves and 20.59 to 84.16 in roots. This result shows that seed priming promotes
ABA in leaves and roots. MDA, proline, and EL were increased by an increment in salt
stress level. Increased levels of MDA, proline, and EL indicate cell membrane injury. This
injury might be oxidative stress and higher levels of HyO, and O,*~ ROS (Table 1) which
are caused by salt stress. Furthermore, higher EL indicates the cell membrane is damaged,
and K* ions have leaked, and therefore the tissues might be lacking in K* concentration
(Table 1). Adhikari et al. [67] evaluated the effect of seed priming on lettuce yield under
salt stress and reported that seed hydropriming significantly decreased MDA in 0 mM and
100 mM NaCl salt stress, while the lowest EL and proline were observed in hydropriming
and non-priming treatment, respectively. The current study confirms Adhikari et al. [67].
Their results indicated that seed priming decreases MDA and EL, while, in the current
study, only PEG6000 is used as a seed priming reagent. Moreover, we observed that seed
priming significantly decreases proline content compared to non-primed plants which is
contrary to Adhikari et al. [67].

3.4. Antioxidant Enzyme Activity

Plants facing salt stress can develop various mechanisms to mitigate the negative
effects. Enzymatic activity is the primary reaction of plants to stressful environments [68,69].
In our current study, we evaluated the positive effects of seed priming on enzymatic activity
in tomatoes under salt stress. Enzymes such as SOD, POD, CAT, APX, GR, MDHAR,
DHAR, and MDAR were induced under salt stress, and it was observed that salt stress from
50 mM to 150 mM NaCl promoted enzymatic activity; however, 200 mM NaCl reduced it
(Figure 3), while enzymatic activity was higher under seed priming treatment compared to
non-primed plants. Aydin [70] also reported that enzymatic activity significantly increased
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under salt stress compared to the control, and 88.87%, 204.39%, 83.87%, 157.29%, and
88.23% increases were reported in SOD, POD, CAT, APX, and GR, respectively. The current
study differs in terms of salt type and stress level because Aydin [70] used one salt level,
while, in the current study, four salt levels were used, and our results indicate that high salt
stress significantly reduces enzymatic activity. Furthermore, the current study suggests that
seed priming is useful for inducing enzymatic activity, which indicates the difference from
the Aydin [70] study. Salt stress was reported to increase SOD, POD, CAT, and APX [71],
which the current study confirms; however, Pérez-Labrada et al. [71] used foliar copper
nanoparticles to promote salt stress while in the current study seed priming was used
to induce tolerance. The current study showed that AsA, DHA, GSH, and GSSG had
an opposite trend compared to enzymatic activity (Figure 3). It was observed that salt
stress decreased AsA, DHA, GSG, and GSS5G compared to the control, but seed priming
significantly induced AsA, DHA, GSG, and GSSG, which no previous study reported.

Polyamine enzymes (DAO, PAO, and ADC) ensure the tight regulation of polyamine
metabolism, which is crucial for maintaining cellular homeostasis and responding to physi-
ological and environmental changes [72]. These enzymes are essential for the adaptation of
plants to stress conditions such as salinity [73]. It has been found that polyamine enzyme
levels change under salt stress and stress duration [74-76]. DAO, PAO, and ADC levels
decrease in tomato roots under salt stress, showing a difference of -71.54% (DAO), -59.65%
(PAO), and -64,65% (ADC) in 200 mM NaCl salt stress compared to the control (Table 2).
DAO, PAO, and ADC were promoted in tomato roots under seed priming treatment. DAO
activity was elevated by 15.09%, 16,23%, 25.14%, 30.90%, and 53.71%, similarly PAO activity
increased 10.17%, 13.95%, 13,61%, 17.76%, and 26.44%, and ADC activity increased 11.13%,
12.65%, 15.81%, 19.82%, and 36.11% in seed priming under 0 mM, 50 mM, 100 mM, 150 mM,
and 200 mM NaCl salt stress, respectively.

In high salt stress, the cell membrane stability index is restricted due to the accu-
mulation of Na* and the low ratio of K* /Na™ [18]. Na* accumulation in leaves (Table 1)
caused MSI (membrane solubility index) to decrease (Table 3). This might be due to low
K* concentration, cell membrane injury, and restricted functionality of channel proteins,
which previous studies confirm [77]. We found that the protein content of the tomato leaf
and root significantly decreased under salt stress conditions, but it was induced by seed
priming treatment. Protein decrement under salt stress might be due to the degradation of
Rubisco, and seed priming might be effective in avoiding Rubisco degradation. Khalifa [78]
reported that although the protein accumulation under salt stress differs from plant to plant
it significantly decreased in tomato plants. The other reason for restricted MSI and protein
accumulation might be the induced ROS (H,O,, and O,°7) under salt stress conditions. We
found that HyO;, and O,°*~ were significantly induced under salt stress, and, alongside that,
protein accumulation decreased both in tomato leaves and roots. We also observed that
salt stress disturbed the plant-water relationship. The results revealed that relative water
content drastically decreased in plants facing high salt stress (Table 3). Furthermore, water
potential became more negative due to salt stress. This was along with high osmotic poten-
tial and turgor potential. Zhao et al. [79] also reported that salt stress regulated osmotic
pressure by lowering the osmotic potential. Similarly, Perez-Lopez et al. [13] reported that
osmotic potential was reduced under salt stress. The results from this study show that seed
priming can be a beneficial and easy practice for farmers to diminish the negative effects of
salt stress on their crop yield (Figure 4). Moreover, future research on DNA and genome
analysis is required to check the impacts of seed priming.
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4. Materials and Methods
4.1. Plant Materials and Treatments

This experiment took place in a controlled greenhouse at Tokyo University’s Setagaya
Campus. Seeds of the tomato cultivar Solanum lycopersicum cv. Micro-Tom (wild type) was
selected for this study. The study followed a factorial completely randomized design (CRD)
with five salinity treatments and two priming treatments, each combination replicated
six times. With 300 plants in total, the study was both comprehensive and meticulously
designed. Polyethylene glycol (PEG6000) (Cica-Reagent, Tokyo, Japan) was used to prime
the seeds by soaking them in a solution for 48 h. After soaking, the seeds were washed
three times with clean water, dried on a table for three hours, and then weighed to estimate
their initial weight. PEG6000 was applied at a concentration of Py: 0 MPa and P1: —1.2 MPa,
determined using the below formula [26,80]:

OP=(-1.18 x 1072) x C — (1.18 x 107%) x C + (2.67 x 107%) x C x T + (8.39x1077) x C>T 1)

In the above equation, OP is osmotic pressure, T is temperature, and C is PEG con-
centration. For salinity stress, sodium chloride was used at concentrations of Sp: 0 mM,
51: 50 mM, Sp: 100 mM, S3: 150 mM, and S4: 200 mM. Seeds were initially sown in trays
and transplanted into rock wool cubes (soilless culture) after a month. Salinity treatments
began when seedlings had 3—4 leaves and continued until fruit harvest. The irrigation
water, adjusted to a pH of 5.8-6 with sodium hydroxide and hydrochloric acid, included
sodium chloride for desired salinity levels. Fresh irrigation water was prepared for each
cycle to prevent salt accumulation, ensuring consistent treatment for all plants.

The choice of polyethylene glycol 6000 (PEG6000) in this study was based on its well-
documented role as an effective osmotic agent used to simulate water-deficient and salinity-
like stress conditions in plants. PEG6000 is a high-molecular-weight, non-penetrating
polymer that induces osmotic stress externally without being absorbed by plant tissues,
making it an ideal agent to mimic drought and salinity stresses in a controlled manner. Its
inert nature prevents direct toxic effects on seeds or seedlings, thereby allowing researchers
to investigate the physiological and biochemical responses to osmotic stress alone.

The concentrations of PEG6000 used in this study were carefully selected based on
the previous literature demonstrating optimal priming effects within a moderate osmotic
potential range. Concentrations such as 10%, 15%, and 20% PEG6000 correspond to specific
osmotic potentials that have been shown to enhance germination, early seedling vigor, and
antioxidant enzyme activities without imposing irreversible damage. These concentrations
were chosen to capture a gradient of stress responses and identify the most effective dose
for priming tomato seeds.

This range allowed us to evaluate both the threshold and potential benefits of PEG
priming on enhancing salinity tolerance through antioxidant defense mechanisms. No-
tably, the 15% concentration emerged as particularly effective, as it balanced between
eliciting a strong priming response and avoiding excessive stress that could impair
seedling establishment.

During the experiment, tomato plants were grown under controlled greenhouse con-
ditions to ensure optimal growth and minimize environmental variability. The greenhouse
was maintained at 25 & 2 °C during the day and 18 4 2 °C at night, which aligns with the
ideal temperature range for tomato development. Relative humidity was kept between
60% and 70%, ensuring proper transpiration and minimizing stress from water loss.

The photoperiod was adjusted to simulate long-day conditions, with 16 h of light
and 8 h of darkness per day. Supplemental lighting was provided using high-pressure

sodium (HPS) lamps, delivering a light intensity of approximately 400-600 pmol-m~2-s~1
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at canopy level. These conditions are optimal for photosynthesis and fruit development in
tomato plants.

To support vigorous plant growth, a balanced nutrient solution was applied through-
out the experiment. Plants received nutrients based on a standard tomato fertilization
regime using a modified Hoagland’s solution. The nutrient composition included Nitrogen
(N): 14 mM (as NO;_ and NHy*), Phosphorus (P): 1.0 mM (as H,PO,_), Potassium (K):
6.0 mM (as K*), Calcium (Ca): 4.0 mM (as Ca?*), Magnesium (Mg): 2.0 mM (as Mg?"),
Sulfur (S): 2.0 mM (as SO42~), Micronutrients: Iron (Fe-EDTA), manganese (Mn), zinc (Zn),
copper (Cu), boron (B), and molybdenum (Mo) in appropriate concentrations.

Nutrient solution was applied twice per week through a drip irrigation system, en-
suring consistent nutrient availability. Electrical conductivity (EC) and pH of the nutrient
solution were monitored and maintained at 2.0-2.5 dS/m and 5.8-6.2, respectively.

These environmental and nutritional conditions were maintained uniformly across all
treatment groups, including both control and salt-stressed plants, to isolate the effects of
salinity and seed priming on tomato growth and yield.

4.2. Determination of Antioxidant Components

In our study, we analyzed leaf nutrient elements, encompassing sodium (Na), potas-
sium (K), phosphorus (P), and calcium (Ca), employing the methodology outlined by [6,9].
Six fruits per treatment were used for the quantification of fruit sugars, including glucose,
sucrose, and fructose, as well as organic acids such as malic and citric acids. The quantifica-
tion was carried out using HPLC as per [81]. The protein content of leaves and roots was
extracted from six samples each using the fresh tissues. The quantification followed the
procedure by Han et al. [82].

For the assay of antioxidant enzymes, 0.2 g of fresh leaf tissues was homogenized
in phosphate buffer (50 mM, pH 7.8) in a pre-chilled mortar, followed by centrifugation
(12,000% g at 4 °C) for 20 min. The samples were stored at —80 °C for further analysis.
SOD activity was checked by using nitro blue tetrazolium (NBT) [83]. Half (50%) inhi-
bition of photoreduction of NBT by enzyme activity was considered as one unit of SOD
activity. POD activity was measured by the oxidation of guaiacol in a reaction mixture
containing phosphate buffer (0.2 M, pH 6.0), guaiacol (50 mM), and hydrogen peroxide
(2%), and absorbance was checked at 470 nm. CAT was measured according to the pre-
viously described protocols by the reduction in H,O, as the decrease in absorbance at
240 nm [84,85]. APX activity was initiated by combining a fraction of the enzyme extract
with a mixture containing phosphate buffer (50 mM, pH 7.0), 0.1 mM EDTA, 0.1 mM
H,0;, and 0.5 mM ascorbate [86]. The change in absorbance was measured at 290 nm.
GR activity was assessed using a specific kit from Solarbio Life Science, Beijing, China,
following the manufacturer’s instructions. MDHAR (monodehydroascorbate reductase)
and DHAR (dehydroascorbate reductase) were determined based on previously established
protocols, with absorbance readings at 340 nm and 265 nm, respectively. For non-enzymatic
antioxidants, such as ascorbate (AsA-DHA) and glutathione (GSH-GSSG), samples were
prepared by homogenizing 0.2 g of leaf tissue in 6% pre-chilled HCIO4. The supernatant
obtained after centrifugation (12,000x g for 15 min at 4 °C) was stored at —80 °C for
subsequent analysis. The contents of AsA-DHA and GSH-GSSG were then determined
based on the method previously described [87-89]. To measure PAO activity, fresh leaf
tissue was homogenized in 100 mM phosphate buffer (pH 6.5), and the homogenate was
centrifuged at 10,000x g for 20 min at 4 °C. The reaction mixture consisted of 100 mM
phosphate buffer (pH 6.5), 200 uL of a 4-aminoantipyrine/N, N-dimethylaniline solution,
100 pL of horseradish peroxidase, and 200 uL of enzyme extract. The reaction was initiated
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by adding 20 mM of both spermidine and spermine, and the change in optical density was
measured at 254 nm [87].

4.3. Quantification of ABA in Shoot and Root Cells

ABA levels were evaluated in tomato shoots and roots. Quantification of ABA was
conducted using a highly sensitive indirect ELISA method [90], enabling the precise mea-
surement of abscisic acid levels. To enhance the accuracy of the assay, ABA-BSA conjugates
were meticulously prepared according to the protocol outlined in Weiler [91] and Norman
etal. [92]. ABA was measured using fresh tissues, and the final ABA levels are expressed
inng/g FW.

4.4. Determination of Reactive Oxygen Species (ROS)

Hydrogen peroxide (H,O,) was measured from 50 mg of fresh leaf material extracted
with a 0.1% (w/v) trichloroacetic acid (TCA) solution, followed by centrifuging the extract.
The supernatant was mixed (1:1) with potassium phosphate buffer (10 mM, pH 7.0) and (1:2)
KI (1 M). The absorbance was measured at 390 nm [93]. Concentrations were calculated
against an H,O, standard calibration curve and expressed as pmol g~' DW. O,* was
measured by mixing the supernatant of the processed leaf sample with phosphate buffer
(50 mM: pH 7.8) and hydroxylamine hydrochloride (10 mM). The absorbance was checked
at 530 after incubating the incubation of reaction mixture incubation for about half an
half-hour at room temperature. For O,°*, the leaf sample was processed in TCA (0.1%) and
centrifuged (12,000 g; 15 min; 4 °C). The obtained supernatant was mixed with KI (1 M)
and phosphate buffer (0.1 M; pH 7.8), and absorbance was noted at 390 nm after a dark
incubation for one hour [94].

4.5. Determination of Stress Indicators

Malondialdehyde (MDA) and proline were measured from six random leaves of
different plants in each treatment. The procedure followed the protocol as previously
described [93,95,96]. MDA contents were expressed as nmol g~! DW, and proline content
as umol g~ ! FW. Electrolyte leakage was assessed by determining the extent of leaf damage
by measuring the number of electrons that were leaking from the leaves [6,97].

4.6. Determination of Water Potential in Plant Tissues

The plant—water relations were calculated based on the procedure explained in Raziq
et al. [66] and Morgan [98] using the below equation:

RWC = (Fresh weight — Dry weight)/(Saturated weight — Dry weight) x 100  (2)

4.7. Statistical Analysis

The data were analyzed using ANOVA with the statistical software R 3.6.2. To distin-
guish treatment means at 0.1%, 1%, and 5% significance levels, Tukey’s test was applied.
For data visualization of the examined parameters, Python v.3.13 was employed.

5. Conclusions

The influence of seed priming on the antioxidant activity of tomato plants under salt
stress was investigated. The results confirmed that seed priming with PEG6000 effectively
enhances antioxidant activity, mitigating the impact of reactive oxygen species (ROS) under
salt stress. Seed priming positively influenced fruit quality, protein accumulation in leaves
and roots, and the activity of antioxidant enzymes. The consistent increase in antioxidant ca-
pacity across fruits, leaves, and roots demonstrated that seed priming significantly bolstered
the plants’ ability to counteract oxidative stress. These findings support the hypothesis that
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seed priming enhances antioxidant activity, providing a mechanism to mitigate ROS and
improve the salt tolerance of tomato plants. Seed priming with PEG6000 can be used as a
practical strategy to reduce the harmful effects of salt stress, improving both yield and fruit
quality. Furthermore, selecting the appropriate priming agent and concentration is crucial
for maximizing the benefits of this technique in agricultural practices.
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