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ABSTRACT: Salt stress is a major threat to crop agricultural productivity. Salinity a�ects plants’ physiological

and biochemical functions by hampering metabolic functions and decreasing photosynthetic rates. Salinity causes

hyperosmotic and hyperionic stress, directly impairing plant growth. In this study, eggplant seeds primed withmoringa

leaf extract (5%, 10%, and 15%), nano-titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2mM)

at di�erent NaCl salt (0, 75, and 150 mM) concentration were grown. 
e germination attributes (�nal germination

percentage, germination index, mean germination time, and mean germination rate) and growth (root length, shoot

length, fresh biomass, and dry biomass) were enhanced in the primed seedlings by the di�erent priming agents, more

prominently in ascorbic acid primed seedlings. 
e accumulation of hydrogen peroxide was greater in seedlings with

higher salt levels. Similarly, the activity of antioxidant enzymes (superoxide dismutase, peroxidase, and catalase) was

higher in primed seedlings compared to the control. At 150 mM, the antioxidant capacity was higher than 75 mM, and

the seedlings’ sodium and chloride content was higher.
e results demonstrate that seedling germination, growth, and

activity of the antioxidant enzymes in ascorbic acid-primed seedlings increase their tolerance to salinity. 
erefore,

using di�erent ascorbic acid concentrations (0.5, 1, and 2 mM) as a priming agent to enhance germination and growth

in saline conditions has proven e�ective.
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1 Introduction


e agricultural industry faces many challenges, from using high amounts of pesticides to depleting

resources due to global climate change. With the world population expected to be approximately 10 billion

by 2050, food security is a major global risk of this century. Maintaining the high food demand with global

climate change a�ecting the environment is humongous.
e e�ects of global climate change, such as drought

and �ooding, are increasing the plants’ abiotic stress and decreasing productivity [1]. Salt stress is a major

factor in limiting agricultural productivity among the many abiotic stresses. 
e land area a�ected by salt is

20% andmore than 50% of the irrigated agricultural land [2].With the current trends of an increase in saline

soil due to overproduction, the salt stress land is expected to increase by 30%, and by the year 2050, 50% of

the agricultural land could be lost [3].

Saline soils are dominated mainly by chloride or sulfate salts; each salt a�ects the plant’s initial growth.

Due to salt stress, the uptake of necessary ions is reduced due to high sodium (Na+) and chloride (Cl−) ion

concentrations, which inhibit the uptake of Ca+ andK+ ions, negatively a�ecting the physiological processes
and signi�cantly reducing plant germination and seedling growth [1]. Plants are sensitive in the initial
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stages and more susceptible to stress. 
e growth inhibition is mainly caused by cytotoxicity and nutritional

imbalance due to the high uptake ofNa+ andCl− ions [4]. Salinity causes hyperosmotic and hyperionic stress,

which directly impair plant growth. 
e plant’s water absorption capacity is disturbed due to hyperosmotic

stresses. Salt stress inhibits cell expansion and stomatal closure due to high ionic accumulation, leading to

downregulation of metabolic processes and ultimately cell death [5].

Rapid seed germination is essential in crop production and quality under stressful conditions.
e rapid

growth of seedlings ensures the expansion of leaves and roots, leading to higher uptake of nutrients and

biomass production. Methods to develop and boost seed germination processes to recuperate from stress in

agriculture are essential [6]. Several strategies to improve plant growth, such as breeding and priming [7].

Priming has proven practical and cost-e�ective in remediating the risks associatedwith seed germination and

seedling emergence by inducingmetabolic activities. Seed priming treatment is done before sowing the seeds

by hydrating them in a speci�c environment to start the germination process. Seed priming improves the

seeds’ defense mechanisms to overcome the environmental stresses that hinder germination. Seed priming

improves rapid germination and crop establishment under stressful conditions. 
e e�ectiveness of seed

priming in saline conditions has been reported for wheat [8,9], corn [4], tomato [10], lentils [11], and

maize [12].

Moringa leaf extract (MLE) is rich in plant growth-promoting hormones such as cytokinin, which

stimulate several enzymes and protect plant cells from aging and the e�ects of reactive oxygen species

(ROS) [8]. Hassanein et al. [13] reported increased plant biomass with a high photosynthetic rate and

phytohormone content. Ascorbic acid has strong antioxidant potential and is a crucial factor in cell division,

photosynthesis, and hormone biosynthesis, playing an essential role in the early stages of germination [14].

Seed priming with ascorbic acid has been reported to increase the speed and uniformity of germination

by reducing the toxic compounds due to the antioxidant system [11]. A wide range of nanoparticles are

being used in the agriculture industry for remediation purposes, elongating roots in saline conditions, and

alleviating salt stress [15]. Titanium dioxide nanoparticle (TiO2) is a commonly used nanoparticle due to

its stimulating e�ects in accelerated seed germination [16,17]. Haghighi & Teixeira da Silva [18] reported

increased growth in tomatoes, onions, and radishes with the application of nano-TiO2.

Vegetables are mostly a�ected by salinity during production. Salinity a�ects the morphological, physio-

logical, and biochemical functions during the production phase of vegetables. Eggplant (Solanummelongena

L.), part of the Solanaceous family, is grown globally [19]. As a sensitive plant, its growth and yield decline

under high salt levels [20]. However, di�erent varieties respond uniquely to stress due to their physical,

biochemical, and physiological traits [21]. Rich in phenolic acids, eggplants provide health bene�ts, spurring

research into their salt tolerance in high-salinity environments [22]. 
is study aimed to use MLE, TiO2,

and ascorbic acid as plant bio-stimulants to induce priming e�ects in eggplant seeds during germination

and seedling development. 
is study encompasses the morphological observations during the growth and

biochemical processes like antioxidant enzyme activity and reactive oxygen species modulation, which are

essential in early growth in plants. 
e use of di�erent priming agents in the current study is vital in

understanding the potential of enhancing and improving the seed germination of eggplant seeds under

di�erent salt stress conditions.

2 Material and Methods

All the experimental procedures were carried out in the Environmental Science Center of Qatar

University. Eggplant seeds of Violetta lunga 2 from Zorzi Italy were collected for the experiment. Di�erent

concentrations of saline solutions of 0 (as control), 75, and 150 mM NaCl were prepared. Ten priming

solutions were prepared: control primed with water, MLE (5%, 10%, and 15%), TiO2 (0.02%, 0.04%, and

0.06%), and ascorbic acid (0.5, 1, and 2mM) at di�erent NaCl salt (0, 75, and 150mM), the concentration was
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selected by following the methods in previous studies [8,16,23]. 
e seeds were soaked in priming solutions

for 12 h and dried before placing them in Petri dishes at 22○C for the germination tests. A completely

randomized design (CRD) with three replications was applied in this study.


e experiment was carried out in sterilized Petri dishes with Whatman �lter paper number 1 a�er

humidifying with distilled water or NaCl solutions via spraying at 0 (S0), 75 (S1), and 150 mM (S2). Each

replicated Petri dish contained ten primed seeds.

2.1 Germination Attributes


e seeds’ germination was monitored daily until the maximum germination in the control was

achieved, 14 days a�er the start of the experiment. A�er the maximum elongation, the germination

parameters were calculatedwith germination index (GI),mean germination time (MGT),mean germination

rate (MGR), and �nal germination percentage (FGP) following Milivojević et al. [24].

Germination index = ∑
k

i=1

No. o f germinated seeds

the count day

Mean germination time =
∑k

i=1 n i t i

∑k
i=1 n i

where ti is the time from day one to the last day of observation, ni is the observed number of germinated

seeds on each day, and k is the last germination time.

Mean Germination rate =
1

MGT

Final germination percentage =
seed sgerminated

total No. o f seeds
× 100

2.2 Growth Attributes


e growth parameters of seedlings under di�erent salt stress treatments were assessed by measuring

the root length, shoot length, fresh weight, and dry weight at the end of the experiment. 
e seedlings were

dried in an oven at 65○C for dry weight estimation until a constant weight was achieved.
e greenness of the

leaveswasmeasured using a SPADmeter. A�er the experiment, the leaves’ quantumyield (QY)wasmeasured

with a chlorophyll �uorometer (FlourPen FP-100, Photon System Instruments, Drásov, Czech Republic).

2.3 Enzymatic Assays and Hydrogen Peroxide

300 mg of fresh samples were homogenized in sodium phosphate bu�er (pH 7.8) and centrifuged at

1500 rpm for 5 min. 
e supernatant was used for the analysis of superoxide dismutase (SOD), catalase

(CAT), and peroxidase (POD) was determined by following the method of Khalid et al. [25]. 
e hydrogen

peroxide (H2O2) was estimated by homogenizing 300 mg of sample in 3 mL of trichloroacetic acid (0.1%)

and centrifuging at 12,000 rpm for 15 min; the supernatant was used.
e analysis was done at the end of the

experiment at the early vegetative stage, 14 days a�er the start of the experiment.

2.4 Ion Concentration

TomeasureNa+ andCl−, dry samples of plants were taken fromprimed eggplant seedlings. ForNa+, wet

digestion was completed by heating 100 mg of plant material at 350○C.
e methodology of Ryan et al. [26],

using a �ame photometer, was used to measure Na. For Cl− analysis, 100 mg of each oven-dried leaf or

root sample was placed in a mu�e furnace at 400○C, and Hussain et al. [27] method was used using a

chloride electrode.
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2.5 Statistical Analysis


e data collected was analyzed using the Statistix 8.1 (USA) so�ware package. An analysis of variance

was done to examine the signi�cant di�erence between control and other treatments, and LSD tests were

used to compare means at a 5% probability level. Principal component analysis (PCA) was performed using

R. Pearson’s correlation was constructed in Excel.

3 Results

3.1 Germination Attributes


e FGP and GI showed that, with the increase in salinity, there was a decrease in FGP and GI (Fig. 1).


e seedlings primed with ascorbic acid showed the highest FGP at all salt stress levels (0, 75, 150 mM).
e

100% FGP at S0, 96.67% for 2 mM and 93.34% for 1 mM at S1, and 90% for 2 mM and 86.67% for 1 mM at

S2. 
e lowest FGP at all levels was observed in control H2O, with 66.67%, 60%, and 46.67% at S0, S1, and

S2. Similarly, the GI was observed to be the highest for all the treatments of ascorbic acid-primed seedlings,

with 2.4 for 0.5 mM at S0, 2.25 for 2 mM at S1, and 1.99 for 2 mM at S2. 
e minimum GI was observed in

MLE-primed seeds with 1.1 for 15% MLE at S0, 0.98 for 10% MLE at S1, and 1.01 for 10% MLE at S2.

Figure 1: E�ect of salt stress on eggplant seedlings treated with control (H2O), moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on Final germination percentage
(A) and Germination Index (B) (the error bars indicate standard error). 
e lowercase letters indicate the signi�cant
di�erence between data points. 
e level of signi�cance is p < 0.05
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e MGT for the TiO2 primed seedlings at S0 and S2 was the lowest with 3.65 and 3.95 for 0.06%

concentration, whereas at S1, the lowest was in ascorbic acid primed seedlings with 4.3 for 0.5 mM (Fig. 2).


e highest MGT was in MLE with 7.49 at S0 for 10%, 7.1 at S1 for 15%, and 6.46 at S2 for 10%. 
e MGR

was the highest in TiO2 and ascorbic acid primed seedlings with 0.27 for 0.06% TiO2 at S0, 0.232 for 0.5 mM

ascorbic acid at S1, and 0.253 for 0.06% TiO2 at S2. 
e lowest was in MLE-primed seedlings with 0.13 at S0,

0.15 at S1, and 0.16 at S2 for the 15% treatment (Fig. 2).

Figure 2: E�ect of salt stress on eggplant seedlings treated with control (H2O),moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on Mean Germination Time (A)
and Mean Germination Rate (B) (the error bars indicate standard error). 
e lowercase letters indicate the signi�cant
di�erence between data points. 
e level of signi�cance is p < 0.05

3.2 Growth Attributes

An increase in salt stress decreased the growth parameters in the seedlings of all treatments, a�er 14 days

from the start of the experiment (vegetative stage). 
e primed seedlings treatments showed better growth

than the control (Fig. 3).
e root length for the seedlings at S0 was observed longest in ascorbic acid primed
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seedlings with 2 mM (6.28 cm), 0.5 mM (6.14 cm), and 1 mM (5.96 cm), and the shortest root length was

observed in control (4.34 cm), 5% MLE (4.82 cm), and 0.02% TiO2 (4.85 cm). Similarly, the most extended

root length at S1 was observed in ascorbic acid-primed seedlings 0.5 mM (5.11 cm), 2 mM (5.06 cm), and

1 mM (5 cm), and the shortest was observed in TiO2 0.06% (3.56 cm), 0.04% (3.76 cm) and 0.02% (4.2

cm). 
e longest root length for the seedlings at S2 was observed in MLE primed seedlings, 10% (4.85 cm),

5% (4.8 cm), and 15% (4.78 cm), and the shortest was observed in TiO2 primed seedlings at 0.06% (3.44

cm) and 0.04% (3.48 cm). As for the root length, being longest in ascorbic acid primed seedlings, similar

results were observed with the shoot length for the seedlings at S0 with 2 mM (3.56 cm) and 1 mM (3.53 cm)

having the longest shoot, and the shortest was observed in control (2.71 cm) andMLE primed seedlings 10%

(3.08 cm). 
e most extended shoot length at S1 was observed in ascorbic acid-primed seedlings in 1 mM

(3.82 cm), 0.5 mM (3.5 cm), and the shortest was observed in control (2.6 cm), and 0.02% TiO2 (3.16 cm).


e shoot length for seedlings under high salt stress was observed to be the longest in ascorbic acid seedlings

2mM (3.19 cm) and 1mM (3.03 cm), and the shortest was observed in the control (2.43 cm) and TiO2 primed

seedlings 0.04% (2.46 cm).

Figure 3: E�ect of salt stress on eggplant seedlings treated with control (H2O),moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2mM) on Root length (A), Shoot length (B),
at the start of the vegetative stage (the error bars indicate standard error). 
e lowercase letters indicate the signi�cant
di�erence between data points. 
e level of signi�cance is p < 0.05
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Fresh and dry biomass were observed to be higher in seedlings with high salt concentrations (Fig. 4).


e seedlings at S0 with the highest fresh biomass were observed in TiO2 primed seedlings with 0.046 g for

0.06%, and the lowest was in the control at 0.036 g. Similarly, the highest fresh biomass at S1 was in TiO2-

primed seedlings at 0.06% with 0.052 g, while the lowest was in MLE-primed seedlings with 0.049 g for

15%. 
e fresh biomass at S2 was the highest in ascorbic acid primed seedlings, 1 mM, with 0.058 g, and the

lowest in T6 and T7, with 0.048 g.
e dry biomass was highest for ascorbic acid-primed seedlings at S0 with

0.5 mM and 0.0019 g at 1 mM, and the minimum was in control at 0.0011 g. For the seedlings at S1, the

maximum recorded dry biomass was for ascorbic acid seedlings, 0.5 and 1 mM, with 0.0015 g, and the

minimum was in control with 0.001 g. 
e dry biomass for seedlings at S2 was maximum in ascorbic acid

primed seedlings 1 mM (0.0013 g), and the minimum was recorded in the control (0.008 g).

Figure 4: E�ect of salt stress on eggplant seedlings treated with control (H2O), moringa leaf extract (5%, 10%, and
15%), titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on Fresh biomass (A) and Dry
biomass (B), at the start of the vegetative stage (the error bars indicate standard error). 
e lowercase letters indicate
the signi�cant di�erence between data points. 
e level of signi�cance is p < 0.05
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eSPAD andQY readings followed similar trends in all the treatments, with a decrease and an increase

in salinity levels (Fig. 5). 
e highest SPAD for S0 seedlings was highest in ascorbic acid primed seedlings

2 mM (59.67) and 1 mM (59.34), while the lowest was in MLE 15% (52.67) and 10% (53.34). For the S1

seedlings, the highest SPAD was recorded in 5% MLE and 2 mM ascorbic acid (49), and the lowest was at

15% MLE (41.34) and 0.04% TiO2 (41.67). 
e SPAD recorded for S2 seedlings was highest in 2 mM (38.34)

and 1 mM ascorbic acid (37.67), and the lowest was in 0.02% TiO2 (30.67). 
e QY values were higher at

lower salinity levels and decreased with the increase in salinity. 
e highest QY value for seedlings at S0 was

0.06% TiO2 (0.83) and 2 mM ascorbic acid (0.82), while the lowest was in 10% (0.8) and 5%MLE (0.81). 
e

highest QY values for seedlings at S1 were 2 mM (0.75) and 1 mM ascorbic acid (0.73) and the lowest in 10%

(0.634) and 5% MLE (0.636). For the S2 seedlings, the highest QY was in ascorbic acid 1 mM (0.65) and 2

mM (0.64), and the lowest was in 0.02% TiO2 (0.51) and 5% MLE (0.513).

Figure 5: E�ect of salt stress on eggplant seedlings treated with control (H2O),moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on SPAD (A) and QY (B), at the start
of the vegetative stage (the error bars indicate standard error). 
e lowercase letters indicate the signi�cant di�erence
between data points. 
e level of signi�cance is p < 0.05
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3.3 Enzymatic Assays and Hydrogen Peroxide


e results of SOD, POD, and CAT showed similar trends, there was an increase in antioxidant enzyme

activity with an increase in salt stress with the highest observed in 150 mMNaCl concentration (Fig. 6) a�er

14 days from the start of the experiment (vegetative stage). 
e highest SOD, POD, and CAT were found to

be in ascorbic acid-primed seedlings, and the lowest was observed in MLE-primed seedlings and control.


e SOD for seedlings at S0 was measured highest in 2 mM ascorbic acid (144 U g−1 FWh−1) and the lowest

in 5%MLE (114 U g−1 FWh−1). 
e SOD for seedlings at S1 was highest in 2 mM ascorbic acid (320.33 U g−1

FWh−1) and the lowest in 5% MLE (240 U g−1 FWh−1). For the seedlings at S2, the SOD was the highest in

2 mM ascorbic acid (455.33 U g−1 FWh−1) and the lowest in control (341.67 U g−1 FWh−1). 
e POD of the

seedlings at S0 was the highest in 2 mM ascorbic acid (797.33 U g−1 min−1) and lowest in 5% MLE (764.33

U g−1 min−1). For the seedlings at S1, the POD measured was the highest in 2 mM ascorbic acid (975.33 U

g−1 min−1) and the lowest in 5% MLE (890 U g−1 min−1). 
e POD for seedlings at S2 was the highest in

2 mM ascorbic acid (1110.33 U g−1 min−1) and the lowest in 5% MLE (1008.33 U g−1 min−1). 
e CAT for

seedlings at S0 was highest for 2 mM ascorbic acid (956.8 U g−1 FWh−1) and the lowest in the control (915 U

g−1 FWh−1). 
e highest CAT for seedlings at S1 was in 2 mM ascorbic acid (1365.46 U g−1 FWh−1) and the

lowest in the control (1077.6 U g−1 FWh−1). 
e CAT for seedlings at S2 was the highest in 2 mM ascorbic

acid (1554.46 U g−1 FWh−1) and the minimum in control and 0.5 mM ascorbic acid (1210 U g−1 FWh−1).

Figure 6: E�ect of salt stress on eggplant seedlings treated with control (H2O),moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on SOD (A), POD (B), CAT (C) and
H2O2 (D), at the start of the vegetative stage (the error bars indicate standard error). 
e lowercase letters indicate the
signi�cant di�erence between data points. 
e level of signi�cance is p < 0.05


eH2O2 was higher in seedlings with the increase in salt concentration. 
e highest concentration of

H2O2 was in MLE-primed seedlings, and the lowest was found to be in ascorbic acid (Fig. 3). In seedlings at



2432 Phyton-Int J Exp Bot. 2025;94(8)

S0, the H2O2 was the highest in 10% MLE (122.67 nmol g−1 FW) and the lowest in 1 mM ascorbic acid (105

nmol g−1 FW). For the seedlings at S1, H2O2 was highest in 5% MLE (263.66 nmol g−1 FW) and the lowest

in 2 mM ascorbic acid (183.33 nmol g−1 FW). For the seedlings S2, the H2O2 was the highest in 10% MLE

(544.33 nmol g−1 FW) and lowest in 1 mM ascorbic acid (244.33 nmol g−1 FW).

3.4 Ion Concentration


e mineral analysis of the seedlings showed the Na+ and Cl− concentration in the primed seedlings,

a�er 14 days from the start of the experiment (vegetative stage) (Fig. 7). 
ere was no salt treatment at S0;

therefore, the concentration of Na and Cl was zero. For the seedlings at S1, the Na concentration was highest

in 0.02% TiO2 (3.03 g/100 g) and the lowest in 2 mM ascorbic acid (1.53 g/100 g). In the seedlings at S2, the

highest Na concentration was in 0.02% TiO2 (6.46 g/100 g) and the lowest in 2 mM ascorbic acid (1.86 g/100

g). 
e Cl concentration at S1 was highest in 0.02% TiO2 (4.53 g 100 g−1) and the lowest in 2 mM ascorbic

acid (3.03 g/100 g). For the seedlings at S2, the highest Cl was in 0.02% TiO2 (7.96 g/100 g) and the lowest in

2 mM ascorbic acid (3.36 g/100 g).

Figure 7: E�ect of salt stress on eggplant seedlings treated with control (H2O),moringa leaf extract (5%, 10%, and 15%),
titanium dioxide (0.02%, 0.04%, and 0.06%), and ascorbic acid (0.5, 1, and 2 mM) on Na concentration (A) and Cl
concentration (B) at S1 (75 mM), S2 (150 mM) of salt stress, at the start of the vegetative stage (the error bars indicate
standard error). 
e lowercase letters indicate the signi�cant di�erence between data points. 
e level of signi�cance
is p < 0.05
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3.5 Principal Component Analysis

Principal Component Analysis (PCA) of sixteen variables (GP, GRI, MGT, MGR, RL, SL, FW, DW,

SOD, POD, CAT, H2O2, SPAD, QY, Na, and Cl) at three di�erent levels of salt stress (0, 1, and 2 mM). 
e

�rst two components (PC1 and PC2) account for 78% of the overall variance. 
e �rst principal component

(PC1) has an eigenvalue of 9.43, which accounts for 59% of the variation. In contrast, the second principal

component (PC2) has an eigenvalue of 3.04, which accounts for only 19% of the total variation.
is suggests

that PC1 accounts for more variability in the dataset than PC2. Each primary component accounts for a

speci�c proportion of the overall variation in the dataset. Based on the loadings, it is clear that variables such

as H2O2, FW, SOD, POD, CAT, Na, and Cl have a positive loading on PC1, whereas SPAD and QY have a

negative loading. Regarding PC2, the factors GRI and MGR exert an adverse e�ect, but MGT has a positive

impact (Fig. 8).

Figure 8: PCA analysis between various variables and the levels of salt stress. It represents the strong association
between the high salt level (S2) andH2O2, Na, Cl, FW, POD, SOD, andCAT,while other variables are associatedwith low
levels of salt. 
is chart provides insights into how di�erent variables correlate with each other and how they distribute
across varying stress levels.
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3.6 Pearson’s Correlation


e correlation depicted that GI and FGP are positively correlated with each other (Table 1). MGT

and MGR are also negatively correlated with each other. Our results also showed that increasing the

concentrations of the toxic ions (Na, Cl) signi�cantly and positively increased the concentrations of hydrogen

peroxide in the cells of eggplant seedlings, which negatively correlates with the SPAD and QY values. SOD

and POD are also negatively correlated with SPAD and QY values.

Table 1: Pearson’s correlation matrix among di�erent studied attributes of primed eggplant seedlings under salt stress

FGP GI MGT MGR RL SL FW DW SOD POD CAT H2O2 SPAD QY Na Cl

FGP 1.000

GI 0.867 1.000

MGT −0.332 −0.720 1.000

MGR 0.317 0.718 −0.982 1.000

RL 0.623 0.483 −0.020 0.021 1.000

SL 0.672 0.531 −0.078 0.058 0.597 1.000

FW −0.172 −0.197 0.072 −0.141 −0.395 −0.156 1.000

DW 0.745 0.534 −0.037 0.026 0.844 0.737 −0.411 1.000

SOD −0.183 −0.189 −0.012 −0.042 −0.509 −0.372 0.854 −0.507 1.000

POD −0.177 −0.184 −0.016 −0.039 −0.509 −0.371 0.853 −0.505 1.000 1.000

CAT 0.008 −0.012 −0.075 0.020 −0.384 −0.233 0.795 −0.355 0.940 0.941 1.000

H2O2 −0.572 −0.559 0.243 −0.268 −0.478 −0.566 0.674 −0.616 0.782 0.778 0.573 1.000

SPAD 0.496 0.489 −0.150 0.187 0.678 0.588 −0.736 0.678 −0.904 −0.903 −0.743 −0.901 1.000

QY 0.525 0.517 −0.149 0.198 0.604 0.561 −0.762 0.637 −0.848 −0.845 −0.639 −0.941 0.948 1.000

Na −0.481 −0.430 0.055 −0.094 −0.564 −0.593 0.724 −0.622 0.850 0.848 0.655 0.933 −0.939 −0.953 1.000

Cl −0.451 −0.414 0.062 −0.108 −0.591 −0.530 0.791 −0.619 0.893 0.890 0.709 0.927 −0.951 −0.969 0.988 1.000

4 Discussion

Salinity is a major factor in inhibiting plant growth, with the salt in the soil decreasing the water

absorption capacity of the plant. Excessive salt in the plant stream injures the cells and further reduces

growth [23]. In a saline environment, Na+ accumulation disrupts nutrient and ion balances, a�ecting

physiological and biochemical processes. 
e essential processes, such as plant growth and biomass, are

impaired due to high salt content. In this study, an increase in NaCl salt levels (0, 75, and 150 mM) caused

a signi�cant (p < 0.05) decrease in the germination parameters and plant growth in the eggplant seedlings.

During the germination and seedling period, the plants are sensitive to environmental stress; any stress

increase a�ects the growth parameters [20].

MLE e�ectively provides phytohormones, particularly cytokinins and zeatin, stimulating cytokinin

synthesis in stressed plants. 
is reduces environmental stress e�ects, increases chlorophyll content,

decreases leaf senescence, maintains photosynthetic activity, and enhances plant growth and physiological

processes [8,28]. Shalaby [29] examined di�erent methods of applyingMLE and found that its concentration

a�ected lettuce growth. Applying MLE, either through seed priming or foliar spraying, helped reduce the

adverse e�ects of salt stress and improved lettuce growth. Similar to our study, MLE application enhanced

the antioxidant activity in the plants and the growth parameters. Rady & Mohamed [30] reported using

combined salicylic acid and MLE treatments in di�erent concentrations, resulting in a higher germination

rate than single treatments. Similarly, in this study, the single treatments of MLE resulted in a slower

germination rate.

Nano-TiO2 induces local oxidative stress, which extends cell wall pores and enhances water �ow and

root elongation [31]. Moreover, nano-TiO2 can indirectly loosen cell wall structure, potentially improving
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cell enlargement and plant growth [32]. Gohari et al. [33] demonstrated that all agronomic traits were

adversely a�ected by salinity, but TiO2 NPs alleviated these e�ects.
e application of TiO2 NPs toMoldavian

balm under salt stress enhanced agronomic traits and increased antioxidant enzyme activity compared to

untreated plants. Additionally, nano-TiO2 signi�cantly reduced H2O2 concentrations. 
e results of this

study aligned with our �ndings, indicating that higher salt levels negatively a�ected germination parameters

and overall plant growth in eggplant seedlings, while the application of TiO2 e�ectively mitigated the adverse

e�ects of salinity and elevated antioxidant levels. Higher dosage of nano-TiO2 showed reduced levels ofH2O2.


e seeds primedwith ascorbic acid showed higher germination (FGP, GI,MGT, andMGR) parameters

than the control and other seed priming treatments withMLE and TiO2, showing higher salt stress tolerance.

Initially, a fast germination rate led to higher growth (root length and shoot length) and biomass (freshweight

and dry weight) in ascorbic acid-primed seedlings. Similar results of increased germination and growth were

reported by Ghobadi et al. [11], Hassan et al. [23], and Baig et al. [34]. Plant stress inhibits radicle protrusion,

which can be reversed by seed priming and leads to faster germination [7]. Ascorbic acid is an essential plant

antioxidant, increasing the cellular processes during germination. Applying ascorbic acid helps in growth

and physiological activities [34], as observed in this study.

Under salt stress, ROS is produced in plants, which causes oxidative injuries [35]. In this study, the

physiological attributes (SPADandQY) gradually decreasedwith an increase in salinity, and the decreasewas

noticeable in higher salt concentrations (150mM).
e ability of plants to scavenge ROS indicates high-stress

resistance [35]. An indicator of oxidative damage isH2O2.When plants face salinity stress, they producemore

reactive oxygen species (ROS) likeO2
•−, H2O2, andOH

•. Plants that can better removeROS aremore resistant

to oxidative damage. Salinity exposure increases ROS in plants, causing harm to nucleic acids, membranes,

cellular metabolism, and metabolic processes in chloroplasts and mitochondria, ultimately leading to cell

death [25]. Priming has been reported to decrease the levels of ROS in plants, which may be e�ective in

regulating antioxidant enzyme activity [36]. In this study, the seedlings exposed to higher salinity showed

higher H2O2 content. 
e seeds primed with ascorbic acid showed lower H2O2 content, depicting greater

tolerance. Activating antioxidant enzymes in response to increased ROS is essential for the plant’s e�ective

performance [2]. 
e SOD, POD, and CAT in primed seeds were higher due to higher salt concentration,

and ascorbic acid primed seeds showed e�ective performance of the primary defense mechanism in plants

under stress. 
e high CAT activity in the seedlings explains the lower concentration of H2O2 under higher

salt stress, which removes H2O2. Similarly, POD is known to scavenge H2O2 in the chloroplast [2]. 
is

is observed in this study, with the highest POD and CAT activity in ascorbic acid-primed seeds with the

lowestH2O2 concentration.
ePCA andPearsonCorrelation showed a signi�cant and positive relationwith

Na+ and Cl- ions, depicting an increase in Na+ concentration leading to an increased H2O2 and antioxidant

enzyme activity (Fig. 8). However, applying MLE, TiO2, and ascorbic acid reduced the accumulation of

H2O2 and increased enzymatic activity. Similar results were reported with MLE in wheat [7], with TiO2 NPs

in grapes [37], Zea mays [38], and Moldavin Balm [39], which enhanced antioxidant enzyme activity and

reduced the H2O2 accumulation.


e Na+ and Cl− content was signi�cantly higher in all treatments under salt stress. Despite the high

Na+ and Cl− accumulation, these levels were lower in seedlings primed with ascorbic acid. 
e increased

growth under stress conditions is related to the action of ascorbic acid, mainly due to its cell division and

expansion capacity through auxin level regulation [40].Many studies have emphasized the importance of the

seed priming technique due to its feasible use. Seed hydration activates metabolic processes and antioxidant

mechanisms, all required in the early stages of imbibition. Salt stress can adversely a�ect plants by decreasing

photosynthesis and increasing H2O2, which causes oxidative damage to plant cells [26].
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5 Conclusion


e results of the seed priming of eggplant seeds with di�erent priming agents have shown that it is a

valuable technique for coping with the adverse e�ects of salinity (Fig. 9).
e salt stress e�ects can be reduced

by selecting an appropriate priming solution for the conditions. All the priming treatments (moringa leaf

extract, nano-titanium dioxide, and ascorbic acid) reduced the severe e�ects of salinity with the maximum

amelioration found in ascorbic acid primed seedlings with higher germination and growth along with higher

antioxidant enzyme (SOD, POD,CAT) activity. Primingwith ascorbic acid in this study has shownpromising

results in higher antioxidant activity, leading to higher germination and growth of seedlings.

Figure 9: A schematic diagram showed the priming e�ect of moringa leaf extract, nanoparticles, and ascorbic acid on
eggplant seeds under salt stress conditions
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