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ABSTRACT: Salinity is one of themajor abiotic stresses limiting chickpea (Cicer arietinum L.) productivity, particularly
in arid and semi-arid regions where soil salinization is intensifying. Developing cost-effective and practical strategies
to enhance seedling establishment and early vigor under saline conditions is therefore essential. In this study, we
compared two seed-priming agents—1 mM proline and 25 mM NaCl—under identical hydroponic conditions to
elucidate tissue-specific responses to 25 mM NaCl stress. Proline priming significantly improved shoot length (by
~23%), total chlorophyll content (by ~19%), and ascorbate peroxidase (ASPOX) activity. In contrast, NaCl priming
enhanced root biomass retention (by ~38%) and peroxidase (POD) activity under salinity stress. Both priming
treatments induced higher proline accumulation and antioxidant capacity, though with tissue-specific effects: proline
favored aboveground resilience, while NaCl strengthened root ionic and oxidative balance. These findings highlight
the complementary nature of proline and NaCl priming and support the concept of stress “memory,” whereby plants
acquire enhanced readiness to cope with salinity. Integrating such priming strategies into chickpea cultivation could
contribute to improved yield stability and sustainability in saline agroecosystems.
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1 Introduction

Chickpea (Cicer arietinum) is the second most important legume used for food worldwide, providing a
significant source of carbohydrates, proteins, unsaturated fatty acids, minerals, vitamins, dietary fibers, and
a range of isoflavones [1–3]. However, its cultivation is limited by various abiotic stresses, with salinity
being one of the major factors affecting its productivity. Chickpeas are commonly grown in semi-arid and
arid regions where saline soils prevail, resulting in substantial yield losses [4]. These saline conditions
disrupt water and nutrient uptake, leading to osmotic stress, ion toxicity, and oxidative damage in the
plant. Global studies estimate that the annual yield loss of chickpea due to salinity ranges from 8% to 10%,
significantly impacting both the economic viability and food security in affected regions [5]. Despite its
sensitivity to salinity, chickpea remains an important crop for regions with limited freshwater availability,
highlighting the need for strategies to enhance its tolerance to salt stress.

One promising strategy to mitigate salt stress is seed priming, a pre-sowing treatment that enhances
seed vigor and prepares seedlings for stressful conditions. This technique involves hydrating seeds before
they begin to germinate, exposing them to mild stress-inducing factors, which can be natural, synthetic, or
a combination of both, during the early stages of development. As a result, the induced mild stress improves
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the plant’s ability to withstand future stress conditions [6]. The pre-conditioning process helps establish
both short-term and long-term stress memory, allowing the plant better adaptation when encountering
additional stress [7]. The stress applied during seed priming can trigger epigenetic changes in the seed,
increasing resilience to future environmental challenges [8]. Moreover, seed priming is an environmentally
friendly practice that activates signaling molecules within the plant, enhancing its natural ability to tolerate
salt stress and assisting in recovery from salt-induced damage [9,10].

Among various priming agents, osmoprotectants such as proline have gained attention for their
ability to enhance stress tolerance by stabilizing cellular structures, maintaining osmotic balance, and
activating antioxidant defence systems. Proline, an amino acid that naturally accumulates under various
abiotic stresses, including salinity, functions as an osmolyte by stabilizing proteins and cellular membranes,
regulating osmotic balance, and scavenging free radicals. In addition, proline plays a key role in modulating
antioxidant defence mechanisms and mitigating oxidative damage caused by salt stress [11]. Several studies
have demonstrated that exogenous application of proline enhances seed germination, plant growth, and
performance under saline conditions through improved stress tolerance mechanisms [10,12,13]. These
effects are largely attributed to enhanced nutrient uptake, better water absorption, and more efficient
biological nitrogen fixation.

Similarly, sodium chloride (NaCl) seed priming has emerged as an effective, low-cost, and simplemethod
for improving plant salinity tolerance. This technique strengthens antioxidant defences by enhancing the
activities of key enzymes such as catalase (CAT), ascorbate peroxidase (ASPOX), and superoxide dismutase
(SOD), which are critical for mitigating oxidative damage under salt stress [14,15]. In legumes, NaCl
priming has also been associated with elevated glutathione S-transferase (GST) activity, contributing to
redox homeostasis and improved stress adaptation across different cultivars [16].

The present study investigates the physiological and biochemical responses of chickpea to salt stress
as influenced by seed priming with proline and NaCl. Specifically, we assessed proline accumulation,
antioxidant enzyme activities (peroxidase—POD, ascorbate peroxidase—ASPOX), total soluble protein
content, biomass production, and morphological traits such as root and shoot length. By comparing the
effects of these distinct priming agents, the study aims to elucidate mechanisms underlying improved stress
adaptation and to evaluate the potential of proline- and NaCl-based priming as practical strategies for
enhancing chickpea performance in saline environments.

Although numerous studies have assessed hydro- and chemopriming in legumes, few have
systematically compared two mechanistically distinct priming agents, an osmoprotectant (proline) versus
an ionic inducer (NaCl), under identical conditions while resolving tissue-specific responses (shoots vs.
roots). Understanding how these agents differentially modulate early growth, pigments, osmolytes, proteins
and antioxidant enzymes at the tissue level can reveal complementary mechanisms of salt tolerance in
chickpea. Here we test the hypotheses that (i) proline priming preferentially enhances shoot growth and
photosynthetic/antioxidant readiness, whereas (ii) NaCl priming pre-conditions roots for ionic and osmotic
regulation. We compare 1 mM proline and 25 mM NaCl priming under the same cultivation and stress
conditions to investigate tissue-specific adaptive mechanisms and their practical potential for sustainable
chickpea production [17–21].

2 Materials and Methods

2.1 Plant Material and Priming Treatments

The experiment was carried out using chickpea seeds (Cicer arietinum L.) obtained from the producer
EuroCompany99 d.o.o. Ljubuški. Seed priming was performed by soaking healthy, undamaged seeds in
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a solution containing 1 mM proline or 25 mM NaCl for 24 h at 4◦C. The selected doses (1 mM proline;
25 mM NaCl) were identified in preliminary screening as sub-toxic yet physiologically effective and fall
within optimal ranges reported for chickpea/legumes to elicit priming without impairing germination or
seedling vigor [17,19]. After priming seeds were dried to the initial moisture content and stored one-week
prior cultivation.

2.2 Experimental Design and Seed Germination

Before cultivation surface Seedswere surface-sterilized in 70% ethanol (60 s), rinsed, then diluted sodium
hypochlorite (1:4 v/v, 10–15 min), followed by five sterile water rinses. This ensured sterility without visibly
impairing germination; nonetheless, milder/shorter treatments will be evaluated to minimize potential
seed-coat injury. Filter paper was placed in Petri dishes, and 45 seeds from each priming treatment were
evenly distributed on top. The paper was moistened with sterile distilled water. Each Petri dish was
sealed with Parafilm along the edges to maintain sterility and minimize moisture loss through evaporation.
Non-primed seeds were used as control and germinated in the same manner. The Petri dishes were
placed in a growth chamber under long-day photoperiod conditions (16 h light) at 23◦C; 70% humidity.
Illumination inside the growth chamber was provided by Osram Fluora 8 lamps (2000 lux). Germination
was observed every 48 h for a period of 15 days, and seeds were considered germinated when the radicle
length exceeded 2 mm.

After the seedlings reached 15 days, they were moved to hydroponics into Hoagland solution for
4 weeks. Salt stressed plants were growing in Hoagland supplemented with 25 mM NaCl, while the
control group growing in only Hoagland solution (Fig. 1). Hydroponics-Seedlings were grown in Hoagland
(pH 6.2 ± 0.1), aerated continuously and renewed every 7 days. Macronutrients (mM): 6 KNO3, 4 Ca(NO3)2,
1 NH4H2PO4, 2 MgSO4; micronutrients and Fe-EDTA per standard formulation. Conditions: 23 ± 1◦C, 16 h
photoperiod (~2000 lux) Salt stress was applied by supplementing Hoagland’s solution with 25 mM NaCl, a
moderate salinity level frequently used in legume salt tolerance studies to induce physiological responses
without causing irreversible damage.

Figure 1: Scheme of the experimental setup.

2.3 Morphological Traits

After four weeks of growth and exposure to salt stress, root and shoot length of chickpea seedlings
were measured to evaluate growth under control and salt stress conditions. Seedlings were carefully
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removed from hydroponics, placed on millimeter paper, photographed, and analyzed using ImageJ software
(Image Processing and Analysis in Java; NIH, USA). Lengths were expressed in centimeters (cm) as the
mean ± standard deviation of three biological replicates.

2.4 Analysis of Water Content (%)

Fresh weight (FW) and dry weight (DW) of shoots and roots were recorded. Dry weight was determined
after drying the samples at 70◦C for 72 h. Water content (%) was calculated using the formula:

%Water = FW − DW
FW ∗ 100

where is: FW—fresh weight of the sample; DW—dry weight of the sample.
Biomass production percentage was calculated relative to the corresponding control group:

%Biomass = E − C
C ∗ 100

E—fresh weight of experimental plants/stressed plants; C—fresh weight of control plants/non
stressed plants.

In case of controlled conditions biomass % was calculated in relation to control where E is the fresh
weight of experimental plants and C is the fresh weight of control plants. In case of salt stress exposure,
biomass was calculated in relation to biomass produced under no stress conditions for each treatment,
where E is the fresh weight of plants under salt stress and K is the fresh weight of plants grown under no
stress of the same priming treatment.

2.5 Pigment Extraction and Quantification

Photosynthetic pigments were extracted from 0.1 g of fresh leaf tissue using 14 mL of 100% acetone.
The homogenate was centrifuged for 20 min at 2100 rpm. Absorbance of the supernatant was measured at
661.6 nm (Chl a), 644.8 nm (Chl b), and 470 nm (carotenoids) using a UV–Vis spectrophotometer. Pigment
concentrations were calculated according to Lichtenthaler [22].

2.6 Enzyme Extraction

In a cold mortar on ice, 0.25 g of plant material was homogenized with the addition of 1 mL of 0.1 M
phosphate buffer (pH to 7). The mixture was transferred into an Eppendorf tube and centrifuged at ≈4700× g
(5000 rpm) for 30 min at +4◦C. The supernatant was used for subsequent analyses.

2.6.1 Analysis of Guaiacol Peroxidase (POD) Activity

Guaiacol peroxidase (POD) activity was determined according to a modified method of Angelini
et al. [23] for plant extracts. The reaction mixture contained 0.1 M phosphate buffer (pH 7.0), 5.5 mM
guaiacol, and 10 mM H2O2. Enzyme activity was measured spectrophotometrically at 436 nm every 30 s for
5 min. Results were calculated using the extinction coefficient of the guaiacol oxidation product tetraguaiacol
(ε = 26.6 mM−1 cm−1) and expressed as enzyme units per milligram of protein. One unit of enzyme activity
is defined as the amount of enzyme that catalyzes the oxidation of 1 µmol guaiacol per minute. The reaction
was started by adding 10 µL of sample to 1 mL of reaction mixture.
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2.6.2 Analysis of Ascorbate Peroxidase (ASPOX) Activity

The analysis of ascorbate peroxidase (ASPOX) activity was performed according to a modified method
of Nakano and Asada [24], based on the decrease in absorbance at 290 nm over 1 min. The reaction mixture
consisted of 0.2 M Tris-HCl buffer (1.55 g Tris-HCl dissolved in 40 mL H2O, adjusted to pH 7.8, and brought
to a final volume of 50 mL), 0.25 mM ascorbic acid, and 0.5 mM H2O2. Enzyme activity measurement was
initiated by adding 5 µL of the sample to 1 mL of the reaction mixture. ASPOX activity was calculated using
the appropriate extinction coefficient (ε(290) = 2.8 mM−1 cm−1). One unit of ASPOX activity was defined as
the amount of enzyme required to oxidize 1 µmol of ascorbic acid per minute under the assay conditions.

2.6.3 Determination of Total Protein Content

The total protein content was determined following the Bradford assay [25] by measuring absorbance
at 595 nm using spectrophotometry, with bovine serum albumin (BSA) employed as the calibration standard.
Protein content was expressed as mg g−1 fresh weight (mg g−1 FW) using a BSA calibration curve. The
Bradford assay is based on the binding of Coomassie Brilliant Blue G-250 dye to proteins. Upon interaction,
the dye undergoes a spectral shift from red to blue, which is measured spectrophotometrically at 595 nm.
Protein amounts were calculated using the calibration factor derived from the BSA standard curve.

2.7 Determination of Proline Content

Determination of proline content in the sample was performed according to a modified method of
Carillo et al. [26]. For proline quantification, 500 µL of 80% ethanolic extract was mixed with 1000 µL of
the reaction mixture (1% ninhydrin in 60% acetic acid and 20% ethanol). The sample was then incubated in
a water bath at 95◦C for 20 min. Absorbance was measured at 520 nm using a blank as reference.

Proline content was calculated using the following formula:

Proline (mgg−1DW−1) =
Absorbance (extract) ∗ extract volume (mL) ∗ 1

slope ∗ total reaction volume (mL) ∗ used mass (g)

A calibration curve was prepared using L-proline standards (0–100 µg mL−1; R2 > 0.99) to convert
absorbance to quantitative proline content., expressed as mg proline per gram of dry weight (mg g−1 DW).

2.8 Statistical Analysis

Each parameter was measured in three biological replicates, each comprising three technical replicates.
Data were analyzed by one-way ANOVA followed by the Newman–Keuls post hoc test (p < 0.05). Different
letters within a row/column indicate significant differences. Summary statistics are reported as mean ± SD;
where informative, fold-changes are cited in the Results.

3 Results and Discussion

The present study demonstrated that seed priming using proline and NaCl differ-entially improved
the tolerance of chickpea seedlings to salt stress, as evidenced by enhanced biomass accumulation, water
and chlorophyll content, antioxidant enzyme activity, proline accumulation, and redox balance. These
responses collectively point towards improved osmotic adjustment, tissue tolerance, and oxidative stress
manage-ment as central mechanisms facilitated by priming.

The coordinated improvements in biomass, pigment retention, osmolyte levels and antioxidant
capacity indicate that priming triggers anticipatory physiological programs encompassing osmotic
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adjustment (compatible solutes, membrane stabilization), ion homeostasis (enhanced Na+ handling
and vacuolar sequestration in roots), and elements of stress-memory that accelerate ROS-scavenging
upon challenge [27]. In our system, proline priming predominantly supported shoot functions
(chlorophyll, ASPOX), while NaCl priming strengthened root defenses (POD, protein retention), pointing to
complementary, tissue-resolved pathways.

3.1 Effect of Salt Stress and Priming on Root and Shoot Length, Fresh Mass, and Biomass Production

To evaluate how seed priming modulates morphophysiological responses under salinity, we measured
shoot and root length, fresh mass, and calculated biomass production under control (0 mM NaCl) and salt
stress (25 mM NaCl) conditions across different priming treatments (Table 1; Fig. 2).

Under control conditions, seedlings primed with 1 mM proline exhibited the greatest shoot (12.61 cm)
and root (14.83 cm) length, indicating a stimulatory effect of proline on early vegetative growth. This
observation supports previous findings that osmopriming enhances seedling vigour through improved
water uptake and growth uniformity in legumes [28]. Under salt stress, shoot and root elongation decreased
across all treatments, consistent with earlier reports on salinity-induced growth inhibition in chickpea
cultivars [29,30]. Notably, proline-primed seedlings maintained the highest shoot length (8.78 cm) under
stress, suggesting partial mitigation of salt effects, while NaCl-primed seedlings preserved the greatest root
length (3.90 cm), reflecting improved root adaptability under saline conditions.

Patterns of fresh mass followed similar trends. Proline-primed seedlings accumulated the highest
shoot (0.500 mg) and root (0.468 mg) fresh mass under control conditions, likely due to enhanced metabolic
activity and osmotic balance [31]. Under salinity, NaCl-primed seedlings exhibited superior root fresh mass
(0.138 mg), in line with previous evidence that NaCl priming promotes root system resilience by modulating
ion homeostasis and maintaining water status [19].

Biomass production percentage (%BM), calculated relative to non-primed controls under 0 mM NaCl,
further highlighted these differential responses. Proline priming under control conditions resulted in
a slight reduction in shoot biomass (−5.79%) but enhanced root biomass (+9.52%), indicating improved
belowground development. In contrast, NaCl priming under non-stress conditions led to reduced biomass
in both shoots (−37.68%) and roots (−42.85%), likely reflecting energy investment in osmotic adjustments
and stress-preparatory mechanisms.

Under salt stress (25 mM NaCl), all treatments exhibited reduced biomass. However, proline-primed
plants showed the smallest reduction in shoot biomass (−46.15%), indicating improved protection of
aboveground tissues. Conversely, NaCl priming provided superior protection of root biomass (−45.83%),
compared to proline-primed (−67.39%) and non-primed controls (−73.81%). This suggests that NaCl priming
preferentially enhances root-based stress adaptation, possibly by stabilizing ion transport and promoting
Na+ sequestration into vacuoles, thereby maintaining cellular osmotic balance [19].

These patterns highlight the complementary physiological effects of the two priming strategies. Proline
priming promotes early shoot growth and mitigates shoot biomass loss under stress, while NaCl priming
activates root-localized defence mechanisms that help sustain root biomass and water acquisition in saline
environments [32]. This differential action aligns with the concept of “priming memory,” whereby treated
seeds acquire a heightened state of alertness, enabling faster and stronger activation of stress-responsive
pathways upon exposure to stress [33,34]. The observed tissue-specific responses underscore the potential
for combining priming agents to target both root and shoot resilience in chickpea under abiotic stress.
Overall, these results demonstrate a complementary role of NaCl and proline priming, with the former
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enhancing root-based stress tolerance and the latter supporting aboveground growth under both control
and saline conditions.

Figure 2: Representative phenotypes of chickpea seedlings from primed seeds under control and salt stress (1 cm
scale bar). Panels: (A) Control, 0 mM; (B) Control, 25 mM NaCl; (C) Proline, 0 mM; (D) Proline, 25 mM; (E) NaCl,
0 mM; (F) NaCl, 25 mM.

Table 1: Effect of Seed Priming on Shoot and Root Length, Fresh Mass, and Biomass Production in Chickpea under
Salt Stress.

Parameter Salt Stress Level (mM) Control 1 mM Proline 25 mM NaCl

Shoot Length 0 10.96 ± 1.81a 12.61 ± 0.47a 10.28 ± 1.99a
Root Length 0 13.51 ± 1.73a 14.83 ± 1.13a 10.94 ± 0.60b
Shoot FW 0 0.69 ± 0.03a 0.65 ± 0.01a 0.43 ± 0.03c
Root FW 0 0.42 ± 0.03a 0.46 ± 0.02a 0.24 ± 0.01c

% Change in Shoot Biomass
(vs. Control) 0 - −5.79 ± 1.55a −37.68 ± 2.22b

% Change in Root Biomass
(vs. Control) 0 - 9.52 ± 3.32a −42.85 ± 4.21b

Shoot Length 25 7.14 ± 0.17b 8.78 ± 0.78a 6.78 ± 0.69c
Root Length 25 3.66 ± 0.44b 2.41 ± 0.56c 3.90 ± 0.98a
Shoot FW 25 0.21 ± 0.01b 0.35 ± 0.02a 0.14 ± 0.01c
Root FW 25 0.11 ± 0.01c 0.15 ± 0.01a 0.13 ± 0.01b

% Change in Shoot Biomass
(vs. non stressed conditions) 25 −69.57 ± 2.51b −46.15 ± 2.25a −67.44 ± 3.44b

% Change in Root Biomass
(vs. non stressed conditions) 25 −73.81 ± 3.54c −67.39 ± 1.76b −45.83 ± 4.12a

Data are mean ± SD (n = 3 biological × 3 technical). Different letters indicate significant differences at p < 0.05 (one-way ANOVA,
Newman–Keuls post hoc).

3.2 Effect of Salt Stress and Priming on Photosynthetic Pigments

Chlorophyll content, including chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll (Chl
a + b), was significantly affected by both salt stress and priming treatments (Table 2). Under non-stress
conditions (0 mM NaCl), proline-primed plants exhibited the highest levels of Chl a and total chlorophyll,
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exceeding values observed in both the non-primed control and NaCl-primed plants. In contrast, under
25 mM NaCl stress, a notable reduction in chlorophyll content was observed across all treatments, with
proline-primed plants still maintaining relatively higher levels of Chl a and total chlorophyll compared to
the NaCl-primed and control groups.

Relative to non-primed controls, proline priming increased shoot length by ~23% under control
conditions, whereas NaCl priming increased root length by ~6% under salinity, illustrating tissue-specific
benefits. Salt stress significantly impaired chlorophyll content in all treatments, corroborating previous
findings that salinity disrupts chloroplast structure, affects enzyme activity involved in pigment biosynthesis,
and enhances oxidative degradation of chlorophylls [35,36]. The decline in both Chl a and Chl b levels in
control plants exposed to 25 mM NaCl confirms the sensitivity of the photosynthetic apparatus to ionic and
osmotic stress.

However, the use of seed priming agents, especially proline, mitigated some of these adverse effects.
Proline-primed plants retained higher total chlorophyll content under salt stress compared to other
treatments. This finding aligns with studies by Farooq et al. [28] and Saini et al. [37], who demonstrated that
priming enhances antioxidant defense, protects chloroplast membranes, and maintains pigment stability
under stress conditions. The protective effect of proline may be attributed to its role as an osmoprotectant,
stabilizing cellular structures and scavenging reactive oxygen species (ROS) [38,39].

Table 2: Effect of seed priming and salt stress on chlorophyll pigment composition in chickpea.

Priming Treatment Salt Stress Level
(mM)

Chlorophyll a
(mg g−1 FW−1)

Chlorophyll b
(mg g−1 FW−1)

Total Chlorophyll
(mg g−1 FW−1)

Control 0 1.20 ± 0.02b 0.64 ± 0.02a 1.840 ± 0.03b

Control 25 0.77 ± 0.02d 0.60 ± 0.03b 1.37 ± 0.05c

25 mM NaCl 0 0.86 ± 0.01c 0.51 ± 0.01c 1.37 ± 0.02c

25 mM NaCl 25 0.46 ± 0.02e 0.34 ± 0.02d 0.80 ± 0.02d

1 mM Proline 0 1.25 ± 0.01a 0.60 ± 0.01b 1.85 ± 0.03a

1 mM Proline 25 0.42 ± 0.01f 0.31 ± 0.00d 0.73 ± 0.01d

Data are mean ± SD (n = 3 biological × 3 technical). Different letters indicate significant differences at p < 0.05 (one-way ANOVA,
Newman–Keuls post hoc).

Interestingly, NaCl priming under non-stress conditions led to a slight reduction in pigment levels
compared to the control, suggesting that mild salt exposure during priming may affect pigment biosynthesis,
possibly through hormetic effects. Under salt stress, however, NaCl-primed plants maintained better pigment
retention than non-primed controls, confirming the stress-hardening effect of this priming method [40].
These results suggest that the improved pigment retention and photosynthetic potential in primed plants
under salinity may be an early adaptive mechanism induced by seed priming. This priming-induced
“memory” likely facilitates faster activation of defence responses and preservation of physiological integrity
when plants are later exposed to environmental stressors [28,37].

3.3 Effect of Seed Priming and Salt Stress on Proline Accumulation in Chickpea

Proline content in both shoot and root tissues of chickpea varied significantly across priming treatments
and salt stress conditions (Table 3). In non-stressed plants (0 mM NaCl), shoot proline levels ranged from
10.88 ± 0.99 mg g−1 FW in proline-primed plants to 16.18 ± 0.13 mg g−1 FW in NaCl-primed plants, with
control plants showing intermediate values. Under salt stress (25 mM NaCl), all treatments exhibited
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a marked increase in shoot proline content, with the highest accumulation observed in proline-primed
seedlings, followed by NaCl-primed and control plants.

In root tissues, control seedlings under non-stress conditions showed the highest baseline proline
levels. Salt stress led to a decrease in root proline content in non-primed plants. However, priming with
NaCl significantly enhanced root proline levels under salt stress, exceeding even the non-stressed control,
while proline priming resulted in a moderate increase.

Proline accumulation is a well-documented physiological response to osmotic stress and plays a pivotal
role in maintaining cellular homeostasis, osmotic adjustment, and protection against reactive oxygen
species (ROS) [17,38]. In this study, both proline and NaCl priming substantially enhanced proline levels in
chickpea tissues under salt stress, with distinct tissue-specific patterns. Proline-primed plants exhibited the
highest shoot proline accumulation under stress, which is consistent with previous findings that exogenous
proline enhances internal proline biosynthesis and activates associated signaling pathways [17,38].

This may contribute to improved shoot resilience by maintaining turgor and protecting the
photosynthetic apparatus, as also observed through increased chlorophyll retention in primed plants.
NaCl priming was more effective in enhancing root proline content, especially under salt stress, suggesting
a preferential allocation or localized induction of proline biosynthesis in roots. This root-specific
increase may be a key adaptive response for maintaining root hydraulic conductivity and facilitating
ion compartmentalization [19]. The superior root proline content in NaCl-primed plants under salt
stress supports the notion that mild ionic preconditioning via priming can enhance root stress tolerance
mechanisms [40].

Table 3: Proline content (mg g−1 FW) in chickpea shoots and roots as affected by priming and salt stress.

Priming Treatment Salt Stress Level
(mM) Shoot Root

Control 0 12.36 ± 0.22d 4.42 ± 0.13a

Control 25 23.55 ± 0.03c 2.87 ± 0.29c

1 mM Proline 0 10.88 ± 0.99d 2.99 ± 0.07c

1 mM Proline 25 48.75 ± 7.27a 3.65 ± 0.07b

25 mM NaCl 0 16.18 ± 0.13d 3.20 ± 0.10b

25 mM NaCl 25 33.85 ± 0.89b 4.50 ± 0.18a

Data are mean ± SD (n = 3 biological × 3 technical). Different letters indicate significant differences at p < 0.05 (one-way ANOVA,
Newman–Keuls post hoc).

Interestingly, control plants under salt stress showed increased shoot proline but reduced root proline,
indicating a stress-induced systemic response with limited root-level buffering capacity in the absence of
priming. These findings reinforce the idea that priming not only enhances absolute proline levels but also
modulates their spatial distribution within the plant, depending on the priming agent.

3.4 Effect of Priming on Protein, Peroxidase, Ascorbate Peroxidase Activity

Under 25 mM NaCl, NaCl priming elevated root POD activity by ~3.6-fold versus non-primed
salt-stressed roots, while proline priming increased shoot ASPOX ~2.9-fold compared to controls. The
activities of peroxidase, ascorbate peroxidase, and total protein content were significantly influenced by
both seed priming and salinity levels in chickpea shoots and roots (Table 4).
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Table 4: Effect of Priming and Salt Stress on Antioxidant Enzyme Activities (POD and ASPOX) and Protein Content in Chickpea Shoots and Roots.

Priming
Treatment

Salt Stress
Level (mM)

POD Shoot
(U mg−1 Protein)

POD Root
(U mg−1 Protein)

ASPOX Shoot
(U mg−1 Protein)

ASPOX Root
(U mg−1 Protein)

Protein Shoot
(mg g−1 FW)

Protein Root
(mg g−1 FW)

Control 0 336.04 ± 28.12a 3971.14 ± 212.60bc 298.21 ± 66.66d 3513.61 ± 353.48cd 9.07 ± 0.01a 2.22 ± 0.01a

Control 25 147.50 ± 15.29c 2445.9 ± 320.87d 1765.94 ± 113.11a 5308.46 ± 146.21b 4.50 ± 0.09e 1.06 ± 0.06d

1 mM Proline 0 83.42 ± 12.69cd 3481.99 ± 221.90c 361.17 ± 70.96d 3240.76 ± 150.74d 6.46 ± 0.07b 0.77 ± 0.06e

1 mM Proline 25 264.22 ± 24.33b 6100.22 ± 162.79b 858.36 ± 71.62c 6205.33 ± 152.53a 4.75 ± 0.06f 0.66 ± 0.08f

25 mM NaCl 0 81.70 ± 14.00cd 1729.96 ± 480.14e 1287.99 ± 76.63b 3888.41 ± 179.62c 4.61 ± 0.04d 1.29 ± 0.02c

25 mM NaCl 25 121.89 ± 10.10c 8828.35 ± 270.63a 888.66 ± 84.61c 5745.31 ± 345.33b 5.30 ± 0.07c 2.10 ± 0.01b

Data are mean ± SD (n = 3 biological × 3 technical). Different letters indicate significant differences at p < 0.05 (one-way ANOVA, Newman–Keuls post hoc).
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Under control conditions (0 mM NaCl), shoot POD activity was highest in non-primed plants, while all
primed treatments showed lower levels. Under salt stress (25 mMNaCl), proline priming markedly enhanced
shoot POD activity, nearly doubling the value observed in non-primed, salt-stressed plants. In roots,
NaCl-primed plants under salt stress exhibited the highest POD activity, exceeding all other treatments.

ASPOX activity followed a similar trend. In shoots, the highest ASPOX activity occurred in salt-stressed,
non-primed plants, with NaCl- and proline-primed, salt-stressed plants maintaining elevated values,
significantly above the control. In roots, proline priming under salt stress led to the highest ASPOX
activity, followed by NaCl priming. The lowest ASPOX levels were observed in non-primed roots under
control conditions.

Total protein content declined under salt stress across all treatments. The highest shoot protein content
was recorded in control plants, followed by proline-primed and NaCl-primed seedlings under non-stress
conditions. In roots, salt-stressed NaCl-primed plants maintained relatively high protein levels, comparable
to non-stressed controls, whereas proline-primed roots showed a sharper decline under salt stress.

Antioxidant enzymes such as POD and ASPOX play key roles in mitigating oxidative damage under
abiotic stress, particularly salinity, by scavenging reactive oxygen species (ROS) such as H2O2 [33,37]. The
present results show that both proline and NaCl seed priming significantly modulate antioxidant enzyme
activities in chickpea seedlings, with distinct tissue-specific and treatment-specific effects.

Under salt stress (25 mM NaCl), NaCl priming resulted in the highest POD activity in roots
(8828.35 ± 270.63 U mg−1 protein), indicating enhanced ROS detoxification in belowground tissues. This
aligns with findings by Elradi et al. [32], where superior root antioxidant responses were linked to greater
salt tolerance. The protective effect of NaCl priming likely reflects a “stress hardening” effect, enabling
faster and stronger activation of defence responses under stress [35,40].

Similarly, proline priming enhanced both POD and ASPOX activities in roots and shoots, with
particularly strong stimulation of ASPOX in roots. These results are consistent with prior reports [17,38],
demonstrating that proline not only acts as a compatible solute under osmotic stress but also modulates
antioxidant pathways. By supporting the ascorbate–glutathione cycle, proline increases ROS scavenging
capacity and helps maintain cellular integrity, including membrane stability and photosynthetic
efficiency [19,37].

Interestingly, non-primed salt-stressed plants showed a sharp increase in shoot ASPOX activit, likely
reflecting an acute, compensatory response to unbuffered ROS accumulation. However, this response
was insufficient to prevent reductions in root protein content, highlighting the physiological cost of
uncontrolled stress.

Protein content trends further illustrate the protective role of priming. Under salt stress, NaCl-primed
roots maintained high protein levels, comparable to control roots, indicating preserved metabolic function.
In contrast, proline-primed roots showed lower protein content, suggesting that while proline enhances
antioxidant defences, it may not fully sustain proteinmetabolism under prolonged stress. These observations
align with the results of Rasool et al. [36] and Farooq et al. [34], who showed that salt stress triggers
proteolysis unless antioxidant balance is tightly regulated.

Overall, these results point to a tissue-specific pattern: NaCl priming primarily enhances root
resilience, promoting ion homeostasis and water uptake, while proline priming favours aboveground
performance through improved antioxidant readiness [17,41]. This differentiation supports the concept of
“priming memory,” where seeds develop lasting molecular and epigenetic adaptations that optimize stress
responses [37].
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Our findings support seed priming, particularly with NaCl or proline as an effective, low-cost strategy
to improve salt stress tolerance in chickpea by strengthening antioxidant defences and preserving metabolic
function. The complementary nature of the two treatments suggests that combined or sequential priming
approaches may offer synergistic benefits, an avenue worth exploring in future applied research.

Recent studies have further highlighted that priming-induced enhancement of salt tolerance involves
complex modulation of antioxidant pathways, ion transport, and osmotic adjustment mechanisms. For
example Irshad et al. [42] demonstrated that NaCl priming boosts the glutathione–ascorbate cycle and
photosystem II stability under salinity stress, which is in line with our findings of enhanced antioxidant
enzyme activities in both shoots and roots. Similarly, Nasrallah [43] and Kaur [18] reported that proline
priming improves salt tolerance in chickpea and other legumes through modulation of redox homeostasis
and stabilization of key cellular structures, corroborating the tissue-specific enhancements we observed
in our study. Furthermore, Liu et al. [27] showed that integrating priming with other stress management
strategies can further amplify tolerance, suggesting that combining different priming agents or sequential
treatments may represent a promising direction for future work. Our results align with these emerging
insights, emphasizing that proline and NaCl priming promote complementary stress response mechanisms
in chickpea by modulating both osmotic balance and antioxidant defences in a tissue-specific manner.

Recent studies corroborate priming-enhanced stress readiness across pathways: Wang et al. [21] showed
small heat-shock proteins enhance tolerance via chaperone networks, and Ren et al. [20] demonstrated
microbiome-mediated gains in nutrient/WUE under drought, reinforcing the systems-level nature of
priming responses.

These comparisons further highlight the novelty of our work, which systematically contrasts two
different priming agents under identical conditions and evaluates their distinct impacts on shoot- and
root-based stress responses, an approach less commonly addressed in prior studies. From an agronomic
perspective, root-focused hardening by NaCl priming (higher root POD and protein maintenance) would
be expected to improve water acquisition and ion compartmentation during early establishment, whereas
proline-driven shoot protection (chlorophyll retention, shoot biomass) should sustain photosynthetic
start-up. Such root–shoot complementarity is consistent with improved stand establishment and yield
stability under variable salinity; future field trials across genotypes should quantify these gains in
farmers’ conditions.

Limitations and outlook—Our findings derive from a single genotype and single salinity level
in hydroponics, which simplifies environmental noise but limits direct field extrapolation. Future
work should test dose × duration, multiple genotypes, and soil-based/field conditions, including
combined/sequential priming.

4 Conclusions

Proline and NaCl seed priming enhanced chickpea tolerance to moderate salinity through distinct
yet complementary adjustments. Proline priming mainly protected shoot functions (chlorophyll, biomass,
ASPOX), whereas NaCl priming reinforced root oxidative/ionic balance (POD, protein preservation).
Quantitatively, proline improved shoot biomass and pigment stability, and NaCl increased root POD
activity by ~3.6-fold under stress. These findings support combined or sequential priming to target both
tissues. Next steps include multi-genotype, soil-based and field trials, optimization of dose × duration, and
integration with breeding for salt-resilient chickpea ideotypes.
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