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The comparative effects of reduced glutathione (GSH) and 0.5 % Zn (applied separately or in combination) were
assessed on maize in relation to seed metabolite levels, seedling growth, antioxidative defense mechanism, levels
of biochemicals and nutrient acquisition under NaCl stress. The level of applied salinity was 120 mM in Hoag-
land’s nutrient solution. Salinity negatively affected seed germination and the emergence of seedlings; associated
with altered seed metabolic activities. The high salinity also elevated the levels of malondialdehyde (MDA),
increased reactive oxygen species (ROS) levels, altered metabolite levels, reduced uptake of mineral nutrients
and increased the uptake of Na™ in maize seedlings. Interestingly, the GSH seed priming protocol, when applied
alone or with Zn, ameliorated the physiological negativities associated with high salinity upon maize germi-
nation, emergence and seedling development. The three millimolar GSH concentration in combination with Zn
(0.5 %) improved the germination attributes and emergence of seedlings. The GSH level of 3 mM with Zn was
also effective in mitigating the negative impacts of NaCl salinity on seedling growth, associated with better
maintenance of physio-biochemical activities, reduced uptake or translocation of Na?*, and better maintenance
of the increased K*/Na™ and Ca?*/Na*. The improvement in maize salt stress tolerance, attributed to 3 mM GSH
with 0.5 % Zn as seed treatment, was associated with reduced Na™* uptake that decreased its toxicity. Based on
this study, it is plausible to use a combination of GSH and Zn as seed priming agentsto enhance the physiological
resilience of maize growing in areas with high salinity.

salinity effects on cellular water levels, a well-known mechanism of
osmotic adjustment has been working in plants by accumu-
lating/biosynthesis of organic and inorganic osmolytes/osmotica,

1. Introduction

Along with other abiotic factors, increasing levels of salinity in soil is

also a major factor, along with freshwater deficiency, limiting the crop
development and production worldwide (Munns and Gilliham, 2015;
Shabala and Munns, 2017; Sheikhalipour et al., 2023). Salinity stress is
also responsible for imbalance in soil and plant osmotic potential, dis-
turbances in ionic balance that results in increased oxidative damages
(Choudhary et al., 2023; dos Santos et al., 2022; He et al., 2023). Dis-
turbances in plant and soil water relations is the foremost impact of salt
stress at any plant growth stage. In order to counteract the adverse

* Corresponding authors.

including amino acids, peptide, protein and sugars etc. (Munns and
Tester, 2008; Seleiman et al., 2023). Salinity, among the different
stresses, is being considered more toxic one abiotic stress that negatively
impacts every phase of plant growth, biochemical mechanisms, molec-
ular changes as well as in plant tissues, due to accumulation of excessive
concentrations of salt, more abundantly the sodium chloride (NaCl)
(Suzuki et al., 2014). In this regard, sodium (Na™) ions replace potas-
sium (K") ions, causing a disturbance in the activity of major cytosolic
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enzymes, because of osmotic stress, due to limiting water absorption
from soil solution and also causes the ionic toxicity (Duan et al., 2024;
He et al., 2023; Naz et al., 2023; Wu et al., 2023).

Rooting medium salinity causes the oxidative stress in shoot tissues
through over accumulation of active oxygen species (AOS). These ROS
produce as a byproduct through an aerobic metabolism and accumulates
in various subcellular compartments (Rajput et al., 2021; Shabala and
Munns, 2017; Wang et al., 2023). However, their excessive generation
and accumulation beyond the normal physiological limits causes severe
damages to cellular membrane and other macromolecules (Cakmak and
Horst, 1991; Das et al., 2024; Hasanuzzaman et al., 2020).

To cope with high levels of salinity, sophisticated adaptations have
been developed by plants; involving the osmoregulation to maintain
cellular water levels for proper functioning of cellular metabolic activ-
ities (Kaur et al., 2024; Munns and Tester, 2008). Alhough salt stress
affects every phase of plant growth and development, theseed germi-
nation and early emergence are considered the most vulnerable phases
to high salt levels (Munns and Tester, 2008; Tebini et al., 2022). To
overcome the issue of poor germination in highly saline soils, different
ways are in practice/use such as selection of crop genotypes with better
germination capacity in salinity or exogenous of different chemicals as
treatment of seeds to reduce the salt stress adverse impacts on seed
germination and seedlings emergence related attributes as well as its
ameliorating impacts on later growth stages for better yield. It includes
the seed treatment with organic and inorganic substances, plant-based
extracts, micro-nutrients, chelates, antioxidant, biostimulants and phy-
tohormones, etc. (Ali et al., 2020; Sani et al., 2025; Wong et al., 2020;
Saeed et al., 2023; Shehzad et al., 2022)

Application of micro-nutrients through different modes are also
found the effective one technique for reducing the negative stress im-
pacts on plants at any growth stage (de Bang et al., 2021; Kumar et al.,
2020; Sani and Yong, 2022; Wu et al., 2023). However, their use alone as
in chemical form has some drawbacks in term of their chances of
oxidation during their uptake and translocation (Alsafran et al., 2023).
To overcome this problem for their better efficiency, these
micro-nutrients are being applied in combination (Saeed et al., 2023) or
in chelated form with different organic substances, that found very
beneficial after their absorption (Shehzad et al., 2022; Saeed et al., 2023,
2024; Duan et al., 2024; Sani et al., 2025).

Among the essential micro-nutrients for normal plant development,
Zn have important functions in regulating the proper cell division, cell
expansion, role in carbohydrates biosynthesis, nucleic acids and protein
biosynthesis as well as it also regulates the lipid metabolism
(Hacisalihoglu, 2020; Jalil et al., 2023; Umair Hassan et al., 2020). Zinc
also regulates the biosynthesis of growth regulators such as auxins, an
important plant hormone that controls the plant growth
(Castillo-Gonzalez et al., 2018), have important role in seedling emer-
gence and seed germination related attributes and also regulates the
activities of other plant hormones (Taiz et al., 2015). Zinc deficiency in
plants causes a sharp reduction in transcription process through ab-
normalities in ribosomes (Singh et al., 2023). Regarding its role in plant
tolerance to different stresses, Zn biofortification increases the mobility
of nutrients by binding to metal transcription factors (TFs), necessary for
its activation (Jalil et al., 2023; Krishna et al., 2020; Xie et al., 2019).
Zinc exogenous application also effects the uptake of water from soil and
its transport from root to shoot (Igbal et al., 2018; Zhang et al., 2021).
Independently, Zn maintains the negative impacts of oxidative stress by
acting as cofactor of different enzymes having roles against oxidative
stress, including superoxide dismutase (SOD) and glutathione peroxi-
dase (Cabot et al., 2019; Wu et al., 2015; Hassan et al., 2020).

Reduced glutathione, that have role as an antioxidant and reduces
the cellular lipid peroxidation, naturally is a tripeptide (y-Glu-Cys-Gly)
(Hasanuzzaman et al., 2017). It also has numerous other functions, most
importantly the stress relieving impacts by the regulation of redox bal-
ance of cell, modulation in the activity of genes, regulating the stress
impacts, production of thiol group, enhances the activities of enzymes,
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regulates the biosynthesis of nucleotides and proteins as well as controls
the process of senescence (Hossain et al., 2017; Gietler and Nykiel, 2017;
Dawood et al., 2020; Hasanuzzaman et al., 2017; Saeed et al., 2023).
Such diverse roles of GSH in different metabolic activities shows that its
metabolism has great impact in tolerating abiotic stresses through
diverse ways (Ramzan et al., 2023). Available reports depict well that
exogenously-applied GSH through any mode (foliar or seed priming)
enhances tolerance ability of plants against the stresses (Dawood et al.,
2020; Zhou et al., 2019; Hossain et al., 2017; Nahar et al., 2015a, 2015b,
2015c; Saeed et al., 2023, 2024). It has also been found that GSH reduces
the oxidation of divalent metal ions that is helpful for their better
mobility especially in stressful environment (Eteshola et al., 2020).

Among the agronomic crops, maize is gaining prime importance in
fulfilling the human food demand and feed requirements of animal in
the present scenario and in future too. It is considered a raw source of
food industry as well as in the production of energy. After wheat, it has
gained the top position in cultivation at global level (Erenstein et al.,
2022) and numbered at the third position in Pakistan in cultivation. In
Pakistan, maize is cultivated on an area of 1.60 Mha during 2023/2024
(https://finance.gov.pk/survey/chapter-24/2-agriculture.pdf. In
Pakistan, maize cultivation is facing the problem of soil salinity and
water shortage (Priya et al., 2016; Shabaan et al., 2022). Under such
circumstances maize crop is facing the problem of poor crop stand
establishment due to bad seed germination, necessary for better emer-
gence. It is being taken as main problem for gaining good yield of maize
in Pakistan.

Based on existing knowledge, we hypothesize that the combined
application of glutathione (GSH) and zinc (0.5 %) may prove more
effective in mitigating the adverse effects of salt stress on maize. The
study aims to evaluate the influence of this combination on kernel
germination traits, seedling emergence, biomass accumulation, antiox-
idant activity, and nutrient ion uptake under saline conditions. Addi-
tionally, the research focuses on assessing alterations in kernel
metabolite levels during the germination process, along with examining
photosynthetic pigments in seedlings.

2. Materials and methods

Controlled growth room conditions were employed for conducted
the experiment at room temperature (25+2 °C). Experiment was con-
ducted in glass Petri-dishes, arranged in CRD. There were four petri-
dishes for each treatment corresponding to number of replicates.
There was total 72 glass Petri-dishes in two sets (36 corresponding to
saline and other 36 to non-saline ones). Before the supply of solution, all
the Petri-plates were equipped with filter paper in double layer. The set
of non-saline Petri-dishes were given only 12 mL Hoagland’s solution
(Full strength) in Petri-dishes. The remaining 36 sets of Petri dishes
corresponding to salt treatment was given 12 mL of Hoagland’s nutrient
solution having 120 mM NaCl. Different treatments applied as seed
soaking were Zn (0.5 %) as ZnSO4, 1.5 mM GSH, 3 mM GSH, 4.5 mM
GSH, 1.5 mM GSH in combination with Zn (0.5 %), 3 mM GSH in
combination with Zn (0.5 %), and 4.5 mM GSH in combination with Zn
(0.5 %), including water soaking (WS) and no soaking (NS). The source
of Zn was ZnSO4. The solutions corresponding to each treatment were
prepared in dH20. Before seed sowing the soaking was done for 14 h in
each respective treatment solution as mentioned above. After that the
soaked seeds were blotted using filter paper, dried in shade by providing
continuous air till there was no further change in seed weight. Surface
sterilization of seeds was done with HgCly (0.1 % solution) for 5 min
before soaking, followed by thorough washing using dH20. In each
Petri-dish ten seeds were sown and 4 Petri-dishes were allocated for each
treatment. The whole experimental unit was set in twice. The repeated
2nd set of experimental units was allocated for the estimation of
different seed metabolites. The detailed methodology is given in sup-
plementary file.
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2.1. Determination of different seed germination related parameters

For the quantification of attributes related to seed germination,
counting of germinated seeds was done as per the instructions as
described by Association of Official Seed Analysis (1990). Then for the
determination of parameters regarding seed germination vigor and
seedling health then obtained data was used. The estimation of seed
germination percentage (G%) was done by the given formula as (G%) =
(Number of seeds germinated/total seed grown) x 100. The estimation
of time taken to complete 50 % emergence (Eso) was done using given
formula as reported by Coolbear et al. (1984). The formula was
employed to estimate mean emergence time (MET) as given by Ellis and
Roberts (1981) and formula given by Bewley and Black (1985) was
followed for the estimation of coefficient of uniformity of emergence
(CUE). For the estimation of emergence index (EI), formula used by
Association of Official Seed Analysis (1983) was followed. While to
study changes in germination energy (GE) of germinating seeds, Ruan
et al. (2002) method was used.

2.2. Estimation of morphological and growth parameters of maize
seedlings

For the determination of biomasses of root and shoot four plants per
treatment were used. Root and shoot lengths were also measured of the
same plants. After that the dried masses of roots and shoots were
measured of these samples after oven-drying at 65 °C for 48h. These
dried roots and shoot samples after grinding well, used to measure the
nutrients.

2.3. Quantification of leaf chlorophyll contents

For the quantification of chlorophyll b (Chl. b), total chlorophyll (T.
Chl.), as well as chlorophyll a (Chl. a), the Arnon (1949) method was
employed, while the levels of carotenoid (Car.) was determined by Kirk
and Allen (1965) method. Extraction of photosynthetic pigments was
conducted in 80 % acetone solution.

2.4. Quantification of different metabolites at different time interval of
maize kernel during germination

For extracting T. Chl. and carotenoids during germination of seeds
the method of Arnon (1949) was used. The extraction of sugars in ker-
nels was done using technique as employed by Tongue et al. (2012) and
the quantification was made spectrophotometrically of total soluble
sugars (TSS) (Dubois et al.,1956), by phenol sulfuric acid method. While
the method given by Somogyi (1952) was followed to quantify the
reducing sugars (RS). The quantification of total soluble proteins (TSP)
in germinating seeds was made following method given by Bradford
(1976), using the extract obtained from seeds following the method as
given by Larson and Beevers (1963). For the estimation of free amino
acids (FAA) in seeds during germination was made from extract as ob-
tained by using phosphate buffer, following Noctor et al. (2007) and the
FAA content quantified following Lee and Takahashi (1966) using
ninhydrin method. The quantitative analysis of oil in seeds during seed
germination was made by Nuclear magnetic resonance (NMR), while
total free fatty acids (TFFA) was quantified following Lowry and Tinsley
(1976).

2.5. Estimation of activities of different antioxidant enzymes

The leaf material (0.5 g) was grinded using the liquid N3 and then ten
milliliter buffer (Potassium phosphate) was added to the material. After
that the centrifugation was made using centrifugation force of 10,000 x
g, for 20 min at 4 °C. Ascorbate peroxidase (APX) activity from buffer
extracted leaf samples was made in a time scan manner using the
method of Nakano and Asada (1981) and the absorbance was made at
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290 nm. The method by Giannopolitis and Ries (1977) was followed to
measure the superoxide dismutase (SOD) activity, using buffer extracted
samples. The prepared mixture for SOD was used to read absorbance at
560 nm spectrophotometrically. Activities of catalase (CAT) and
peroxidase (POD) were estimated following Chance and Maehly (1955)
methods. The assessment of TSP was done as described by Bradford
(1976).

2.6. Quantification of leaf total flavonoid (TFC), phenolics (TPC),
anthocyanin TAC, ascorbic acid (AsA) contents and total free amino acids
(TFAA) of maize seedlings

The TPC of seedling was quantified following the protocol as
ascribed by Julkunen-Titto (1985). The seedling TFC were also deter-
mined by spectrophotometer according to Zhishen et al. (1999). The
method given by Mirecki and Teramura (1984) was used for the quan-
tification of TAC in maize seedlings using methanol extraction. The
estimation of TFAA contents was done following the protocol of Ham-
ilton et al. (1943). While AsA quantification in maize seedlings was done
using method as employed by Mukherjee and Choudhuri (1983).

2.7. Estimation of leaf total reducing sugars (TRS), total soluble sugars
(TSS) and total non-reducing sugars (NRS) in maize seedlings

The TSS was quantified as reported by Dubois et al. (1956). The
content of RS was quantified following the method given by Henson and
Stone (1988) and the quantification of NRS was done following the
given formula

NRS =TSS — —RS

2.8. Quantification of leaf MDA and H50; contents in maize seedlings

Estimation of leaf MDA was done following Cakmak and Horst
(1991), using trichloroacetic acid as the extractant. In case of estimation
of Hy05, levels, was done following Velikova et al. (2000).

2.9. Quantification of mineral nutrients in shoot and root of maize
seedlings

Dry powdered material of maize shoot and root separately was
digested separately, using the digestion mixture as reported by Parkin-
son and Allen (1975). After digestion, the volume was made 50 mL with
dH,0. A flame photometer was used to measure K+, Na* and Ca?*, made
of Jenway PFP 7, Cole-Parmer, Vernon Hills, IL, USA. While Mg2+ and
Fe* were quantified using AAS (TRACE AI1200, Aurora Biomed, Van-
couver, Canada). Phosphorus content in samples was quantified spec-
trophotometrically using the Barton’s Reagent. The N quantification in
digested samples was made following Bremner and Keeney (1965)
method.

2.10. Statistical analysis of parameters studied

For measuring significant differences of the applied treatments on
measured parameters, Computer Program CoStat (Window Version
6.303, PMB 320) applied. To find out the significant differences among
means of parameter done, the Least Significant Difference (LSD) test was
used following 5 % level of probability. For the principal component
analysis (PCA), R-studio version 4.2.2 computer package was used to
estimate the correlations among the studied parameters. To measure
correlations among studied parameter and treatment, heatmap study
was done. The significance among correlations value was find out using
the values given by Pearson’s correlation.
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3. Results
3.1. Seed germination attributes

Different parameters related to seed germination and emergence of
seedlings, including GE, EI, CUE and G% of maize decreased signifi-
cantly due to imposition of salt stress. Seed soaking with different GSH
concentrations, when applied separately or with Zn in combination,
significantly ameliorating the salt stress negative impacts on seed GE,
GI, CUE and G%. Soaking of seeds with GSH when applied separately or
with Zn in combination also positively impacted the seed germinating
and seedling emergence related attributes when grown without salt
stress. Seed priming with GSH, when applied @ 3 mM with Zn in
combination, was found the best one in improving the GE, GI, CUE and G
%, followed by the 1.5 mM concentration of GSH with 0.5 % Zn as
compared with other treatments (Fig. 2).

Seed MET and Es increased significantly of maize seeds when grown
in NaCl stress. Use of different GSH levels as seed soaking, applied alone
or with Zn found significant for reducing negativities of salt stress on
MET as well as Esg. GSH-applied this amelioration in Esy and MET also
recorded in maize seeds grown without saline condition. But the
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ameliorating effect was treatment and parameter specific. Regarding
MET and Esp the maximum improvement was found by seed soaking
with GSH when applied @ 3 mM, either used separately or with Zn
under saline condition but under non-saline conditions this improve-
ment in MET and Esg was maximum due to seed soaking with GSH when
applied @ 3 mM either used with Zn (0.5 %) in combination followed by
the 3 mM GSH level alone (Fig. 2; Table S1).

3.2. Growth and morphological attributes of maize seedlings

Ameliorating impacts of seed soaking with GSH, either used sepa-
rately or with Zn (0.5 %), on the growth of radicle and plumule as well as
on morphology of seedlings are given in Fig. 1A, B, C and D. It clearly
shows that soaking of seeds in GSH when used @ 3 mM either alone or
with Zn (0.5 %) in combination, resulted in the speedy growth of radi-
cles and plumules than other treatments. Different morphological and
growth-related attributes as presented in Fig. 3 and Table S1 for maize
seedling showing that these parameters significantly negatively
impacted due to NaCl salinity. Seed soaking with reduced glutathione
with different levels, either applied alone and with Zn, ameliorated the
negative effects of NaCl salinity on these morphological as well as

Fig. 1. Plumule and radical protrusion patterns, growth patterns (A) shoot and root lengths (B) of maize seedlings under salt stress and non-stress conditions when
grown from seeds priming with different levels of GSH alone and in combination with Zn. NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH;
T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH+0.5 % Zn; T6=3 mM GSH+0.5 % Zn; T7=4.5 mM GSH+0 .5 %Zn.
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Fig. 2. Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on different seed germination and seedling
emergence related attributes of maize when grown under non-saline and NaCl salinity (Mean+SE; n = 4).

NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH+0.5 % Zn; T6=3 mM GSH+0.5 % Zn;
T7=4.5 mM GSH+0.5 % Zn; (Values against treatments on lines with same alphabets do not differ significantly)

growth attributes. However, amelioration impact was treatment spe-
cific. Zinc and GSH-applied increments in growth parameters also
recorded in maize seedlings grown without salt stress. Comparatively
more increment in these growth attributes recorded, when GSH was
applied @ 3 mM with 0.5 % Zn followed by 4.5 mM and 1.5 mM con-
centration of GSH with Zn in combination. Similar treatments were also
found better in improving the growth attributes under non-saline con-
dition but their extent of improvement was less than the plants grown
under salt stress condition.

3.3. Leaf AsA, H202 and MDA contents of maize seedlings

Data for MDA, HyOy and ASA contents showing that their levels
significantly increased in maize seedlings grown in NaCl salinity stress
than maize plants without any treatment (Fig. 3; Table S1). Less rise in
MDA and H0; levels was recorded in maize seedlings grown from seeds
soaked in GSH solutions with different levels, either alone or with Zn
(0.5 %) in combination that confers the stress ameliorating impacts of

these seed soaking treatments. Among different studied treatments, the
maximum amelioration regarding the reduction in MDA and H30;, levels
found by soaking of seeds with GSH when applied @ 1.5 mM level, alone
or with Zn in combination followed by 3 and 4.5 mM concentrations of
GSH with Zn in combination. Regarding leaf AsA content, a further
increment in the levels of AsA recorded in plants grown from seeds
soaked in GSH, either applied separately or with Zn in combination but
the combined application was more effective than the alone applications
of GSH and Zn. More increment in seedling AsA level recorded due to
seed soaking with 3 mM solution of GSH prepared in 0.5 % Zn solution.

3.4. Leaf chlorophyll content, TAC, TFC and TPC of maize seedlings

Data shows that T. Chl., Chl. a/b ratio, Chl. b, and Chl. a reduced
significantly due to imposition of NaCl salinity. Significant improve-
ments in leaf chlorophyll contents were recorded due to seed soaking
with solutions of reduced glutathione, used either alone or with Zn (0.5
%) under salt stress. Seed soaking using different GSH concentrations
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Fig. 3. Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on growth attributes MDA, H;O, and AsA contents
of maize seedlings when grown under non-saline and NaCl salinity (Mean+SE; n = 4).

NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH+0.5 % Zn; T6=3 mM GSH+0.5 % Zn;
T7=4.5 mM GSH+0.5 % Zn; (Values against treatments on lines with same alphabets do not differ significantly)
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either alone or with Zn (0.5 %), found significant in improving leaf
chlorophyll levels as well as the Chl. a/b ratio of maize seedlings when
grown without NaCl salinity but this increment was less in comparison
with plants grown under NaCl salinity. However, the increasing extent
was specific to GSH level, either applied separately or with Zn in com-
bination. In comparison, more increment in leaf photosynthetic pig-
ments due to seed soaking with GSH was found when used with 0.5 % Zn
in combination as compared with the alone application of GSH. More
increments in leaf chlorophyll as well as a/b ratio recorded due to GSH
treatment when applied @ 3 mM, either used separately or with Zn in
combination under both salt regimes, followed by the 1.5 and 4.5 mM
GSH concentrations when applied with Zn in combination (Fig. 4).

Rooting medium salinity caused significant increment in leaf Car.
levels of maize plants. Seed soaking using various concentrations of GSH
either applied with Zn (0.5 %) or alone, further increased the leaf Car.
content of maize seedlings. Treatment-applied this increment in leaf Car.
was also recorded in plants grown in non-saline environment. However,
treatment-applied, this increment in Car. content was GSH level specific,
used either alone or with Zn in combination, under both salt regimes.
Among different treatments, 3 mM GSH level, following 1.5 and 4.5 mM
treatments in combination with Zn showed more increasing impact on
Car. level, under both salt regimes (Fig. 4; Table S1).

Significant increment was also found in ratio of T. Chl./Car. under
NaCl salinity. Soaking of maize kernels using varying levels of reduced
glutathione either used alone or with 0.5 % Zn in combination signifi-
cantly decreased the T. Chl./Car. under salt stress. This decrease in T.
Chl./Car. ratio as a result of seed soaking with different GSH concen-
trations also found significant in plants when grown without salinity.
However, the increment in T. Chl./Car. found comparatively less than
that found under salt stress. Among different levels of GSH, 1.5 mM level
was found most effective one in reducing the T. Chl./Car. ratio (Fig. 4;
Table S1).

Leaf TAC and TFC contents significantly increased due to rooting
medium salinity. Seed soaking with GSH, either applied separately or
with Zn in combination found effective in further increasing the TFC and
TAC levels of maize seedling under NaCl salinity. However, seed soaking
with 3 mM reduced glutathione + 0.5 % Zn was found more effective
one than other treatment under both salt levels (Fig. 4; Table S1).

Leaf TPC also significantly increased due to rooting medium salinity.
A further increment in TPC was recorded due to seed soaking with GSH,
either applied separately or with Zn (0.5 %) in combination and
treatment-applied this increase in TPC levels recorded in non-stressed
plants too. However, treatment-applied this increment in TPC was less
than in plants grown under saline conditions. Maximum increment in
TPC, under both salt regimes was recorded due to seed soaking with
GSH, when applied @ 3 mM with Zn in combination (Fig. 4; Table S1).

3.5. Antioxidant enzyme activities, and some leaf metabolites of maize
seedlings

Date presented in Fig. 5 for the activities of antioxidants enzymes
and TSP shows that their activities significantly increased when grown
under saline condition. Pre-sowing treatment of seeds, using reduced
glutathione separately or with 0.5 % Zn found effective in further
increasing the activities of antioxidant enzymes as well as levels of TSP
under both salt regimes. The more increment in antioxidative enzyme
activities was recorded when seeds were primed using 1.5 mM solution
of reduced glutathione concentration and applied with 0.5 % Zn, under
both salt regimes.

Rooting medium salinity significantly increased the levels of me-
tabolites, such as NRS, RS and NRS in maize seedlings. Seed soaking
using varying GSH concentrations, either used with Zn (0.5 %) in
combination or as separate application, significantly increased the NRS,
RS and TSS of maize plants grown under NaCl salinity as well as of plants
grown in non-saline condition. More increment in NRS, RS and TSS
found due to seed soaking with 3 mM concentration of reduced
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glutathione with Zn (0.5 %) (Fig. 5; Table S1).

Rooting medium salinity increased significantly the leaf TFAA in
maize seedlings. However, a significant reduction in TFAA was recorded
in plants due to priming of seeds with reduced glutathione, either used
with Zn (0.5 %) as well as separately. However, comparatively more
decrease in TFAA was recorded due to priming of seeds with reduced
glutathione in combination with Zn (0.5 %) and all combined treatment
of GSH with 0.5 % Zn found equally effective in decreasing the TFAA
contents under salt stress (Fig. 5).

3.6. Uptake of nutrient in root and shoot

Rooting medium salinity significantly decreased the root and shoot
nutrient contents such as K*, Ca%*, N, P, Mg?" and Zn?* in maize plants.
Seed soaking with varying concentrations of GSH, either applied sepa-
rately or with Zn in combination, reduced the negativities of imposition
of NaCl salt stress in uptake of examined root and shoot nutrient.
However, the extent of this amelioration in root and shoot nutrient
uptake was treatment specific. Seed soaking with various concentration
of GSH, either used alone or with Zn in combination, also increased the
nutrient uptakes in root and shoot under non-saline condition too.
However, this increase in root and shoot nutrient contents was not same
at all GSH concentration, either applied alone or with Zn in combina-
tion. Among different levels of GSH, 3 mM level of GSH was found most
effective one in combination with Zn for maintaining root and shoot
nutrient contents under both salt regimes (Table 3; Table S1). Regarding
the Zn content in root and shoot relatively more increment found in
plants raised from GSH treated seed, when used with Zn in combination.

Imposition of NaCl salinity resulted in a significant increase in
Na'uptake as well as and Na®/k™ ratio. However, this increment in
uptake of Na'decreased significantly in root and shoot as well as the
Na'/k™ ratios due to seed treatment with GSH of different concentra-
tions, either applied alone or with Zn in combination. Among different
treatments, maximum decrease in uptake of Na* and Na*/k™ ratio both
in shoot and root was resulted, when seeds were primed with 3 mM GSH
level, either applied separately or with Zn in combination, followed by
1.5 mM and 4.5 mM concentrations of GSH with Zn in combination
(Fig. 6; Table S1).

Data presented in Fig. 6 and Table S1 showing that root and shoot
Ca%*/Na™ ratio significantly decreased when grown under saline con-
ditions. Seed soaking with GSH either applied separately or with Zn in
combination, ameliorated the negative impacts of NaCl salinity on root
and shoot Ca®"/Na*ratio. The maximum amelioration in maintaining
Ca?*/Na*ratio was found when seeds were soaked in solution of 3 mM
level of reduced glutathione with 0.5 % Zn in combination.

Shoot and root Cl" contents significantly increased due to rooting
medium salinity. Seed soaking with reduced glutathione, used sepa-
rately or with Zn (0.5 %), decreased significantly the shoot and root Cl°
content, when grown in NaCl salinity. Maximum decrease in the uptake
of CI" was found in plants, when seeds were primed using GSH of 3 mM
strength, either applied separately as well as with 0.5 % Zn, under salt
stress conditions. However, no significant impact of GSH seed priming
was found on CI, either applied alone or with Zn in combination on their
uptake in root and shoot when grown under non-saline condition (Fig. 6;
Table S1).

3.7. Metabolite levels of germinating seeds of maize

Data for Chl. and Car. contents, for germinating seed/seedlings
showing a gradual increment in these parameters, as seed germination
started under both salt regimes and a gradual increase was recorded
when data recorded at different timing (24 h, 48 h and 72 h) after seed
sowing (Table 1). Moreover, the increments in Chl. as well as the Car. of
seeds during germinating or seedlings after start of seed germination,
with passage of time, was more in seeds grown under non-saline con-
dition than saline ones. Seed soaking with GSH either used alone or with
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Fig. 4. Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on photosynthetic pigments, TAC, TFC and TPC
contents of maize seedlings when grown under non-saline and NaCl salinity (Mean+SE; n = 4).

NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH+0.5 % Zn; T6=3 mM GSH+0.5 % Zn;
T7=4.5 mM GSH+0.5 % Zn; (Values against treatments on lines with same alphabets do not differ significantly)
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Fig. 5. Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on the activities of SOD, POD, CAT, APX and the
contents of TSP, TSS, RS, NRS and TFAA of maize seedlings when grown under non-saline and NaCl salinity (Mean+SE; n = 4).

NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH-+0.5 % Zn; T6=3 mM GSH+0.5 % Zn;
T7=4.5 mM GSH+0.5 % Zn; (Values against treatments on lines with same alphabets do not differ significantly)
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Fig. 6. Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on content of Na™, ratios of Na*/K", and Ca*/Na™
and CI contents in root and shoot of maize seedlings when grown under non-saline and NaCl salinity (Mean=+SE; n = 4).

NS= No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=0.5 % Zn; T5=1.5 mM GSH+0.5 % Zn; T6=3 mM GSH+0.5 % Zn;
T7=4.5 mM GSH+0.5 % Zn; (Values against treatments on lines with same alphabets do not differ significantly)
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Table 1
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Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on carotenoid (Car.), chlorophyll (Chl.), total soluble sugars
(TSS), and total reducing sugar (TRS) contents of germinating maize seeds under non-saline and NaCl salinity (Mean+SE; n = 4).

Chl. (mg/g FW) (LSD at 5 % level = 0.03)

Time (h) NS S T1 T2 T3 T4 T5 T6 T7

Control

0 0 0 0 0 0 0 0 0 0

24 0.054+0.003%  0.04+0.003° 0.0940.007° 0.1440.060" 0.07+0.006°¢ 0.0940.006° 0.16+0.002° 0.1940.002° 0.15+0.002°
48 0.08+0.002° 0.07+0.002° 0.1540.029¢ 0.3940.038" 0.13+0.028° 0.15+0.028¢ 0.4140.005" 0.44+0.003° 0.3740.003°
72 0.3140.31¢ 0.30+0.31¢ 0.8140.070° 1.03+0.074° 0.79+0.68° 0.81+0.06° 1.05:+0.016" 1.13:0.004° 1.04:£0.004°
120 mM NaCl

0 0 0 0 0 0 0 0 0 0

24 0.04+0.003° 0.04+0.002° 0.06+0.03¢ 0.1240.057° 0.05+0.005° 0.06+0.03¢ 0.1340.002*°  0.1540.003% 0.11+0.003°
48 0.06::0.002° 0.05::0.002° 0.12:+0.04¢ 0.18:£0.0s36° 0.11+0.028¢ 0.12:+0.04¢ 0.27+0.004 0.29+0.002° 0.24::0.002°
72 0.26+0.23° 0.25+0.22f 0.7940.05° 0.96+0.0724 0.78+0.067¢ 0.7940.05° 1.02:+0.012° 1.11:£0.004¢ 0.9940.005°
Car. (ug/g FW) (LSD at 5 % level = 0.009)

Control

0 0 0 0 0 0 0 0 0 0

24 0.011£0.005°  0.01240.004°  0.032+0.003*  0.021£0.003°  0.019+£0.002°°  0.021£0.002°  0.037+0013* 0.035+0.005°  0.033:£0.003°
48 0.026+0.0018  0.027+0.006°  0.153+0.008%  0.109+0.004°  0.082:+0.003° 0.102+0.004°  0.214+0.002°  0.183+0.008"  0.162+0.004¢
72 0.082+0.006"  0.092+0.0058  0.302+0.016%  0.204+0.013°  0.183::0.004° 0.202+0.012°  0.353+£0.004*  0.333+0.012°  0.31340.005°
120 mM NaCl

0 0 0 0 0 0 0 0 0 0

24 0.006+0.003°  0.007+0.003b  0.012:+0.002°  0.021+0.003°  0.008-:0.007" 0.012+0.002°  0.024+0.004*  0.027+0.008°  0.02340.015°
48 0.0134+0.0038  0.014:+£0.004%8  0.052:+0.004°  0.102+0.006°  0.023::0.003" 0.052+0.004°  0.143+£0.005°  0.174+0.007°  0.12340.014°
72 0.043+0.004"  0.052+0.0058  0.114+0.011°  0.202+0.014%  0.095:£0.005° 0.112+0.011°  0.233+£0.002°  0.2624+0.002*  0.222+0.014¢
TSS (mg/g FW) (LSD at 5 % level = 1.95)

Control

0 1440.86¢ 15+0.88¢ 15.5040.89¢ 19.00+0.96° 15.2340.91¢ 15.5240.89¢ 21.04:0.87° 24.57+0.98° 18.9240.98°
24 15+0.88° 16:£0.90° 20.00+1.99¢ 22.0042.04° 19.07+1.95¢ 20.00+1.99¢ 30.06+1.44° 33.00+1.46 22.83+0.96°
48 29+1.64 3141.66° 39.00+2.05™ 44.00+2.35% 37.04+2.03¢ 39.02+2.04™ 37.52+41.30°  40.08+1.34° 44.79+2.44°
72 43+1.98" 454+2.01° 51.00+2.36° 57.00+2.55" 49.02+2.31¢ 51.02:+2.35° 58.02+2.02°°  59.42+2.06% 52.01+2.55°
120 mM NaCl

0 13.09+0.82° 14.0240.86% 15.7040.77 17.25+0.87¢ 15.0040.73% 14.7040.77% 20.50+0.68" 22.45+0.77° 15.90+0.65
24 12.56+0.86° 14.05+0.87° 16.00+1.92¢ 19.2140.46" 16.54+1.85¢ 16.0041.92¢ 21.00+1.22° 29.54:+0.44° 19.0541.20°
48 26.00+1.53¢ 27.90+1.63¢ 26.00+1.99¢ 36.90-+£0.88%° 34.01+1.35° 36.00+1.98" 37.45+2.03%°  38.87+1.24% 36.96+1.95°
72 32.09+1.96° 33.67+1.89° 38.4542.13%¢ 39.0242.08° 37.06+2.02¢ 38.45+2.13% 41.10+1.88° 49.60+2.02° 39.94+1.76"
TRS (mg/g) (LSD at 5 % level = 1.71)

Control

0 9.0140.32%° 9.3240.30%" 9.5140.34%° 8.86+0.32%° 8.46+0.27° 9.50+0.34% 9.9040.36%" 10.23+0.41° 9.76+0.33%
24 9.36+0.33° 9.67+0.33% 9.7640.32°° 8.9740.37° 8.72+0.23" 9.75+0.34% 10.0140.39% 11.3340.45° 9.97+0.35%
48 13.02+0.48° 13.9240.43¢ 17.0140.53° 19.0140.62° 16.8640.44° 17.0040.51° 19.76+0.65 20.57+0.73° 19.67+0.57°
72 18.02+0.79¢ 18.8840.73¢ 28.01+1.71° 31.02:+1.82° 27.01+1.64° 28.00+1.71¢ 31.92:+1.84° 34.74+2.04° 31.45+1.79°
120 mM NaCl

0 8.00+0.12° 8.26+0.13% 9.1540.16°° 8.9840.12°° 9.00+0.15% 9.1540.16% 9.2340.27%° 9.90+0.33° 8.99+0.20%"
24 8.324+0.11° 8.56+0.14° 9.7840.17°° 9.3240.13%° 9.65+0.12% 9.78+0.17% 10.0240.22%° 10.51+0.26° 9.45+0.15%
48 9.00+0.06° 9.76+0.09% 10.544+0.11°%  11.00+0.09"¢  9.40+0.12% 10.5440.11°%  12.68+0.44" 17.75+0.64° 11.87+0.33%
72 10.43+0.38¢ 10.90+0.42¢ 12.43+0.63° 16.54+0.82° 11.75:+0.45 12.43+0.63¢ 17.87+1.82° 20.3841.84% 17.12+1.24°

NS=No soaking; WS=water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=Zn 0.5 %; T5=Zn+1.5 mM GSH; T6=Zn+3.0 mM GSH; T7=Zn+4.5 mM

GSH; (Values with same alphabets in superscript in a row do not differ significantly).

Means in a row with same letter (a, b, c,...... ) do not differ significantly.

Zn in combination, significantly speed up this increase in seedling Chl.
and Car contents under both salt regimes and comparatively GSH-
applied this increase was found more under salt stress conditions than
non-saline ones, in comparison to their non-treated ones. Moreover,
GSH-applied this increment was not found same due to all GSH levels,
either used alone as well as with 0.5 % Zn under both salt regimes. The
speedier rise in Chl. and Car contents of germinated seed/seedlings
recorded, when seed soaking was done with 3 mM strength of GSH,
either applied separately or with Zn in combination. In comparison with
other GSH concentrations under both salt regimes. Furthermore, the fast
increment in Chl. and Car. levels also recorded due to seed soaking with
Zn that was similar as with GSH applied @ 1.5 mM.

The levels of TRS and TSS started to rise significantly of germinating
seeds when grown in both salt regimes and that increment was found
when studied with different timings after seed sowing. Moreover, this
increment in TRS and TSS was recorded more under non-saline condi-
tions. Seed soaking with GSH either applied alone or with Zn further
speed up these increments in TRS and TSS contents under both salt re-
gimes. However, the extent of increment was found treatment specific in
both salt regimes. Comparatively this increment in TSS and TRS was
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more, when soaking of seeds was done using the GSH @ 3 mM, either
used with Zn (0.5 %) in combination or separately under both salt re-
gimes (Table 1).

Contents of TSP and seed oil as presented in Table 2 during seed
germination decreased significantly under both salt regimes, when the
data was noted at different time intervals, after seed sowing. Moreover,
reduction in seed oil and TSP during germination process was less in
seeds grown under NaCl salinity. Soaking of seeds in reduced gluta-
thione solution either used alone or in combination with Zn (0.5 %)
further increased the decrease in seed oil and TSP contents under both
salt regimes, but the speedy decrease was treatment specific under both
salt regimes. The speedier reduction in seed oil and TSP found in
germinated seed soaked in 3 mM level of GSH either used with Zn (0.5
%) or separately, in comparison with other treatments, under both salt
regimes. Moreover, the speedy decrease in seed oil and TSP also recor-
ded in germinating seeds or seedlings treated using Zn (0.5 %) as ZnSO4
that found comparatively similar with impacts of GSH applied @ 1.5
mM.

Data for TFAA contents of germinating seeds during germination of
seeds (Table 2), shows that a gradual increment was recorded as seed
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Table 2
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Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on total soluble proteins (TSP), total free amino acids
(TFAA), free fatty acids (FFA), and oil contents of germinating maize seeds under non-saline and NacCl salinity (Mean+SE; n = 4).

TSP (mg/kg FW) (LSD at 5

% level = 16.57)

Time (h) NS TS T1 T2 T3 T4 T5 T6 T7

Control

0 900+8.9° 860-+8.6° 790+5.5¢ 700+5.7¢ 880+6.4° 790+5.44 680+2.4° 600-+3.68 690+2.3%f
24 800+4.8 800-£5.7° 700+4.8° 690-£6.6° 660-:3.6° 700+4.8° 650-£4.2° 530+3.3¢ 660-£3.5°
48 650+2.6° 750+3.4° 615+3.8° 570+4.3¢ 600£3.7° 615+3.8° 550-£4.8° 480+2.3° 600-£6.5°
72 500+3.5° 600-+4.4° 480+6.5° 450+4.4¢ 470+4.5° 480+6.5° 400+2.4° 350+8.1° 480+3.2°
120 mM NaCl

0 910£6.5 850+9.2° 800+£2.4° 720+6.3¢ 900:£6.7° 800+3.6° 700+5.5° 620+3.7 720+2.8%
24 850+3.9% 820+5.1° 750+5.3¢ 740+6.5¢ 790+3.8° 750+5.64 700+6.3° 570+3.1" 680-£3.9¢
48 700+3.6" 800+4.3° 665+4.2° 715+4.8° 680+4.3° 665-+5.4 600+4.7° 530+2.5 650+6.2¢
72 590-+4.9° 650-£4.4° 580+3.3° 530+3.1° 590+4.6° 580+3.1° 450+2.6¢ 400£6.3° 530+3.1°
TFAA (mg/kg FW) (LSD at 5 % level = 66.25)

Control

0 50+3.35" 55+2.45" 65+2.50° 85+2.33" 60+2.55" 65+2.60° 100+3.54° 225+2.337 95+3.43°
24 70+3.45° 75+2.52° 95+2.44° 98+2.48° 90+2.40° 95+2.43° 215+2.57% 240+2.46° 210+2.53%
48 250+2.37¢ 253+2.41¢ 275:+4.47" 295:+3.54%¢ 270+2.41%¢ 275+3.47 320+2.67%° 350+2.75° 315+2.672¢
72 415+4.28" 420+3.33" 435+3.65% 455+3.69% 430+3.60%° 435+3.65% 470+3.73% 490+3.807 465+4.65%
120 mM NaCl

0 48+2.34° 49+2.45° 60+2.42° 75+2.30° 58+2.54° 61+3.40° 92+3.47° 215+2.15° 86+3.23°
24 60+2.54" 65+2.55" 75+2.23° 85+2.53" 70+2.36° 75+4.20° 20042.34% 225+2.46% 100+2.32°
48 240+2.44° 245+2.30° 265+3.35% 27543.622° 26042.43% 265+4.323° 29042.67% 320+2.76% 28542.63%"
72 405+3.36° 410+3.45% 425+3.50° 445+3.68° 420+3.54° 425+4.60° 450+2.45% 470+2.76° 445+3.54°
0il (%) (LSD at 5 % level = 0.28)

Control

0 4.09+0.12° 4.15+0.16° 3.50+0.16° 3.5740.04° 3.40+0.11° 3.6540.18° 3.4540.09° 3.6540.18° 3.60+0.16°
24 3.80+0.11%° 3.85+0.21% 3.80+0.26%" 3.37+0.10% 3.10+0.13¢ 3.5540.19°¢ 3.75+0.10°> 3.5540.19°¢ 3.50+0.18%
48 3.50+0.13% 2.55+0.16" 3.40+0.06° 2.38+0.03" 2.45+0.12° 2.45+0.15" 2.05+0.08¢ 2.45+0.15° 2.40+0.22°
72 2.1540.15% 2.2040.19° 1.90-£0.09" 1.75+0.07° 1.95:£0.04%¢ 1.75+0.14° 1.90:£0.04" 1.75+0.14° 1.70+0.13°
120 mM NaCl

0 4.1940.17° 4.25+0.20° 3.75+0.21° 3.75+0.16" 3.55+0.07> 3.6040.21" 3.75+0.23° 3.4540.13¢ 3.77+0.08"
24 4.00+0.14° 4.05+0.17° 3.05+0.16° 3.45+0.18° 3.2540.04 3.3040.28™ 3.05+0.14¢ 3.354+0.17° 3.2740.06"
48 3.25+0.16% 3.30+0.19° 2.95+0.15¢ 2.90+0.25% 2.60+0.02° 2.6540.06% 2.5540.17¢ 2.1040.26° 3.0240.02
72 2.65+0.18%" 2.70+0.222 2.25+0.11¢ 2.20+0.16% 2.40+0.06" 2.4040.07" 2.2540.11¢ 1.95-+0.07¢ 2.20+0.03%
FFA (mg/g FW) (LSD at 5 % level = 2.38)

Control

0 36+2.27¢ 37+2.72% 39+2.44% 41+2.42%° 39+2.46" 39+2.44% 42+2.44° 43+2.43° 4142.44%°
24 554+1.53° 61+1.51¢ 67+2.33¢ 70+2.35° 65+2.25¢ 67+2.33° 72:+2.35% 73+2.32° 71+2.31%°
48 95+2.30 101+1.61° 116+2.544 120+2.59° 115+2.544 116+2.504 125+2.58%° 126+2.17% 123+2.56°
72 103+1.641 119+1.22° 129-+1.25¢ 133+1.31° 127+1.23¢ 129+1.22¢ 137+1.28% 139+1.27% 135+1.24"
120 mM NaCl

0 30+2.10¢ 344+2.72¢ 39+2.43° 4242 .52° 39+2.44° 39+2.40° 4242.37° 40+2.41%° 39+2.13°
24 3241.41¢ 37+1.48¢ 57+2.28% 58+2.43° 55+2,33¢ 57+2.27% 62+2.17° 63+2.22° 61+2.23°
48 7242.20° 78+1.60¢ 1044+2.62¢ 11242.54° 102+2.46° 104-£2.60° 1144243 11642.12% 113+2.53"
72 80+1.40" 96+1.10° 114+1.14¢ 119+1.25¢ 11242.324 11441.13¢ 124+1.17° 139+1.22% 123+1.24°

NS=No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=Zn 0.5 %; T5=Zn+1.5 mM GSH; T6=Zn+3.0 mM GSH; T7=Zn+4.5 mM

GSH; (Values with same alphabets in superscript in a row do not differ significantly).

Means in a row with same letter (a, b, c,...... ) do not differ significantly.

germination started, with the passage of time, under both salt regimes.
However, this increment in TFAA during germination was less in
germinating seeds grown under NaCl salinity. Soaking the seeds with
GSH, either applied alone or with Zn in combination, caused a speedy
increase in TFAA under both salt regimes. However, comparatively more
increment in TFAA was treatment specific under both salt regimes. The
maximum speedy increment in TFAA found due to priming of seeds
using GSH @ 3 mM, either used separately or in combination with 0.5 %
Zn as compared with other treatments under both salt regimes. More-
over, the speedy increment in TFAA due to priming of seeds with GSH as
well as with 0.5 % Zn as seed soaking, was less under non-saline con-
ditions than saline condition in comparison with their non-treated ones.

Seed/seedlings TFFA content also increased significantly when
grown in different regimes. This increment in TFFA recorded less under
salinity. Soaking of seeds with GSH either used alone or with Zn in
combination caused a speedy increase in TFFA as compared with non-
primed seeds, but this speedy increase in TFAA following priming of
seed using GSH, either used with Zn (0.5 %) or without Zn was
comparatively less in seeds grown under non-saline conditions with
respect to their non-treated seeds. Comparatively, seed treatment with 3
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mM and 1.5 mM GSH levels either applied with 0.5 % Zn or separately
were found best under both, non-saline and salt stressed conditions
(Table 2).

3.8. Correlation studies and PCA

The correlation studies of studied parameters are shown in Table S2
and Fig. 7a. Strong significance correlations were recorded of SFW, SDW
with G%. Significant negative correlation was found of SFW, SDW with
E50 and MET. SFW and SDW found significantly positively correlated
with CUE and GI, respectively. Photosynthetic pigments including Chl.
a/b, T. Chl., Chl. b and Chl. a, found significantly positively correlated
with SFW and SDW, respectively but T. Chl./Car. and Car. found nega-
tively correlated with SDW and SFW, respectively, Moreover, T. Chl.,
Chl. b, Chl. a/b and Chl. a found positively correlated with G% but
negatively correlated with Esg. Leaf MDA, H205, AsA, SOD, POD, CAT
and APX found negatively correlated with SDW and SFW, respectively.
Nutrient ions, including Sh K, R K, R P, Sh P, Sh Mg, R Mg, Sh Ca, R Ca,
ShN, RN, Sh P, R P, Sh Mg, R Mg, Sh Zn, R Zn, have positive and R Na,
Sh Na, Sh Na/K, R Na/K, Sh Cl" and R Cl" showed negative correlations



R.A. Kasana et al. Plant Stress 15 (2025) 100767
Table 3

Effects of different levels of GSH when applied separately or in combination with 0.5 % Zn as seed priming on K, Ca, N, P, Mg and Zn contents in shoot and root of maize
seedlings when grown under non-saline and NacCl salinity (Mean+SE; n = 4).

SK* (mg g DW) RK' (mgg’ S Ca%* (mg g DW) R Ca** (mg g DW) SN (mg g DW) RN (mg g"' DW)
DW)
Treatments Control 120 mM NaCl Control 120 Control 120 Control 120 mM Control 120 mM Control 120 mM
mM mM NaCl NaCl NaCl
NaCl NaCl
NS 43.64 29.61+1.09f 40.57 31.54 11.39 7.88 12.25 8.15 45.32 30.27 35.54 23.48
+1.09 +1.64° +1.64  +0.30° +0.30°  +0.41° +0.24° +1.13¢ +0.67 +0.56 +0.33¢
ws 4418 29.0941.09%  41.11 31.01 11.53 7.75 12.38 8.63 45.82 31.70 36.04 22.16
+1.09 +1.64° +1.64°  +0.30° +0.30°  +0.41° +0.39° +1.13% +1.06° +0.56°¢ +0.46"
T1 48.82 32.14+1.09%  44.74 34.07 13.68 8.52 14.54 9.37 46.80 32.68 35.02 24.90
+1.07¢ +1.61¢ +1.64%  +0.30° +0.30°  +0.40° +0.41% +1.12° +1.14° +0.568 +0.57¢
T2 49.07 33.64+£1.03° 45.99 35.57 14.30 8.89 15.15 9.75 49.07 36.07 39.29 26.54
+1.09¢ +1.64° +1.53°  +0.38" +0.28"  +0.51° +0.38" +1.42° +1.06° +0.71¢ +0.56°
T3 46.87 30.25+1.09° 42.79 32.17 11.70 8.04 13.00 8.90 46.45 33.93 36.67 23.14
+1.09° +1.64° +1.63°  +0.30° +0.30%  +0.419 +0.40% +1.14° +1.13¢ +0.57¢ +0.56°
T4 46.62 33.59+1.09° 42.55 35.52 12.89 8.88 13.74 9.74 46.85 34.77 38.07 25.99
+1.09° +1.64° +1.63°  +0.30¢ +0.30>  +0.41¢ +0.40% +1.14° +1.10% +0.57¢ +0.55¢
T5 53.09 39.3241.09°  47.02 31.25 15.00 9.31 15.00 10.17 48.68 35.32 40.90 31.54
+1.08° +1.62° +1.64°  +0.30° +0.30°  +0.40° +0.41° +1.12° +1.14%¢ +0.56° +0.57°
T6 56.45 41.07+0.40°  49.37 39.20 15.12 10.55 16.00 11.41 49.00 40.90 42.70 36.12
+1.22° +1.84° +0.59  +0.25% +0.11*  +0.33° +0.14° +1.06% +0.41° +0.53° +0.20°
T7 51.51 38.64+1.14°  46.43 37.57 14.61 10.14 15.21 11.00 48.29 40.69 41.51 30.91
+1.15° +1.73% +1.70°  +0.32% +0.31°  +0.41° +0.42° +1.14° +1.18° +0.57° +0.59°
LSD 5 % 0.86 0.85 0.54 0.48 1.04 0.90
SP (mg g DW) RP (mgg’ S Mg (mg g DW) R Mg (mg g"! DW) S Zn* (mg kg DW) R Zn?** (mg kg! DW)
DW)
Control 120 mM Control 120 Control 120 Control 120 mM Control 120 mM Control 120 mM
NaCl mM mM NaCl NaCl NaCl
NaCl NaCl
NS 10.30+0.44°  6.56 9.80 6.06 14.21 8.78 13.79 8.36 43.29 26.25 44.23 27.19
+0.26 +0.294 +0.17°  +0.47° +0.28°  +0.23° +0.14° +1.50° +0.89f +1.508 +0.8%
ws 10.45+0.44°  6.45 9.95 5.95 14.42 8.63 14.00 8.20 43.95 25.76 44.89 26.70
+0.34f +0.29¢ +0.23°  +0.47° +0.37°  +0.23° +0.18° +1.50° +1.17f +1.508 +1.17¢
T1 12.76+0.43¢  7.22 11.26 6.72 15.78 9.74 15.35 9.32 46.49 29.25 48.43 20.94
+0.44° +0.28° +0.299  +0.47°¢ +0.47¢  +0.23%¢ +0.234 +1.47¢ +1.50° +1.48° +1.46f
T2 13.4240.54>  7.69 12.92 7.24 16.25 11.25 15.83 11.33 47.63 31.32 48.82 32.27
+0.43¢ +0.36° +0.29°  +0.34° +0.67°  +0.17° +0.33¢ +1.92¢ +2.78¢ +1.91° +1.54¢
T3 11.63+£0.44°  6.71 11.13 6.71 15.69 10.00 14.26 8.58 46.78 30.94 46.72 30.88
+0.43f +0.29¢ +0.29¢  +0.47¢ +0.47°¢  +0.23° +0.23° +1.50¢ +1.49¢ +1.50° +1.49¢
T4 11.904+0.44°  7.53 11.40 7.03 15.53 10.50 15.11 9.78 52.59 35.69 55.53 36.64
+0.424 +0.29¢ +0.28°0  +0.47¢ +0.46°  +0.23¢ +0.23¢ +1.50° +1.45¢ +1.50¢ +1.45¢
T5 13.1740.43° 850 12.67 8.14 16.83 10.53 16.40 12.11 60.93 38.01 61.87 39.96
+0.44¢ +0.29° +0.29°  +0.47° +0.47°  +0.23° +0.23° +1.48° +1.50° +1.48° +1.50°
T6 15.25+0.36°  9.47 14.32 9.20 17.92 12.46 17.50 14.78 64.39 40.17 63.33 42.11
+0.15% +0.24° +0.10*°  +0.27% +0.17°  +0.13° +0.08° +1.452 +0.61° +1.23° +0.61°
T7 13.484+0.44>  8.96 13.98 8.46 16.82 11.27 16.14 11.84 60.72 39.19 57.41 41.14
+0.45° +0.29° +0.30°  +0.48° +0.49°  +0.24° +0.24 +1.63° +1.56% +1.62° +1.56°°
LSD 5 % 0.30 0.38 0.55 0.63 1.49 1.42

NS=No soaking; WS=Water soaking; T1=1.5 mM GSH; T2=3 mM GSH; T3=4.5 mM GSH; T4=Zn 0.5 %; T5=Zn+1.5 mM GSH; T6=Zn+3.0 mM GSH; T7=Zn+4.5 mM
GSH; (Values with same alphabets in superscript in a row do not differ significantly).

S K= shoot potassium; R K= root potassium; S Ca= shoot calcium; R Ca= root calcium; S N=shoot nitrogen; R N= root nitrogen; S P= shoot phosphorous; R P= root
phosphorous; S Mg= shoot magnesium; R Mg= root magnesium; S Zn= shoot zinc; R Zn= root zinc; S Na= shoot sodium; R Na= root sodium; S Na*/K*= shoot
sodium potassium ratio; R Na*/K*= root sodium potassium ratio; S Ca%*/Na™= shoot calcium sodium ratio; R Ca®>*/Na*= root calcium sodium ratio; § Cl'= shoot
chloride ion; R CI'= root chloride ion.

with growth attributes. Leaf Car., TRS and TSS are positively correlated
with seed/seedlings Chl. of germinating seeds, and a positive correlation
of TFAA, TFAA, recorded with Chl. of seedlings. While TSP negatively
correlated with TSS, Car., Chl. and TRS. Oil content of germinating seeds
negatively correlations with TFAA, TRS, TSS, Car., Chl. but positively
with TSP (Table S3 and Fig. 7b).

3.9. PCA of different parameters of seedlings

This study revealed that the studied attributes were clustered into
three groups. In one group, the activities of oxidative stress related en-
zymes, levels of non-enzymatic antioxidants, and TSS, RS and NRS were
closely positively related to each other. In the 2nd group, the shoot and
root Na™ uptake, Na™/K* in root and shoot, MDA, FAA, H,0,, that are
apart from the attributes of the 1st group. Rest of the attributes such as
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growth, nutrient uptake Ca>*/Na™ in root and shoot, CUE, G.E, G% and
G.E were grouped together and closely positively correlated to each
other. However, the attributes of 3rd group were negatively correlated
with the attributes of 2nd group, but less apart from the 1st group. In
findings the variance among attributes the major contribution of Dim 1
(Factor 1) i-e 79.2 % followed by of factor 2 i-e 15.5 % with a cumulative
variance of 94.7 %. PCA analysis of seed/seedling metabolites are pre-
sented in Fig. 7b; Table S3. It was clear from that the TRS, Car. and Chl.
are strongly positively corelated, TSS, TFAA and TFFA are totally closely
related; but these strongly negatively correlated to TSP and oil content
(Fig. 7a; Table S2)

3.10. Heat map analysis

Heat map analysis of among studied attributes and given treatment
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in combination with Zn, under non-saline and NaCl salinity PCA analysis among studied seed metabolites (B).
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are presented in Fig. 8. The intensity of color and color type in squares
clearly shows its extent of correlation of effectiveness of specific treat-
ment in relation with specific parameters. It shows that different com-
bined treatment of glutathione with Zn under salt stress showed better
result among other treatments under salt stress. Among these GSH with
3 mM with Zn are most effective followed by 1.5 mM GSH with Zn and
there 4.5 mM with Zn. It clearly shows that better effectiveness of 0.5 %
Zn?*t 3 mM GSH is associated with it strong correlation with NRS, TSS,
TFC, CAT, SOD, APX, RS, TSP, POD, SOD, AsA, TAC, TPC and Car. fol-
lowed by CUE, GI as clear from the color intensity along a line (Treat-
ment) in a column (parameter) and Zn least effective one was Zn alone
treatment under salt stress.

4. Discussion

Seed germination is a complex process, starts with imbibition after
absorbing water, necessary for activating the hydrolyzing enzymes that
play significant roles in emergence process by providing necessary me-
tabolites (Saeed et al., 2023; Perveen et al., 2021; Taiz et al., 2015).
Availability of these necessary metabolites is of prime importance for
the biosynthesis of large structural molecules, where these metabolites
play roles as building blocks. The activities of these hydrolyzing en-
zymes during this process also generates metabolic energy by the
breakdown of stored reserves to simpler molecules that are being uti-
lized in the development and emergence of new seedlings, necessary for
uniform and good crop stand establishment (Perveen et al., 2021; Saeed
et al., 2023).

It is well known that abiotic stresses including salt stress adversely
affect the process of germination that also delays seedling emergence
process (Suzuki et al., 2014; Tebini et al., 2022; Nikolic et al., 2023). It is
a well-known fact that under salt stress, aside to the negative effects of
toxic ions, it also results in lowering of osmotic potential of growth

Plant Stress 15 (2025) 100767

medium that reduces water uptake/absorption by seeds causes distur-
bances in imbibition that results in reduced seed germination and
delayed emergence (Munns and Tester, 2008; Ucarli, 2020; Kumar et al.,
2021; Saeed et al., 2023; Naseer et al., 2022; Nikoli¢ et al., 2023). This
study demonstrated that 120 mM of NaCl affected the maize seed
germination processes; activities of hydrolyzing enzymes related to
germination and emergence were negatively affected (Ucarli, 2020;
Naseer et al., 2022; Perveen et al., 2021; Xiong et al., 2024). To over-
come the negative effects of high salinity during germination and
seedling emergence, different ways can be employed; including seed
priming using different methods (Saced et al., 2023; Sghayar et al.,
2023). Seed soaking with GSH either used alone or with 0.5 % Zn in
combination, significantly reduced the NaCl salinity negativities on at-
tributes related to seedling emergence and seed germination parame-
ters. The GSH applied @ 3 mM either applied alone or with Zn in
combination was found superior one than other treatments.
GSH-applied amelioration on seed germination attributes, seems the
effect of its better uptake by seeds, when used in combination with Zn
than its individual application that might have resulted in better water
absorption due to lowering of seed osmotic potential, necessary for
maintaining the better activities of hydrolyzing enzymes (Naseer et al.,
2022; Raja et al., 2022; Saeed et al., 2023). Moreover, in relation to
present findings, earlier it was found that exogenous application of GSH
have significant role in seed germination related processes, because it is
found a clear increase in levels of GSH of germinating seeds during
radical formation (Ciacka et al., 2019; Moothoo-Padayachie et al.,
2016). Furthermore, it is reported that high concentration of reduced
glutathione during seed germination process plays significant role in
maintaining cell division related metabolic process (Hossain et al.,
2017). Similar findings are well reported by Saeed et al. (2023) on maize
seed germination related attributes were significantly improved under
stress when grown after soaking in GSH solution and more efficiency
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Fig. 8. Heatmap analysis of studied germination parameters, growth attributes, photosynthetic pigments, activities of antioxidant enzymes, contents of non-

enzymatic antioxidants, nutrient ions and some metabolites.

Eso= time to 50 % seed emergence; MET= mean emergence time; CUE= coefficient of uniformity of emergence; EI= Emergence index; G %= germination %; GE=
germination energy; RFW= root fresh weight; RDW= root dry weight; SFW= shoot fresh weight; SDW= shoot dry weight; SL= shoot length; RL= root length; Car=
carotenoids; Chl. a= chlorophyll a; Chl. b= chlorophyll b; T.Chl.= total chlorophyll; Chl a/b= ratio of chlorophyll a/chlorophyll b; T. Chl./Car= total chlorophyll/
Carotenoids; Seed/seedling Chl.= seed/seedling chlorophyll; TSS= total soluble sugar; TRS= total reducing sugar; TSP= total soluble protein; TFAA= total free
amino acid; FFA= free fatty acid; MDA= malondialdehyde; H,O,= hydrogen peroxide; AsA= ascorbic acid; TAC= total anthocyanin content; TFC= total flavonoid
content; SOD= superoxide dismutase; POD= peroxide dismutase; CAT= catalase; RS= reducing sugar; NRS= non-reducing sugar; TPC= total phenolic content; S
K= shoot potassium; R K= root potassium; S Ca= shoot calcium; R Ca= root calcium; S N=shoot nitrogen; R N= root nitrogen; S P= shoot phosphorous; R P= root
phosphorous; $ Mg= shoot magnesium; R Mg= root magnesium; S Zn= shoot zinc; R Zn= root zinc; S Na= shoot sodium; R Na= root sodium; S Na*/K*= shoot
sodium potassium ratio; R Na*/K*= root sodium potassium ratio; S Ca%*/Na*= shoot calcium sodium ratio; R Ca%*/Na*= root calcium sodium ratio; § Cl'= shoot

chloride ion; R CI'= root chloride ion



R.A. Kasana et al.

was recorded due to seed priming with GSH in combination with Zn,
where 1.5 mM concentration was found more effective. It is plausible
that exogenously-applied GSH, during seed soaking, might have
elevated the GSH content of the seed before seed germination;
improving the effects on seedling emergence and seed germination
through faster metabolic activities (Saeed et al., 2023; Ali et al., 2024).
The improvement observed following seed soaking with GSH + 0.5 % Zn
on germination and emergence related attributes, could be attributed to
the presence of Zn (Seyedi et al., 2012; Imran et al., 2018; Choukri et al.,
2022); that might also have played role in lowering the seed osmotic
potential for better water absorption lead to better imbibition. Earlier it
was reported that Zn have role in maintaining the better levels of GSH
during process of germination helpful to play antistress role to coun-
teract oxidative stress (Saeed et al., 2023). Moreover, it is found that the
GSH application regulates the translocation of Zn in plants (Nakamura et
al., 2019) that correlates well to present findings, where GSH+0.5 % Zn
application showed better performance in improving seedlings emer-
gence and germination especially when grown in salt stress.

Levels of simple metabolites such as FAA, FFA, TSS, Car., Chl. and
TRS of germinating seeds/seedlings increased significantly after seed
sowing under both salt regimes, with an alternate decrease in levels of
macromolecules such as seed oil and TSP, conferring the increased ac-
tivities of seed hydrolyzing enzymes (Perveen et al., 2022). Reduced
increment in levels of these simple metabolites recorded in germinating
seeds grown in NaCl salinity. Priming of seeds with GSH either applied
in combination with 0.5 % Zn or separately as well as further increased
the levels of these simple metabolites, in comparison to non-treated
ones, with an alternate rapid reduction in seed oil and TSP. Among
the different treatments, more rapid increase with the passage of time in
the levels of these simple metabolites was recorded when seeds were
primed using GSH (3 mM) with either Zn or separately than the other
levels/treatments. Specifically, the changes in the levels of these simpler
metabolites corresponded well to the activities of metabolic enzymes
responsible for hydrolyzing activities (Perveen et al., 2021, 2022; Saeed
et al., 2023) that confers the better significant impact of Zn and GSH in
controlling seed hydrolyzing enzymes activities. The increase in
metabolite levels with 3 mM level of GSH correlated well with the GSH
concentration specific improvement in seed germination related en-
zymes (Kalemba and Ratajczak, 2018; Cheng et al., 2015; Nahar et al.,
2015a; Pei et al., 2019; Zaki et al., 2019; Hoang et al., 2021; Jaiswal et
al., 2021; Saeed et al., 2023). Rapid catabolism of large molecular
weight, stored as seed metabolites, to simpler ones by priming of seeds
with reduced glutathione when used with Zn (0.5 %), than with their
sole applications; demonstrating that their combined application with
0.5 % Zn delivered better outcomes (Ciacka et al., 2019; Nakamura et
al., 2019; Saeed et al., 2023). Furthermore, rapid conversion of seed
reserves to smaller metabolites considered as most important one for
rapid emergence of seedlings, due to their requirement as basic neces-
sary material for the synthesis of new structural secondary molecules
(Samreen et al.,, 2017; Ahmad and Tahir, 2017; Shao et al., 2022),
considered as playing significant role in the speedy seedling emergence,
through better seed germination (Ucarli, 2020; Perveen et al., 2021;
Naseer et al., 2022). Furthermore, it was earlier reported that increased
accumulation of simple metabolites in seeds due to the breakdown of
larger molecules, significantly lowers the seed osmotic potential neces-
sary for further better uptake of water, necessary for speedy seedling
emergence and growth (Saeed et al., 2023; Perveen et al., 2021) and
might be the same phenomena occurred in case of present experiment,
where better emergence and growth of seedlings were associated with
high levels of simple metabolites, when seeds were grown after soaking
in different concentration of GSH, either used alone or with Zn as
combined application.

Significant amelioration on plant growth related attributes was
found of seed soaking with different concentrations of GSH, either used
alone or with Zn, but the impact was treatment specific. This amelio-
ration in maintaining better growth of maize plants found better
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associated with speedy germination process, better protrusion of radi-
cles and fast emergence of seedlings and rapid conversion of large-sized
metabolites stored in seeds to smaller ones; that take part is the
biosynthesis of structural molecules that resulted in healthy plants, is
correlated well with earlier findings of Saeed et al. (2023) and Perveen
et al. (2021) on maize.

Moreover, the rapid emergence of seedlings was due to the different
concentration of glutathione with Zn; these correlated well to the speedy
growth and higher levels of chlorophylls. The speedy growth of roots
following germination better absorbs the mineral nutrients and water
(Zaki et al., 2019; Imran et al., 2018; Taiz et al., 2015). In addition, the
higher levels of chlorophylls provided greater gas exchange capacity and
light utilization efficiency to drive the entire photosynthetic processes
(Ma et al., 2021; Yong et al., 2010), and delivering better growth of
seedlings, along with catabolism of seed metabolites as found in present
study. Earlier, Afrin et al. (2021) reported that application of zinc
treatment as seed priming resulted in speedy increment in plant height
and root length of soyabean. They found that exogenous supplementa-
tion of zinc significantly reduced the negative impacts of NaCl salinity
upon the growth of plants. Moreover, it was reported that in soybean Zn
fertigation ameliorated the negativities of NaCl salinity on growth found
associated with reduced uptake of CI" and Na™. While in comparison
with present results, regarding seed priming effects on growth attributes
of maize seedlings, in earlier studies, it was reported that seed treatment
with Zn significantly positively influenced the lengths of shoot and root
of maize (Ambika and Balakrishnan, 2015). Furthermore, in comparison
more biomass production in maize plants when priming was done using
with 3 mM concentration of GSH with Zn (0.5 %), correlates well with
more accumulation of NRS, RS, TSP and TFAA that might play signifi-
cant roles in better growth of plants at any stage, including the cellular
osmotic adjustment, water relation maintenance and many more
cellular metabolic process (Aragao et al., 2015; Shao et al., 2022).

In our study, the reduction in growth of maize seedlings under
salinity correlated negatively with high levels of MDA and H;05; and
also associated with lesser chlorophyll. Due to the overproduction of
ROS, increased production of lipid peroxidation products is a common
activity under stressful environment. It causes severe damages to
cellular membranes, including chloroplastic membranes and photosyn-
thetic units (Das et al., 2024). Lipid peroxidation under stressful envi-
ronment also disturbs the cellular turgidity and water relations through
leaky membranes and causes reduction in net photosynthesis leading to
reduced growth (Nahar et al., 2015¢c; Shafiq et al., 2019; Das et al.,
2024). Plants protect themselves from negative impacts of lipid perox-
idation by scavenging the overly produced ROS through well-developed
antioxidative defence mechanism, comprised of different antioxidative
component (Rajput et al., 2021), that is plant species, life stage,
severeness of stress and type of stress specific (Rajput et al., 2021; Suzuki
et al., 2014; Hasanuzzaman et al., 2020; Shehzad et al., 2022). Impo-
sition of NaCl salinity resulted in reduced biomass production in present
study and negatively linked with increased levels of MDA and H3Os.
Moreover, the activities of antioxidative enzymes also increased that
depicts, the antioxidative mechanisms was not much effective to
required level to reduce the lipid peroxidation through ROS scavenging.
Seed soaking with different GSH levels used alone or with Zn found
effective in decreasing the lipid peroxidation with an alternate growth
improvement of maize plants when grown in NaCl salinity.
Glutathione-applied this reduction in MDA and H»0; levels has found
linked with increased levels of antioxidative compounds and antioxidant
enzymes activities. Because in the findings of present study, compara-
tively superior increase in growth found due to priming of seeds using 3
mM concentration of GSH, when used with 0.5 % Zn than other treat-
ments under salinity in comparison to other treatments, found corre-
lated well with better performance of POD, SOD, APX, CAT as well as
increased levels of Car., TPC, AsA and TFC. The study demonstrated that
the combination of GSH and Zn delivered better antioxidative defence
mechanisms for maize and in line with earlier reports for other species
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(Sadak et al., 2017; Ebtihal et al., 2018; Ali et al., 2022; Pei et al., 2019).
Moreover, better effective role of reduced glutathione with Zn, depicts
well their accumulative better impact for maintaining the better
mechanism of antioxidation, resulted in decreased accumulation of
MDA, that maintained better cellular water levels, lead to better main-
tenance in biomass production of maize seedlings when exposed to NaCl
salinity.

Mineral nutrient status, especially with reference to nitrogen and
phosphorus, is of key importance to maintain growth of plants not only
under non-stressed conditions but also improves plant ability to tolerate
the stressful environment (de Bang et al., 2021; Shi et al., 2020; Wang
et al., 2020). During high salinity, the Na™ over accumulation causes the
osmotic imbalance and disturbs the uptake of other nutrients that causes
growth and yield reductions (Hussain et al., 2022; Munns and Tester,
2008; Wu et al., 2023). However, the Nat accumulation or uptake is
plants species, the genotype, or cultivar specific. To overcome the
problem of toxicity of toxic ions plants have developed mechanisms of
Na™ exclusion or sequestration at shoot or root levels (Munns and Tester,
2008; Naz et al., 2023; Shabala and Munns, 2017). In present study,
maize plants comparatively accumulated less Na™ in roots than shoot
when grown in NaCl salinity. It also reduced the mobility/uptake of
essential minerals including Ca, K, Mg, P, N and Zn that is associated
with reduced growth of maize seedlings. However, this reduction in
nutrient uptake was found less in maize plants raised after soaking using
different concentration of reduced glutathione, either used separately as
well as with Zn or applied alone. The better results were found when
primed the seeds using 3 mM concentration of glutathione applied either
separately and with 0.5 % Zn in combination. The reduced adverse ef-
fects of NaCl stress in nutrient uptake was found associated with reduced
uptake of Na™ and CI that resulted in increased ratios of K'/Na" and
Ca?*/Na™in root as well as in shoots. Comparatively more increment in
Ca2*/Na* and K*/Na*t was noted at root level showing restricted uptake
of Na't at shoot level or increased translocation from root to shoot. It
confers the better role of GSH used as seed soaking, either alone or with
Zn, in reducing the Na* and CI uptakes, alternatively increased nutrient
uptake that is found positively linked with better growth maintenance,
better levels of chlorophyll and good performance of antioxidative
defence mechanism, metabolite levels and reduced lipid peroxidation. It
also demonstrated that exogenous usage of GSH through seed soaking
with Zn in combination, better reduced the toxicity of Cl" as well as Na™
ions to decrease stress inducible damages in maize plants under NaCl
salinity. In the better interest of present study, Sadak et al. (2017) re-
ported that exogenous use of glutathione increased the uptake, trans-
location and mobility of K, Ca, N, P, and Mg as well as K" /Na™ ratio in
Cicer arietinum associated with increased levels of amino acids, TSS,
antioxidative defence mechanisms with a reduced Na™ uptake. More-
over, Safi-naz and Zaki (2018) reported that in Vicia faba plants, seed
priming with GSH decreased the physiological negativities associated
with salinity on growth, photosynthesis, and nutrient uptake; with
better osmoprotection and antioxidative defence mechanism. In addi-
tion, Zaki et al. (2019) reported that GSH delivered better salt resilience
in Glycine max; associated with higher level of chlorophylls, accumula-
tion of osmolytes, better antioxidative defence mechanisms and nutrient
uptake.

5. Conclusions

The combination of GSH and Zn delivered better outcomes for
mitigating the negative effects of NaCl salinity on seed germination and
seedlings emergence than the individually-applied Zn or GSH. The in-
duction of salt tolerance in maize plants raised from GSH primed seeds
in combination with Zn in comparison with other treatments for main-
taining better growth; associated later with lesser MDA due to better
antioxidative defence mechanism as well as the foliar photosynthetic
pigments. Interestingly, the better salt tolerance in maize plants was
attributed to the combination of GSH and Zn; these primed seeds had
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reduced uptake of CI"and Na™, increased K*/Na™ at root or shoot level,
especially at the root level with a concomitant increase in Mg, K, Ca, N, P
as well as Zn uptake. Based on this study, the combined usage of 3 mM
GSH and 0.5 % Zn for seed priming should be recommended for
strengthening maize eco-physiological tolerance in areas with high salt
levels. Moving forward, further studies are needed for all the growth
stages of maize (with and without GSH + Zn application) and to conduct
these trials under field conditions.
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