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Maize (Zea mays L.) is one of the most important strategic crops in Egypt and globally, yet its 
cultivation in newly reclaimed land in Egypt faces challenges due to saline groundwater. Therefore, 
developing new maize genotypes with true resilience to salt stress is a sustainable strategy for 
addressing the gap in maize production. This work investigates the physiological and molecular 
responses of two Egyptian maize hybrids (SC 168 and SC 176) with contrasting reactions to long-
term saline agriculture. SC 168 (salt tolerant) exhibited less severe wilting and discoloration in shoot 
tissues compared to SC 176, which completely perished. The accumulated Na+ in shoots 
significantly increased in SC 176 compared to SC 168 under salt stress, with a 3.5-fold increase. In 
the same context, SC 168 accumulated 1.8 times more K+ than SC 176 under salt stress. Lipid 
peroxidation of the cell membrane was much more pronounced in the salt-sensitive genotype SC 
176 than in SC 168, with a 1.7-fold increase. At the level of gene expression profile, several salt-
stress marker genes were examined. The salt-tolerant maize hybrid SC 168 accumulates more 
mRNA of ZmNHX5 (sodium sequestration in vacuoles), the catalase gene (antioxidative enzyme), 
and ZmNR (nitrogen assimilation) under salt stress compared to SC 176. Collectively, it is concluded 
that minimizing sodium ions uptake, enhancing antioxidative power, and maintaining nutritional 
balance are the main maize salt-resilience strategies that should be considered in developing maize 
genotypes suitable for saline agriculture.  
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INTRODUCTION 

Salinity presents a persistent destructive challenge to 
crop productivity. With most of the Earth's water 
being saline (approximately 30,000 ppm), salinity 
continually impacts soils used for current and 
potential crop cultivation (Flower, 2004). The climate 
changes in the form of elevated atmospheric 
temperature, high levels of evapotranspiration, and 
expected sea level rise significantly led to noted 
unprecedented levels of topsoil salinity (Hazman et 
al., 2022).  

Egypt, an arid and semi-arid agroecosystem, showed 
~ 26% of salinized land areas in the Nile Delta and Nile 
Valley (~ 2000 ppm in topsoil) (Mohamed et al., 2007; 
Mohamed et al., 2011). This is probably due to 
improper agricultural practices as a massive 
application of inorganic fertilizers accompanied by 
inefficient agricultural drainage system (Abdel-
Mawgoud et al., 2005; Kubota et al., 2017). The 
increasing demand for food due to the growing global 
and local population has led to the cultivation of 
marginal lands which previously left uncultivated due 
to high natural soil salinity and saline groundwater, 
which are now being brought into agricultural 
production yet with serious challenges (Shin et al., 
2022). Therefore, it is demanded to develop a 
sustainable system that combines enhancing 
soil/water properties with a satisfied genetic 

knowledge of plants under edaphic stresses as 
salinity.   

Salinity stress triggers a range of responses in plants, 
including morphological, physiological, biochemical, 
and molecular changes (Ambede et al., 2012; Abreu 
et al., 2013). It causes ionic toxicity, osmotic stress, 
nutrition deficiency, and the overproduction of 
reactive oxygen species (ROS) (Chawla et al., 2013; 
Hazman et al., 2016). The accumulation of Na+ under 
salinity stress competes with K+ for active binding 
sites in proteins, thus inhibiting protein synthesis and 
negatively affecting metabolic enzymic functions 
(Schachtman and Liu, 1999; Pardo and Quintero, 
2002). Elevated NaCl concentrations outside the roots 
decrease potential water, making water uptake more 
challenging which causes osmotic stress; a case which 
is known as “physiological drought”. In leaves, high 
salt levels lead to stomatal closure, disruption of 
electron transport, and impairment of the 
photosynthetic apparatus, and thus productivity 
(Abreu et al., 2013; Deinlein et al., 2014). Additionally, 
high salinity triggers an over-production of ROS within 
plant cells, leading to oxidative damage of membrane 
lipids, proteins, and nucleic acids which eventually 
causes plant death (Pérez-López et al., 2009; Gill and 
Tuteja, 2010). 

Adaptation strategies are essential for survival in 
saline conditions; while they exhibit broad similarities 
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across plant species, they are most pronounced in 
halophytes (salt-tolerant plants) and present to 
varying degrees in glycophytes, i.e., salt-sensitive 
plants (Flowers & Flowers, 2005). A crucial adaptive 
mechanism for plants under salt stress is ions 
homeostasis which could be achieved through fine-
tuned ion uptake and compartmentalization (Zhu, 
2003). Excess Na+ is either transported to the vacuole 
via tonoplast Na+/H+ antiporters driven by the proton 
gradient or sequestered in older tissues; thus, 
mitigating the impact of sodium toxicity (Zhu, 2003). 
In maize, salt tolerance is associated with higher K+ 
levels, lower Na+ and Cl- fluxes, and a higher K+/Na+ 
ratio (Hajibagheri et al., 1989; Cerda et al., 1995). Salt-
resistant maize plants more effectively exclude Na+ 
from the cytoplasm of leaf cells compared to salt-
sensitive plants (Wakeel et al., 2011). Enhanced 
enzyme activities are significantly greater in salt-
tolerant maize plants compared to their salt-sensitive 
counterparts (de Azevedo Neto et al., 2006). For 
example, the combined activity of CAT, GPX, and APX 
enzymes, along with SOD, shows superior H2O2 

scavenging capability in the leaves and roots of salt-
tolerant maize plants under salt stress. Maize employs 
a range of defense mechanisms, including osmolyte 
production, activation of antioxidant enzymes, and 
regulation of ion transport, to counteract the effects 
of salt stress (Li et al., 2023). 

Under salt stress, maize plants also increase the 
synthesis of endogenous growth hormones, such as 
abscisic acid (ABA), which may promote stomatal 
closure and reduce water loss due to osmotic stress 
induced by salinity (Younis et al., 2003). Molecular 
research has provided valuable insights, including the 
identification of key genes involved in the 
mechanisms of salt tolerance (Luo et al., 2019; Ali et 
al., 2023).  

In this study, we investigate the adaptive genetic and 
physiological responses of two Egyptian hybrids of 
maize (SC 168 and SC 176) to salinity stress. We 
examined the content of malondialdehyde (MDA) as 
an indicator of lipid peroxidation, measured the Na+ 

and K+ content to assess ionic balance, and analyzed 
the expression of several stress key genes involved in 
salinity response. 

MATERIAL AND METHODS  
Plant Materials, Growth, and Stress Conditions 

The seeds of two Egyptian maize hybrids (Zea mays L), 
SC 168 and SC 176, were sowed and grown in pots (≈ 
5000 cm3) under controlled environmental conditions 
in the greenhouse. In each pot, seven seeds were pre-

germinated and then reduced to the most four 
healthy ones after 10 days. The experiment’s location 
latitude was 300127 N, and the longitude was 
311211.3 E. First, all plants were irrigated with tap 
water until the age of two months. Thereafter, the 
plants were exposed to salinity stress by applying 
nearly 500 ml of solution containing 75 mM NaCl, 
while the control group was continuously given tap 
water. The salinity treatment was given for one month 
with one time per weak intervals. After the salinity 
stress course was finished, plants were photographed 
using a high-quality professional camera (Nikon, USA). 
Subsequently, leaves were collected from the treated 
and untreated plants to measure ion content. For 
molecular and biochemical analysis, collected leaves 
were immediately transferred to liquid nitrogen and 
then kept at −80°C. 

Sodium and Potassium Ions Content Determination 

The amounts of sodium (Na+) and potassium (K+) ions 
in the leaf sheath tissues were analyzed using the 
Teledyne Leeman Labs Prodigy7 Inductively Coupled 
Plasma Optical Emission Spectrometer (ICP-OES). The 
measurements were conducted at the Micro 
Analytical Center, Faculty of Science, Cairo University 
according to (Kumar et al., 2021). The samples were 
first dried in an oven at 80℃ for three days, ground to 
fine powder, and then digested with a mixture of acids 
to dissolve the organic matter and get a clear solution. 
The digested samples were diluted with deionized 
water to an appropriate concentration for analysis 
expressed in mg/gDW. These prepared solutions were 
then injected into the ICP-OES spectrometer where 
the samples were atomized and ionized in high-
temperature argon plasma. The intensity values of 
light at the defined wavelengths for Na+ and K+ were 
recorded, and due to this, their concentration in the 
samples was determined. Calibration was done with 
standard solutions of known concentration to 
minimize the error of the measurements. 

Determination of Lipid peroxidation  

Lipid peroxidation in control and stressed leaves was 
assessed by measuring the malondialdehyde (MDA) 
content using the thiobarbituric acid (TBA) method, as 
outlined by Heath and Packer (1968). In summary, 500 
mg of maize leaves were homogenized in 1 ml of 0.1% 
trichloroacetic acid (TCA, w/v) using a mortar and 
pestle. The resulting homogenate was centrifuged at 
10,000 g for 20 minutes at room temperature, and 
then 0.5 ml of the supernatant was mixed with 1 ml 
of 0.5% TBA in 20% TCA (w/v). This mixture was 
heated in a boiling water bath for 1 hour. The reaction 



molecular response to salt stress in maize … 
 

 

 

Egypt. J. Bot. Vol. 65, No.2 (2025)  111 

was halted by placing the tubes in a water bath at 
room temperature for 10 minutes, followed by a 
second centrifugation at 10,000 g for 10 minutes. The 
absorbance of the supernatant was measured at 532 
nm, with the non-specific absorbance at 600 nm 
subtracted. The concentration of the MDA–TBA 
complex (red pigment) was determined using an 
extinction coefficient of 155 mM–1 cm-1. 

RNA Extraction and Quantitative Gene Expression 
Profile 

Total RNA was extracted from the harvested leaf 
samples using a Direct-zol™ RNA Miniprep kit (USA). 
200 ng of isolated total RNA was then used for cDNA 
synthesis and PCR with the help of DlaStar ™ one step 
RT-PCR Kit (South Korea) according to the following 
thermal program: 55 °C for 30 min, 95 °C for 15 min, 
30 cycles of 95 °C 30 s, 60 °C for 30 s and 72 °C for 1 
min, and the final extension was at 72 °C for 5 min. 
PCR reaction was stopped by holding the tubes at 4 °C 
for at least 10 min. The PCR product samples were 
separated and visualized in a 1% agarose gel stained 
with ViSafe Red Gel Stain (Vivantis, Malaysia) against 
a 100 bp ready-to-use DNA ladder (GeneDirex, 
Tiwan). The quantification of the relative gene 
expression profile was calculated for both control and 
salt stress-treated samples according to the Gel 
Express method (Hazman, 2022) using the following 
equation: [EIntDen(ref)/EIntDen(target)]sample. The target 
genes whose expressions were quantified in this work 
are NHX5, SOS1, Catalase, APX, GR, NCED9, Dehydrin, 
and NR, with 18S used as a reference gene (Figure S1 
and Table S1 in the supplementary materials).  

Experimental Design and Statistical Analysis  

The experiment plots were arranged in a complete 
randomized design (CRD). SPSS (IBM Statistics, USA) 
software was used for statistical tests including mean 
separations by Duncan’s multiple range test (DMRT) 
(Duncan, 1955), with a significance level of P≤0.05. All 
analyzed data represented three independent 
biological replications, each in technically the pool of 
triplicates.  

RESULTS AND DISCUSSION 

In this work, we challenged two Egyptian maize 
hybrids, SC168 and SC176, with salinity stress by 
irrigating the plants with 500 ml of a 75 mM NaCl 
solution once per week for one month. SC168 and 
SC176 showed distinct responses to the saline 
irrigation regime (Figure 1). SC168 exhibited fewer 
damage symptoms compared to SC176, which 
displayed more severe salt stress symptoms such as 

complete leaf discoloration and full shoot stunting 
(from base to top), eventually leading to plant death. 
Although maize is considered a salt-sensitive crop 
(Shahzad et al., 2015), we screened several Egyptian 
maize hybrids and found that SC168 could be 
described as salt-tolerant, while SC176 could be salt-
sensitive, based on germination ratios in 150 mM 
NaCl in the dark at room temperature for one week. 
In the greenhouse pot experiment, the results 
supported the previous screening test and showed 
that the salt-sensitive variety (SC176) exhibited more 
severe wilting and chlorosis symptoms compared to 
the salt-tolerant variety (SC168). (Jiang et al., 2018) 
observed similar results, where a salt-sensitive maize 
variety exhibited more severe wilting and chlorosis 
symptoms compared to a salt-tolerant variety. These 
chlorosis and stunting symptoms are primarily 
attributed to the massive accumulation of Na⁺ ions in 
the leaves, particularly in the appendicular areas 
(Hazman et al., 2016).  

Ion content determination in leaves showed that Na+ 
accumulation in SC168 (salt-tolerant) was significantly 
lower than in the salt-sensitive maize hybrid SC176 
(Figure 2A). SC176 accumulated more Na+ in leaves 
under saline irrigation, with a nearly 13-fold increase, 
while the salt-tolerant hybrid SC168 showed 
approximately a 2.2-fold increase compared to 
control conditions. Collectively, the salt-sensitive 
maize hybrid SC176 accumulated 3.3 times more Na+ 
than the salt-tolerant hybrid SC168. The degree of 
salinity stress in glycophytes (salt-sensitive plant 
species) is influenced by the uptake and translocation 
of NaCl (Hu et al., 2022). (Wang et al., 2020) indicated 
that salt tolerance is inversely related to the amount 
of Na⁺ accumulated in tissues, particularly in leaves. 
Thus, we conclude that the superior salt tolerance 
phenotype of SC168 over SC176 is due to the lower 
accumulation of sodium in the leaves (Figures 1 and 
2). In the same context, SC168 was able to influx more 
K⁺ into leaves than SC176 (Figure 2B). SC176 
significantly accumulated less K⁺, with a reduction 
ratio of ~44% compared to SC168 under salt stress. As 
a result, the Na⁺/K⁺ ratio in SC176 was much higher 
than in SC168 under salt stress (Figure 2C). Salt-
tolerant maize genotypes exhibit lower K⁺/Na⁺ ratios 
compared to sensitive ones (Akram et al., 2007; Wang 
et al., 2020). It is suggested that the greater depletion 
of potassium, an essential macronutrient, in SC176 is 
a central contributing factor to the retarded growth 
symptoms observed in shoot tissues (Hazman et al., 
2016). 
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Figure 1. Phenotyping of maize plants in response to salt stress. 
Two Egyptian maize hybrids (SC 168 and SC 176) were grown under 
freshwater and saltwater irrigation regimes for three months under 
greenhouse conditions.  

Na+ content 

 
K+ content 

 
Na+/K+ content 

 
Figure 2. Contents of sodium (A), potassium ions (B), and 
sodium/potassium content ratio (C) in shoots of maize plants (SC 
168 and SC 176) under freshwater (FW) and saltwater (SW) 
irrigation regimes. Values represent the mean of at least three 
independent experiments ±SE. Significant differences amongst 
different treatments are indicated by other letters, according to 
Duncan’s multiple range test (DMRT) (p ≤ 0.05). 
 

 
Figure 3. Lipid peroxidation levels in maize hybrids SC 168 and SC 
176 under freshwater (FW) and saltwater (SW) irrigation regimes. 
Values represent the mean of at least three independent 
experiments ±SE. Significant differences amongst different 
treatments are indicated by other letters, according to Duncan’s 
multiple range test (DMRT) (p ≤ 0.05). 

Salinity typically triggers the overproduction of 
reactive oxygen species (ROS), which can damage 
various biological molecules, including lipids, 
proteins, and cell membranes. To assess membrane 
damage in the two maize hybrids, we quantified 
malondialdehyde (MDA), a stable marker of lipid 
peroxidation under abiotic stress (including osmotic 
and alkalinity stress) (Apel and Hirt, 2004). The 
sensitive maize hybrid SC176 accumulated more MDA 
than SC168, with a 2.8- and 1.95-fold increase, 
respectively, under saltwater (SW) irrigation 
compared to freshwater (FW) conditions (Figure 3). It 
is suggested that SC168 accumulated less MDA due to 
lower Na⁺ accumulation in leaves, thus retaining more 
antioxidative power (Hu et al., 2022). 

Investigating the molecular response to salt stress is 
essential for understanding plant adaptive 
mechanisms and developing salt-resistant crops (Ma 
et al., 2022). Therefore, we quantified the relative 
gene expression of several salt-stress-related maize 
genes covering various aspects of plants' adaptive 
response to salt stress. Sodium sequestration into 
vacuoles is a well-known salt tolerance mechanism 
(Pabuayon et al., 2021) demonstrated that the gain-
of-function mutation of AtNHX1 enhances salt 
tolerance in Arabidopsis. As shown in Figure 4A, 
ZmNHX5 (encoding the Na⁺/H⁺ tonoplast antiporter) 
was significantly upregulated in SC168 under salt 
stress, with a 485-fold increase compared to SC176 
(Rizk et al., 2024).  

Na⁺ efflux is a major sodium detoxification 
mechanism in plants in response to salt stress, with 
the salt overly sensitive (SOS) pathway being the most 
well-studied mechanism (Zhang & Yang, 2023). While 
the SOS pathway has been extensively studied in the 
model dicot plant Arabidopsis, its role in crop species 
remains largely unknown (Vega & Melino, 2022). In 
this work, ZmSOS1 expression was significantly 
reduced in both SC168 and SC176 (Figure 4B) under 
long-term salinity stress. However, the reduction was 
much higher in SC168 (approximately 64%) compared 
to SC176 (42%). Despite this level of reduction, the 
expression level in SC168 (salt tolerant) remains 
higher in SC176 (salt sensitive). ZmSOS1 is known to 
confer salinity tolerance in maize (Zhou et al., 2022); 
nevertheless, several reports indicate that 
transcriptional changes in SOS1 do not always 
correlate with functional outcomes. Additionally, 
post-transcriptional modifications, rather than gene 
transcription, are often key determinants of SOS1 
activity in plants (Ishikawa et al., 2022; Li et al., 2023).  



molecular response to salt stress in maize … 
 

 

 

Egypt. J. Bot. Vol. 65, No.2 (2025)  113 

Salt stress can disrupt plant cellular balance in the 
homeostasis of ROS, i.e., the balance between 
production and scavenging capacity (Li et al., 2023). 
One of the main defense mechanisms for detoxifying 
ROS under salt stress is the increased activity of 
antioxidant enzymes such as catalase, ascorbate 
peroxidase, and glutathione reductase (Kesawat et al., 
2023). The quantified gene expression profile of 
catalase (CAT), ascorbate peroxidase (APX), and 
glutathione reductase (GR) displayed varied 
expression patterns between SC 168 and SC 176 
under salinity stress (Figure 5), directly impacting 
their ability to manage oxidative damage (Hazman et 
al., 2016). Figure 5A shows that salt stress significantly 
reduced the expression of the APX gene in both SC 
168 and SC 176. However, the level of APX transcripts 
in SC 168 was still much higher, with a 66-fold increase 
compared to SC 176, indicating that SC 168 might 
retain higher APX activity, which could contribute to 
its superior salt stress tolerance. In SC 168, catalase 
gene expression increased 3.5-fold in the treated 
plants (saline water) compared to the control 
(freshwater), indicating robust upregulation in 
response to salinity. In contrast, SC 176 showed no 
significant difference in the treated plants relative to 
the control.  

The expression level of the catalase gene in treated SC 
168 was approximately five times higher than in 
treated SC 176 plants, highlighting a pronounced 
difference in the antioxidative response between the 
two hybrids under salinity stress (Figure 5B). For 
Glutathione Reductase (GR) gene expression, Figure 
5C shows that SC 168 maintained a comparable level 
under both control (freshwater) and salt stress 
(saltwater), whereas SC 176 exhibited a decrease in 
GR gene expression with a reduction ratio of 46%. The 
increased GR activity in SC 168 under salt stress 
suggests a more effective glutathione recycling 
system to counteract oxidative damage. The higher 
upregulation of antioxidant genes (catalase, 
ascorbate peroxidase, and glutathione reductase) in 
SC 168, compared to the limited or decreased 
expression in SC 176, indicates that SC 168 is better 
equipped to neutralize ROS and mitigate oxidative 
damage, contributing to its greater salinity tolerance 
(Hu et al., 2022; Ali et al., 2024).  

The expression of the ZmNCED9 gene (a key gene in 
abscisic acid synthesis) and dehydrin genes revealed 
critical differences between SC 168 and SC 176 under 
salinity stress, reflecting their varied responses to 
salinity tolerance mechanisms (Figure 7A). For NCED9 
gene expression, long-term salinity stress significantly 

diminished the mRNA level in both SC 168 and SC 176 
(Figure 7A), with the reduction being more severe in 
SC 176 than in SC 168 compared to control freshwater 
conditions, at 53% and 97%, respectively. It is worth 
noting that the level of NCED9 transcripts is still higher 
in SC 168 than in SC 176 under salinity stress, with a 
61-fold increase. Abscisic acid plays an essential role 
in plant adaptation to challenging environmental 
conditions, including salt stress. The induction of ABA 
synthesis is one of the fastest phytohormonal 
responses of plants to abiotic stress, thereby 
triggering ABA-inducible gene expression, such as 
stomatal closure, thus reducing Na+ influx (Riemann 
et al., 2015). Nevertheless, the role of ABA in plants 
under abiotic stress is still far from being fully 
understood, with many questions remaining 
unanswered. (Sreenivasulu et al., 2012) stated that 
elevated ABA in plants under stress could impair 
growth and development parameters. It is speculated 
that under prolonged salt stress, plants might reduce 
ABA synthesis to achieve ABA homeostasis and avoid 
a severe reduction in yield (Lozano-Juste and Cutler, 
2016; Kishor et al., 2022). On the other hand, 
Dehydrin (DHN) gene expression showed no 
significant difference between treatments in both SC 
168 and SC 176, indicating that dehydrin protein is not 
a major factor in the response to salinity in these 
hybrids (Figure 7B).  

Nitrogen (N) is a crucial macronutrient for optimal 
plant growth and development; it is a primary 
component of amino acids, chlorophyll, adenosine 
triphosphate, and nucleic acids such as DNA and RNA 
molecules (Wang et al., 2017). Additionally, maize has 
a significant demand for nitrogen fertilization for 
proper growth and development under both standard 
and stress conditions (Sheoran et al., 2021). The gene 
expression of the nitrogen assimilation key gene 
nitrate reductase (ZmNR) was investigated in treated 
maize genotypes under freshwater and saline water 
conditions (Figure 7C). The enzyme nitrate reductase 
(NR) is a substrate-inducible enzyme controlling 
nitrogen assimilation levels in plants (Harper and 
Paulsen, 1968). In this study, the nitrate reductase 
gene was significantly upregulated in SC 168, showing 
approximately a 3-fold increase compared to 
freshwater treatment. However, salinity stress 
significantly reduced the expression of the nitrate 
reductase gene in SC 176 by 33% compared to the 
control. The expression level of ZmNR remained 
significantly higher in SC 168 than in SC 176, with a 
4.7-fold increase. Since salt stress dramatically 
disturbs the nutritional balance in crops and causes  
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Figure 4. The relative expression profile of selected stress marker genes in shoots of Egyptian maize hybrids SC 168 and SC 176 under freshwater 
(FW) and saltwater (SW) irrigation regimes. A: NHX5 (encoding tonoplast Na+/H+ antiporter), and B: SOS1 (encoding salt overlay sensitive 1 
protein). An agarose gel image representing the migration of PCR amplicons for each gene was added. Values represent the means of three 
replications ± SE. Means with the same letters are not significantly different according to Duncan’s multiple range test (DMRT) (p ≤ 0.05).  
 
 

 

 
Figure 5. The relative expression profile of selected stress marker genes in shoots of Egyptian maize hybrids SC 168 and SC 176 under freshwater 
(FW) and saltwater (SW) irrigation regimes. A: APX (encoding ascorbate peroxidase enzyme), B: CAT (encoding catalase enzyme), and C: GR 
(encoding glutathione reductase). antiporter). An agarose gel image representing the migration of PCR amplicons for each gene was added. Values 
represent the means of three replications ± SE. Means with the same letters are not significantly different according to Duncan’s multiple range 
test (DMRT) (p ≤ 0.05).  
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Figure 6. The relative expression profile of selected stress marker genes in shoots of Egyptian maize hybrids SC 168 and SC 176 under freshwater 
(FW) and saltwater (SW). A: NR (encoding nitrate reductase enzyme), B: dehydrin (encoding dehydrin protein), and C: NCED9 (encoding abscisic 
acid synthesis key enzyme). antiporter) irrigation regimes. An agarose gel image representing the migration of PCR amplicons for each gene was 
added. Values represent the means of three replications ± SE. Means with the same letters are not significantly different according to Duncan’s 
multiple range test (DMRT) (p ≤ 0.05). 

 
severe ion toxicity, Na+ competes with ammonia 
(NH4+), while Cl- competes with nitrate ions (NO3-). 
Additionally, better N assimilation could mitigate the 
effects of salinity stress by encouraging the synthesis 
of antioxidant enzymes for more efficient ROS 
scavenging (for review, see Zayed et al., 2023). This 
assumption seems to be confirmed, as some reports 
indicate that N application could exacerbate the 
negative impacts of salinity stress on plant growth 
due to increased sodium ions uptake, as Na+ may be 
co-transported with NO3- (Ye et al., 2022).  

CONCLUSION 

Maize (Zea mays L.) is an essential strategic cereal 
crop, yet it is very sensitive to saline irrigation. 
Therefore, developing maize genotypes with better 
adaptive responses to salt stress would be beneficial 
for cultivating newly reclaimed sandy soil using saline 
agriculture. It has been shown that salt-tolerant maize 
hybrids accumulate fewer sodium ions in leaves and 
higher amounts of potassium ions, in addition to 
better nitrogen assimilation compared to salt-
sensitive hybrids. Furthermore, the high antioxidative 
power in salt-tolerant genotypes can scavenge ROS 
overproduced under salinity, thus lowering lipid 
peroxidation levels.  

 

REFERENCES 

 Abdel-mawgoud, A.S.A. Water Quality Appraisal for Soil-
Water Behavior in Irrigated Clay Soil, Egypt. In 
Proceedings of the Ninth International Water 
Technology Conference, IWTC9 2005, Sharm El-Sheikh, 
Egypt, 17–20 March 2005; pp. 1245–1256. 

Abreu, I. A., Farinha, A. P., Negrão, S., Gonçalves, N., 
Fonseca, C., Rodrigues, M., et al. (2013). Coping with 
abiotic stress: proteome changes for crop 
improvement. J. Proteom. 93, 145–168. doi: 
10.1016/j.jprot.2013.07.014 

Akram, M., Malik, M. A., Ashraf, M. Y., Saleem, M. F., & 
Hussain, M. (2007). Competitive seedling growth and 
K+/Na+ ratio in different maize (Zea mays L.) hybrids 
under salinity stress. Pak J Bot. 39, 2553-2563. 

Ali, Q., Sami, A., Haider, M. Z., Ashfaq, M., & Javed, M. A. 
(2024). Antioxidant production promotes defense 
mechanism and different gene expression level in Zea 
mays under abiotic stress. Scientific Reports, 14(1), 1–
14. https://doi.org/10.1038/s41598-024-57939-6 

Ambede, J. G., Netondo, G. W., Mwai, G. N., & Musyimi, D. 
M. (2012). NaCl salinity affects germination, growth, 
physiology, and biochemistry of bambara groundnut. 
Br. J. Plant Physiol. 24, 151–160. doi: 10.1590/S1677-
04202012000300002 

Apel, K., & Hirt, H. (2004). Reactive oxygen species: 
metabolism, oxidative stress, and signal transduction. 
Annu. Rev. Plant Biol., 55(1), 373-399. 

Arciniegas Vega, J. P., & Melino, V. J. (2022). Uncovering 
natural genetic variants of the SOS pathway to improve 

https://doi.org/10.1038/s41598-024-57939-6


Soliman et al., 2025 
 

 

 

Egypt. J. Bot. Vol. 65, No.2 (2025) 116 

salinity tolerance in maize. New Phytologist, 236(2), 
313–315. https://doi.org/10.1111/nph.18422 

Cerda, A., Pardines, J., Botelia, M. A., & Martinez, V. (1995). 
Effect of potassium on growth, water relations, and the 
inorganic and organic solute contents for two maize 
cultivars grown under saline conditions. J Plant Nutr. 
1995; 18: 839-851. 

Chaparzadeh, N., D’Amico, M. L., Khavari-Nejad, R. A., Izzo, 
R., & Navari-Izzo, F. (2004). Antioxidative responses of 
Calendula officinalis under salinity conditions. Plant 
Physiol. Biochem. 42, 695–701. doi: 
10.1016/j.plaphy.2004.07.001 

Chawla, S., Jain, S., & Jain, V. (2013). Salinity induced 
oxidative stress and antioxidant system in salt-tolerant 
and salt-sensitive cultivars of rice (O ryza sativa L.). 
Journal of plant biochemistry and biotechnology, 22, 
27-34. 

De Azevedo Neto AD, Prisco JT, Eneas J, de Abreu CEB, 
Gomes-Filho E. Effect of salt stress on antioxidative 
enzymes and lipid peroxidation in leaves and roots of 
salt-tolerant and salt sensitive maize varieties. Environ 
Exp Bot. 2006; 56: 87-94. 

Deinlein, U., Stephan, A. B., Horie, T., Luo, W., Xu, G., & 
Schroeder, J. I. (2014). Plant salt-tolerance 
mechanisms. Trends Plant Sci. 19, 371–379. doi: 
10.1016/j.tplants.2014.02.001 

Duncan, B. D (1955). Multiple range and Multiple F-test. 
Biometrics, (11),1-42. 

Flowers, T. J. (2004). Improving crop salt tolerance. Journal 
of Experimental Botany, 55(396), 307-319. 

Flowers, T. J., & Flowers, S. A. (2005). Why does salinity pose 
such a difficult problem for plant breeders? 
Agricultural water management, 78(1-2), 15-24. 

Flowers, T. J., & Yeo, A. R. (1995). Breeding for salinity 
resistance in crop plants: where next? Functional Plant 
Biology, 22(6), 875-884. 

Gill, S. S., & Tuteja, N. (2010). Reactive oxygen species and 
antioxidant machinery in abiotic stress tolerance in 
crop plants. Plant Physiol. Biochem. 48, 909–930. doi: 
10.1016/j.plaphy.2010.08.016 

Hajibagheri, M. A., Yeo, A. R., Flowers, T. J., & Collins, J. C. 
(1989). Salinity resistance in Zea mays: Fluxes of 
potassium, sodium and chloride, cytoplasmic 
concentrations and microsomal membrane lipids. 
Plant Cell Environ. 12, 753-757. 

Harper, J.E., Paulsen, G.M., 1968. Influence of intensity, 
quality, and duration of light on nitrogen reduction and 
assimilation in wheat. Crop Sci. 8, 537–539 

Hazman, M. (2022). Gel express: a novel frugal method 
quantifies gene relative expression in conventional RT-
PCR. Beni-Suef University Journal of Basic and Applied 
Sciences. https://doi.org/10.1186/s43088-022-00194-
3 

Hazman, M. Y., El-Sayed, M. E. A., Kabil, F. F., Helmy, N. A., 
Almas, L., McFarland, M., Shams El Din, A., & Burian, S. 
(2022). Effect of Biochar Application to Fertile Soil on 
Tomato Crop Production under Saline Irrigation 

Regime. Agronomy 12, 1596. 
https://doi.org/10.3390/agronomy12071596 

Hazman, M., Hause, B., Eiche, E., Riemann, M., & Nick, P. 
(2016). Different forms of osmotic stress evoke 
qualitatively different responses in rice. Journal of 
Plant Physiology, 202. 
https://doi.org/10.1016/j.jplph.2016.05.027 

Heath, R. L., & Packer, L. (1968). Photoperoxidation in 
isolated chloroplasts: I. Kinetics and stoichiometry of 
fatty acid peroxidation. Archives of Biochemistry and 
Biophysics, 125(1), 189-198. 

Hu, D., Li, R., Dong, S., Zhang, J., Zhao, B., Ren, B., Ren, H., 
Yao, H., Wang, Z., & Liu, P. (2022). Maize (Zea mays L.) 
responses to salt stress in terms of root anatomy, 
respiration and antioxidative enzyme activity. BMC 
Plant Biology, 22(1), 1–17. 
https://doi.org/10.1186/s12870-022-03972-4 

Ishikawa, T.; Shabala, L.; Zhou, M.; Venkataraman, G.; Yu, 
M.; Sellamuthu, G.; Chen, Z.-H.; Shabala, S. 
Comparative Analysis of Root Na+ Relation under 
Salinity between Oryza sativa and Oryza coarctata. 
Plants 2022, 11, 656. https://doi.org/ 
10.3390/plants11050656 

Jiang Z, Song G, Shan X, Wei Z, Liu Y, Jiang C, Jiang Y, Jin F and 
Li Y (2018) Association Analysis and Identification of 
ZmHKT1;5 Variation with Salt-Stress Tolerance. Front. 
Plant Sci. 9:1485. doi: 10.3389/fpls.2018.01485 

Kesawat, M.S.; Satheesh, N.; Kherawat, B.S.; Kumar, A.; Kim, 
H.-U.; Chung, S.-M.; Kumar, M. Regulation of Reactive 
Oxygen Species during Salt Stress in Plants and Their 
Crosstalk with Other Signaling Molecules—Current 
Perspectives and Future Directions. Plants 2023, 12, 
864. https://doi.org/ 10.3390/plants12040864 

Kishor, P. B. K., Tiozon, R. N., Fernie, A. R., & Sreenivasulu, N. 
(2022). Abscisic acid and its role in the modulation of 
plant growth, development, and yield stability. Trends 
in Plant Science, 27(12), 1283-1295. 

Kubota, A., Zayed, B., Fujimaki, H., Higashi, T., Yoshida, S., 
Mahmoud, M. M. A., Kitamura, Y., & Abou El Hassan, 
W. H. (2017). Water and Salt Movement in Soils of the 
Nile Delta. Irrigated Agriculture in Egypt, 1st ed.; Satoh, 
M., Aboulroos, S., Eds.; Springer: Cham, Switzerland, 
pp. 153–186. 

Kumar, V., Ferreira, L. F. R., Sonkar, M., & Singh, J. (2021). 
Phytoextraction of heavy metals and ultrastructural 
changes of Ricinus communis L. grown on complex 
organometallic sludge discharged from alcohol 
distillery. Environmental Technology & Innovation, 22, 
101382. 

Li, J.; Zhu, Q.; Jiao, F.; Yan, Z.; Zhang, H.; Zhang, Y.; Ding, Z.; 
Mu, C.; Liu, X.; Li, Y.; et al. Research Progress on the 
Mechanism of Salt Tolerance in Maize: A Classic Field 
That Needs New Efforts. Plants 2023, 12, 2356. 
https://doi.org/10.3390/ plants12122356 

Lozano-Juste, J., & Cutler, S. R. (2016). Hormone signalling: 
ABA has a breakdown. Nature Plants, 2(9), 1–2. 
https://doi.org/10.1038/nplants.2016.137 

https://doi.org/10.1111/nph.18422
https://doi.org/10.1186/s43088-022-00194-3
https://doi.org/10.1186/s43088-022-00194-3
https://doi.org/10.3390/agronomy12071596
https://doi.org/10.1016/j.jplph.2016.05.027
https://doi.org/10.1186/s12870-022-03972-4
https://doi.org/
https://doi.org/
https://doi.org/10.3390/
https://doi.org/10.1038/nplants.2016.137


molecular response to salt stress in maize … 
 

 

 

Egypt. J. Bot. Vol. 65, No.2 (2025)  117 

Luo, X., Wang, B., Gao, S., Zhang, F., Terzaghi, W., & Dai, M. 
(2019). Genome-wide association study dissects the 
genetic bases of salt tolerance in maize seedlings. J 
Integr Plant Biol. 61, 658-674. 

Ma, L., Liu, X., Lv, W., & Yang, Y. (2022). Molecular 
Mechanisms of Plant Responses to Salt Stress. 
Frontiers in Plant Science, 13(June), 1–17. 
https://doi.org/10.3389/fpls.2022.934877 

Mohamed, A. A., Eichler-Löbermann, B., & Schnug, E. 
(2007). Response of crops to salinity under Egyptian 
conditions: A review. Landbauforsch. Volkenrode 57, 
119–125. 

Mohamed, E. S., Morgun, E. G., & Goma Bothina, S. M. 
(2011). Assessment of soil salinity in the Eastern Nile 
Delta (Egypt) using geoinformation techniques. 
Moscow Univ. Soil Sci. Bull. 66, 11–14. [CrossRef] 

Niu, X. (1995). Ion homeostasis in NaCl stress environments. 
Plant Physiol. 109, 735-742. 

Pabuayon, I.C.M., Jiang, J., Qian, H. et al. Gain-of-function 
mutations of AtNHX1 suppress sos1 salt sensitivity and 
improve salt tolerance in Arabidopsis. Stress Biology 1, 
14 (2021). https://doi.org/10.1007/s44154-021-
00014-1 

Pardo, J. M., & Quintero, F. J. (2002). Plants and sodium ions: 
keeping company with the enemy. Genome 

Pérez-López, U., Robredo, A., Lacuesta, M., Sgherri, C., 
Muñoz-Rueda, A., Navari-Izzo, F., et al. (2009). The 
oxidative stress caused by salinity in two barley 
cultivars is mitigated by elevated CO2. Physiol. Plant. 
135, 29–42. https://doi.org/10.1111/j.1399-
3054.2008.01174.x 

Riemann, M., Dhakarey, R., Hazman, M., Miro, B., Kohli, A., 
& Nick, P. (2015). Exploring jasmonates in the 
hormonal network of drought and salinity. Plant 
Physiology, 6(December), 1–16. 
https://doi.org/10.3389/fpls.2015.01077 

Rizk, M. S., Assaha, D. V. M., Mekawy, A. M. M., Shalaby, N. 
E., Ramadan, E. A., El-Tahan, A. M., Ibrahim, O. M., 
Metwelly, H. I. F., Okla, M. K., Maridueña-Zavala, M. G., 
AbdElgawad, H., & Ueda, A. (2024). Comparative 
analysis of salinity tolerance mechanisms in two maize 
genotypes: growth performance, ion regulation, and 
antioxidant responses. BMC Plant Biology, 24(1). 
https://doi.org/10.1186/s12870-024-05533-3 

Schachtman, D., and Liu, W. (1999). Molecular pieces to the 
puzzle of theinteraction between potassium and 
sodium uptake in plants. Trends Plant Sci. 4,281–287. 
doi: 10.1016/S1360-1385(99) 01428-4 

Shahzad, A. N., Pitann, B., Ali, H., Qayyum, M. F., Fatima, A., 
and Bakhat, H. F. (2015). Maize genotypes differing in 
salt resistance vary in jasmonic acid accumulation 
during the first phase of salt stress. J. Agron. Crop Sci. 
201, 443–451. doi: 10.1111/jac.12134 

Sheoran, S., Kumar, S., Kumar, P., Meena, R. S., & Rakshit, S. 
(2021). Nitrogen fixation in maize: breeding 
opportunities. Theoretical and Applied Genetics, 
134(5), 1263-1280. 

Shin, S., Aziz, D., El-Sayed, M. E., Hazman, M., Almas, L., 
McFarland, M., ... & Burian, S. J. (2022). Systems 
thinking for planning sustainable desert agriculture 
systems with saline groundwater irrigation: a review. 
Water, 14(20), 3343. 

Sreenivasulu N, Harshavardhan VT, Govind G, Seiler C, Kohli 
A. Contrapuntal role of ABA: does it mediate stress 
tolerance or plant growth retardation under long-term 
drought stress? Gene. 2012 Sep 15;506(2):265-73. doi: 
10.1016/j.gene.2012.06.076. Epub 2012 Jul 5. PMID: 
22771691. 

Wakeel, A., Farooq, M., Qadir, M., & Schubert, S. (2011). 
Potassium substitution by sodium in plants. Critical 
reviews in plant sciences, 30(4), 401-413. 

Wang H, Liang L, Liu S, et al. Maize genotypes with deep root 
systems tolerate salt stress better than those with 
shallow root systems during early growth. J Agro Crop 
Sci. 2020;206:711–721. https://doi.org/10.1111/ 
jac.12437 

Wang, Y., Janz, B., Engedal, T., & de Neergaard, A. (2017). 
Effect of irrigation regimes and nitrogen rates on water 
use efficiency and nitrogen uptake in maize. 
Agricultural Water Management, 179, 271-276. 

Ye, J. Y., Tian, W. H., & Jin, C. W. (2022). Nitrogen in plants: 
from nutrition to the modulation of abiotic stress 
adaptation. Stress Biology, 2(1), 1–14. 
https://doi.org/10.1007/s44154-021-00030-1 

Younis M, El-Shahaby O, Nemat Alla MM, El-Bastawisy Z. 
Kinetin alleviates the influence of waterlogging and 
salinity on growth and affects the production of plant 
growth regulators in Vigna sinensis and Zea mays. 
Agronomie. 2003; 23:277-285.   

Zayed, O., Hewedy, O. A., Abdelmoteleb, A., Ali, M., Youssef, 
M. S., Roumia, A. F., Seymour, D., & Yuan, Z. C. (2023). 
Nitrogen Journey in Plants: From Uptake to 
Metabolism, Stress Response, and Microbe 
Interaction. Biomolecules, 13(10). 
https://doi.org/10.3390/biom13101443 

Zhang, Y., & Yang, G. (2023). Structural and functional 
insight into the regulation of SOS1 activity. Nature 
Plants, 9(11), 1791–1792. 
https://doi.org/10.1038/s41477-023-01552-4 

Zhou, X. et al. The classical SOS pathway confers natural 
variation of salt tolerance in maize. New Phytol. 236, 
479–494 (2022). 

Zhu JK. Regulation of ion homeostasis under salt stress. 
Current Opinion in Plant Biology, 6(5), 441-445.  
(2003); 6: 441-445. 

Zhao, L., Liu, W., Xiong, S., Tang, J., Lou, Z.H., Xie, M.X., Liao, 
D.F. (2018). Determination of total flavonoids contents 
and antioxidant activity of Ginkgo biloba leaf by near-
infrared reflectance method. International Journal of 
Analytical Chemistry, 2018(1), 8195784. 
https://doi.org/10.1155/2018/8195784. 

  

https://doi.org/10.3389/fpls.2022.934877
https://doi.org/10.1007/s44154-021-00014-1
https://doi.org/10.1007/s44154-021-00014-1
https://doi.org/10.1111/j.1399-3054.2008.01174.x
https://doi.org/10.1111/j.1399-3054.2008.01174.x
https://doi.org/10.3389/fpls.2015.01077
https://doi.org/10.1186/s12870-024-05533-3
https://doi.org/10.1111/
https://doi.org/10.1007/s44154-021-00030-1
https://doi.org/10.3390/biom13101443
https://doi.org/10.1038/s41477-023-01552-4
https://doi.org/10.1155/2018/8195784


Soliman et al., 2025 
 

 

 

Egypt. J. Bot. Vol. 65, No.2 (2025) 118 

 

Figure S1. Agarose gel image represents the migration of PCR amplicons for reference gene (Zm18S ribosomal RNA). M: 100 bp DNA ladder 
 

Table S1. The sequences of forward and reverse primers for investigated genes 

Gene Name Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’) Amplicon size (bp) 

18S ribosomal RNA (reference) CCGGCGACGCATCATT GGCCCCTATATCCTACCATCGA 58 

Abscisic acid synthesis (NCED9) TTCCACGGCACCTTCATC AGCTGCCACTATCCCAATTT 250 

Ascorbate peroxidase (APX) CCTTCTTCAGCTCCCAAGTG GGTGGGCCTCTTTGTAGTCA 177 
Catalase (CAT) TCTGGACGTGGTCCTCTAAT CACCTTCTAATGTTGCTTGTATGC 355 

Dehydrin AGGAAGAAGGGAATCAAGGAGAAGA CGTGCTGGTCGTCCTTGT 67 

Glutathione Reductase (GR) CACCAAAGCAGACTTCGACA AAGTTCGTCTTTGGCTTGGA 115 
Nitrate reductase (NR) GTACGTCATCGACCAGGTAAAG GAACACGACGAAAGAATTGGC 450 

Sodium overlay sensitive1 (SOS1) ACTTGCAGGAGGAATACAAC CGAGAAGAGAAGACCACATC 156 

Sodium/hydrogen antiporter (NHX5) AGCTTCTGATGGTGCGTTAG AGAGTGGATGTGCTGCTATTT 298 

 
 


