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Abstract

Salinization, as a serious climate change phenomenon, continues to cause critical issues for soils and crops. Abundance of
genetic diversity of plants could contribute in solving the impacts of salinity. However, the relations between physiological
and molecular traits of plant species need deep investigation and interpretation. Pot experiments were conducted in the
greenhouse to investigate the difference in behavior between two amaranth species when they were beforehand subjected
to salinity-stress conditions, specifically on some specific physiological and molecular characteristics. After 45 days from
transplanting, salt stress was induced using a 150 mM sodium chloride solution. Treatments were arranged in randomized
complete block design using three replications. After 0, 2, 6, 10, and 24 h, samples were collected to evaluate physi-
ological data as well as diversity of gene expression. The samples were immediately frozen in liquid nitrogen and stored
in -80° C ultralow temperature refrigerators. Findings revealed that the red amaranth species (Amaranthus cruentus) was
more tolerant to saline stress than the green amaranth species (Amaranthus hypochondriacus). Result data revealed that
malondialdehyde (MDA) content in the red amaranth increased after 2 h then decreased (after 6 and 10 h) before rising
again after 24 h. In the green amaranth, MDA content initially decreased after 2 h before increasing and later decreasing
in a zigzag pattern ending in an increase after 24 h. There was an initial steep rise in proline content of green amaranth
after 2 h which continued to still rise moderately till 24 h. In the red amaranth the initial rise in proline continued after
2, 6 and 10 h before it stopped. Results also showed that red amaranth gave higher value of superoxide dismutase (SOD)
activity as compared with green amaranth in all tested salinity exposure times. The investigation on the expression of
four genes assessed through quantitative PCR indicated the efficiency of red amaranth in increasing the expression of
SOS1, HKT1, NHX1, and DGR2 genes, which encode adaptation-related proteins under salinity stress. In summary, the
current work demonstrated that red amaranth could be an efficient genetic resource in improving salt-tolerant genotypes
belonging to Amaranthus genus.

Keywords Amaranthus sp. - Defensive Performance - Ionic toxicity - Osmo-protectants - Salt stress-related gene
expression

1 Introduction

All sectors in the agricultural field have been particularly
affected by the issues related to climate change around the
world. Unfavorable conditions arising from climate change
create various eco-stresses such as drought, heating, nutri-
tional deficiency and salinity which cause mischievous

Extended author information available on the last page of the article

impacts on crop growth and productivity (El-Bially et al.
2018; Saudy et al. 2020a; Ramadan et al. 2023a). The nega-
tive effects of eco-stresses on crop growth are mainly attrib-
uted to defect in plant physiology and biology (Saudy 2014;
El-Bially et al. 2022a; El-Metwally et al. 2022; Saudy et
al. 2023a; Shaaban et al. 2023a; Shahin et al. 2023). Ulti-
mately, these stresses certainly lead to yield losses and poor
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quality (Saudy 2015; Abd—Elrahman et al. 2022; Shaaban et
al. 2023b; Hassan et al. 2024).

Salinity is a very harmful challenge to agriculture, as it
poses a major threat to crop growth and development (Muk-
hopadhyay et al. 2021). Physiologically, oxidative pressure
of salinity causes over-generation of hazardous molecules
called reactive oxygen species (ROS), such as hydrogen
peroxide hydroxyl radicals, and superoxide radicals, via
disruption of electron transport systems in chloroplast and
mitochondria (Sun et al. 2016; Analin et al. 2020). Accord-
ingly, the functional imbalance of photosynthesis process
and cellular severe oxidization are regarded as the major
biochemical evidence of salinity (Vineeth et al. 2023).
Molecularly, in addition to photosynthesis disturbance and
lipid peroxidation, salinity increases the deterioration rate
of DNA with cell death (Wang et al. 2019; El-Metwally and
Saudy 2021a; Doklega et al. 2023; Ali et al. 2024). Hence,
there is a dire need to depend on sturdy plants that have
the potential to thrive in stressed conditions, (Saudy and El-
Metwally 2019; Ramadan et al. 2023b; Saudy et al. 2023b).
It was found that plants’ tolerance to salinity is owing to
protecting growth and photosynthesis machinery, modify-
ing antioxidant defense enzymes, and maintaining plant
water status (Mubarak et al. 2021; Mansour et al. 2021). Salt
stress tolerance is also molecularly linked to the expression
of specific genes (Razzaq et al. 2021).

The genus Amaranthus as an individual of Amarantha-
ceae plant family comprises more than 50 herbaceous spe-
cies (Stetter and Schmid 2017). Amaranthus species can be
exploited as leafy vegetables or as cereals (Baraniak and
Kania-Dobrowolska 2022). In last decades, there has been a
great attention in numerous of amaranth species due to their
nutritional value and stress resistance (Wouyou et al. 2017;
Sarker et al. 2018; Pulvento et al. 2022). However, there
was a significant variation among amaranth species in salin-
ity tolerance (Luyckx et al. 2021; Tebini et al. 2022). Since
amaranth belongs to C, photosynthetic pathway plants, it
has greater ability to withstand the stressed conditions via
better utilization of water compared to C; plants (Assad et
al. 2017). Red amaranth (4. cruentus L.) and green ama-
ranth (4. hypochondriacus L.) are hopeful as binary-use
crops, because their leaves and seeds can be nutritionally
used, which are richer than true cereals in minerals, vita-
mins, and proteins (Tang et al. 2014; Ngugi et al. 2017; Hoi-
dal et al. 2020; Gomez et al. 2023).

Despite its salt tolerance, the physiological mechanisms
and molecular explanations in amaranth are still not fully
understood. Herein, it has been hypothesized different ama-
ranth species behave different physio-molecular performance
under salinity stress. Therefore, the present study aimed to
identify physiological and molecular changes explaining
variability in salt tolerance between two amaranth species.
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Salt stress was induced by 150 mM sodium chloride, and
then physiological and molecular traits were assessed after
0,2, 6, 10, and 24 h of a 24 h salinity-stress cycle.

2 Materials and methods
2.1 Experimental Sit and Plant Materials

In greenhouses of the Horticulture Research Station, at
El-Kanater El-Khairia, Qalubia Governorate, the current
research was carried out during the two successive seasons
of 2021 and 2022. The experiments included two different
annual summer amaranth species, i.e. Amaranthus cruentus
(red amaranth) and Amaranthus hypochondriacus (green
amaranth). Seeds were obtained from a certified source,
Osman Badawy Company for Importation of Ornamental
Plant Seeds, Cairo, Egypt.

2.2 Trial Procedures and Sampling

Initially, seeds of the two amaranth species were planted on
March 20th and 25th in the first and second growth seasons,
respectively, in plastic trays, as a primary nursery, filled
with a medium that contained a mixture of peat moss, sand,
and vermiculite (2:1:1 by volume). Seeds were covered
with a thin layer (0.5 cm) of media, irrigated carefully, then
placed in the greenhouse. On April 20th and 25th of the first
and second growing seasons, respectively, seedlings were
pricked out and transplanted into 25-cm diameter plastic
pots filled with aforementioned media, one seedling per pot.

The intended salt stress treatment was applied using 150
mM sodium chloride (NaCl) solution, equivalent to 13.70
dS m™!, 45 days after transplantation. Control samples were
taken before salt treatment (at 0 time), and treated sam-
ples were taken after 2, 6, 10, and 24 h. Treatments were
arranged in randomized complete block design with three
replicates. Leaf samples were immediately frozen in liquid
nitrogen and stored in ultralow temperature refrigerators at
—80 °C to be used in analyzing the biochemical and molec-
ular parameters.

2.3 Assessments
2.3.1 Plant Pigments
2.3.1.1 Chlorophyll Total chlorophyll (a+b) of the leaf

samples was extracted with acetone (80%) and determined
by monitoring the absorbance at wavelengths of 663 nm for
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chlorophyll a and 645 nm for chlorophyll b according to the
technique detailed by Wang (20006).

2.3.1.2 Anthocyanin Content of total anthocyanin was
extracted using acidified methanol (1% HCI). The absor-
bance of the clear filtered anthocyanin solution was mea-
sured by a Spekol 11 spectrophotometer at 535 nm according
to the method developed by Du and Francis (1973).

2.3.2 Defensive Performance

2.3.2.1 Lipid Peroxidation Lipid peroxidation was esti-
mated by measuring the level of malondialdehyde (MDA)
production using the thiobarbituric acid (TBA) method as
described by Bailly et al. (1996).

2.3.2.2 Proline Content Samples weighing 100 mg of
freshly powdered leaf tissue were extracted with 3% sul-
fosalicylic acid. After centrifugation, a ninhydrin solution
containing acetic acid and 6 M H;PO, (v/v, 3:2) was added
to the supernatants, and the mixture was then heated at
100 °C for 60 min. Toluene was then added to the mixture,
which was then let to sit at room temperature for 30 min.
Utilizing a microplate reader (ACCURIS Smart Reader;
Edison, NJ, USA) and L-proline (1-100 g), the absorbance
was recorded at 520 nm as previously described by Khare
etal. (2012).

2.3.2.3 Superoxide Dismutase Activity To determine
superoxide dismutase (SOD) as an indicator for enzymatic
antioxidant activity (u/g protein contents), the frozen shoots
(about 0.5 g) were homogenized (1:9 w/v) in 0.1 M cooled

Table 1 Names of four salinity-responsive genes and two house-
keeping genes (as reference genes) plus primer sets (direction and
sequence)

Gene name Sequence 5'— 3’
AhHKTI1 F 5’- GGAGCTCTGGAGTTATGGAGG- 3’
R 5’- ACAACCAAGATGGCCGAACT- 3’
AhSOS1 F 5’- TGGCCTGCACGAGAAAATTC- 3’
R 5’- TCTCGAGGACTGTTCGTGGA- 3’
AhDGR2 F 5’- CCCTTCCTGGTTGGATGGTC- 3°
R 5’- CAACTTGAGCAATGGCGCTT- 3’
AhNHX1 F 5’- CCAATGTTCCAACGGCTCCA- 3’
R 5’- GGTTTAGCCACCGGAGTTGT- 3"
B-Actin F 5’- ACTCCATCATGAAGTGCGAC -3’
R 5’- TTTCAGGAGGAGCAACAACC -3’
GAPDH F 5’-TTGGTTTCCACTGACTTCGTT -3’

R 5’-CTGTAGCCCCACTCGTTGT -3’
F: Forward; R: Reverse

phosphate buffer (pH 7.8) or normal saline. The homoge-
neous mixture was centrifuged at 12,000 xg for 20 min at
4°C and the supernatants were collected for determining
SOD enzyme activity according to the procedure of Mar-
tinez et al. (2020).

2.3.3 Molecular Response and Gene Expression

2.3.3.1 RNA Extraction and cDNA Synthesis Total RNA
was extracted from leaf tissues using EasyPure® RNA Kit
(Ttrans, China). Extracted RNA was converted to cDNA
using EasyScript® Frist-Strand ¢cDNA synthesis superMix
(trans, china), as described by Claros and Canovas (1999).

For RT-PCR optimization and amplification total mRNA
was isolated from 0.5 g red amaranth (4. cruentus) and
green amaranth (4. hypochondriacus) plant leaves of con-
trol and 150 mM salinity treatments after different time
sequences (0, 2, 6, 10 and 24 h) of stress periods using the
Plant RNA Kit (Sigma-Aldrich). Using spectrophotometer,
the purified RNA was quantitated and analyzed on 1% aga-
rose gel. 10 pg total RNA was treated with DNAse RNAse-
free (Fermentas), 5 pg of which was reverse transcribed in a
reaction mixture consists of oligo dT primer (10 pmL/uL),
2.5 puL 5X buffer, 2.5 uL MgCl,, 2.5 pL 2.5 mM dNTPs, 4
pL from oligo (dT), 0.2 uL (5 Unit/pL) reverse transcriptase
(Promega, Germany) and 2.5 pL RNA. RT-PCR amplifica-
tion was performed in a thermal cycler PCR, programmed
at 42 °C for 1 h and 72 °C for 20 min. Quantitative Real
time PCR was carried out on 1 pL diluted cDNA by tripli-
cate using the real time analysis using a Rotor-Gene 6000
(Germany) system. The primer sequences used in qRT-PCR
are given in Table 1. Primers of four salinity responsive
genes and two housekeeping genes as reference genes were
utilized.

2.3.3.2 Gene Expression The method of SYBR® Green was
employed to perform the analysis of the four gene expres-
sion. Reaction’s mixture comprised 10 uL of SYBR Green
Master Mix, 2 pL for each of template, forward primer and
reverse primer, and sterile distilled water (total volume of
20 pL). PCR analyses were assessed via the conditions of
95 °C for 15 min followed by 40 cycles of 95 'C for 30s and
60 'C for 30s. The CT was used to compute ACT values (tar-
get gene CT subtracted from B-Actin gene CT). The relative
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gene expression was identified using the 2-AACt method
(Livak and Schmittgen 2001).

2.4 Statistical Analyses

Through the software CoStat program, the analysis of vari-
ance (ANOVA) was utilized for statistical analysis of the
results data based on procedures illustrated by Casella
(2008). To compare among the means of treatments, Dun-
can’s multiple range test (p <0.05) was exploited (Steel and
Torrie 1980). Furthermore, mRNA of salinity responsive
genes was presented in showing hierarchical clustering-heat
map diagram of transcriptional expression.

3 Results
3.1 Plant Pigments

Analysis of variance detected that total chlorophyll and total
anthocyanin contents were significantly affected by ama-
ranth specie and time after initiating the salt-stress cycle
(Table 2) and their interaction (Fig. 1). In this respect, chlo-
rophyll content of green amaranth was greater than that of
red amaranth by 37.9%. Time after initiating the salt-stress
cycle showed reducing in total chlorophyll after 2 and 6 h
and still with a further gradual reduction after 10 and 24 h.
Results in Fig. 1 manifested quite clearly that time in each
tested amaranth species had a significant effect on finally at
the end reducing chlorophyll content (after 24 h). In green
amaranth (Fig. 1a), there was a steady decline in total chlo-
rophyll after 6 h and continued till 24 h. However, it was

Table 2 Effect of a 24-hour salinity-stress cycle (at 150 mM NaCl)
on chlorophyll and anthocyanin contents in two Amaranthus species

Variable Total chlorophyll Total anthocyanin
(mgg 'FW) (mgg 'FW)
Specie
Red amaranth 4.01+£0.26b 288.13+15.05a
Green amaranth 5.53+035a 59.65+£3.79b
Time
Oh 6.18+0.50 a 146.9+36.78 ¢
2h 5.44+047b 205.65+£58.12a
6h 4.99+0.38b 206.82+£67.69 a
10h 4.09+0.30c¢ 168.87+54.83 b
24h 3.15+031d 141.22+40.45 ¢

Values in the same column followed by the same letter are not statisti-
cally different according to Duncan’s multiple range test (p <0.05)

less apparent in the red amaranth which showed a steady
decline after 10 h and continued till 24 h (Fig. 1a).

As shown in Table 2, red amaranth had a 4.83-fold
increase in total anthocyanin content of green amaranth.
Also, time after initiating the salt-stress cycle had a main
effect on increasing total anthocyanin (after 2 and 6 h)
than the initial time (0 h) then decreased gradually (after
10 and 24 h). Concerning the interaction, anthocyanin con-
tent increased in red amaranth until 6 h after initiation of
salt treatment then it decreased until the end of the 24 h
(Fig. 1b),. On the other hand, the change in anthocyanin
content of green amaranth was not clear under different salt-
stress cycles.

3.2 Defensive Performance
There were statistical variations between the two testes

species of amaranth in malondialdehyde (MDA) content,
proline content and superoxide dismutase (SOD) activity
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Fig. 1 Effect of interaction between Amaranthus species (red and
green) and time (24-hour salinity stress-cycle) on total chlorophyll (a)
and total anthocyanin (b) (mg g~! FW). Different letters imply that
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there is significant variation between treatment means based on Dun-
can’s multiple range test (p <0.05)
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Table 3 Effect of a 24-hour salinity-stress cycle (at 150 mM NaCl)
on malondialdehyde (MDA) content, proline content and superoxide
dismutase (SOD) activity in two Amaranthus species

Variable MDA Proline SOD %
(nmolg™))  (ugg'FW)

Specie

Red amaranth 20.37+096a 2223+2.03b 81.78+3.42a

Green amaranth  6.71+1.51b 26.86+2.61a 64.61+3.50b

Time

Oh 11.76 £4.33d 10.47+046e¢ 5546+3.79¢

2h 12.78+524c 23.47+044d 6597+4.59d

6h 1546+2.87b 26.5+1.13¢ 75.51+£3.75¢

10 h 10.66+1.92¢ 29.01+1.53b 80.93+2.71b

24 h 17.04+0.92a 33.27+1.65a 88.12+4.47a

Values in the same column followed by the same letter are not statisti-
cally different according to Duncan’s multiple range test (p <0.05)
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Fig. 2 Effect of interaction between Amaranthus species (red and
green) and time (24-hour salinity stress-cycle) on malondialdehyde
(MDA) content. Different letters imply that there is significant varia-
tion between treatment means based on Duncan’s multiple range test
(p<0.05)
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Fig. 3 Effect of interaction between Amaranthus species (red and
green) and time (24-hour salinity stress-cycle) on proline content. Dif-
ferent letters imply that there is significant variation between treatment
means based on Duncan’s multiple range test (» <0.05)
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Fig. 4 Effect of interaction between Amaranthus species (red and
green) and time (24-hour salinity stress-cycle) on superoxide dis-
mutase (SOD) activity. Different letters imply that there is significant
variation between treatment means based on Duncan’s multiple range
test (p<0.05)

(Table 3). In this concern, the values of MDA and SOD were
higher (3.03 and 1.26 folds) and proline was lower (17.2%
reduction) in red amaranth than that of green amaranth.
Moreover, 24 h salinity-stress cycle (at 150 mM NaCl) had
significant defensive performances. MDA content, SOD
activity and proline content progressively increased with
increasing exposure time to salinity, hence, 24-h showed the
maximum values in this respect.

As for the interaction between each amaranth specie and
time, result data in Fig. 2 revealed that MDA content in the
red amaranth increased after 2 h then decreased (after 6 and
10 h) before rising again after 24 h. In the green amaranth,
MDA content initially decreased after 2 h before increas-
ing and later decreasing in a zigzag pattern ending with an
increase after 24 h. Regarding the effect of interaction on
proline, there was an initial steep rise in proline content of
green amaranth after 2 h which continued to still rise mod-
erately till 24 h (Fig. 3). In red amaranth the initial rise in
proline continued after 2, 6 and 10 h before it stops. Also,
the interaction effect showed that SOD activity was higher
in salinity treated plants as compared with control (Fig. 4),
where, there was a significant increase in SOD activity in
both species. When comparing the two tested species in
SOD activity, notably, results show that red amaranth gave
higher values as compared with green amaranth in all tested
times treatments.

3.3 Expression of some Salt Stress-Related Genes

To address the differences between both two amaranth spe-
cies at the molecular level, the expression level of four salt
stress marker genes (viz. SOS1, HKT1, NHX1 and DGR2)
were studied by the real-time quantitative PCR (qPCR)
approach including: the plasma membrane (PM) salt overly

@ Springer



176

Journal of Soil Science and Plant Nutrition (2025) 25:171-182

sensitive 1 (SOS1), the high-affinity potassium transporter!
(HKT1), the vacuolar Na'/H" antiporter (NHX1), and the
abiotic stress-induced protein DUF642 (DGR2).

Generally, all genes exhibited higher expression levels
in the red amaranth species at one or more stress time-point
compared to the green one. For example, within the short-
term (2 h) of salinity, genes for HKT1, SOS1 and NHX1
increased by ~3-, ~ 5- and ~6-fold, respectively, in red
amaranth compared to control, as well as by ~2-, ~ 2-, and
~4-fold, respectively, relative to the corresponding point
of the green amaranth (Fig. 5a, b and d). In the mid-term
of stress (6—10 h), red amaranth continued to accumulate
higher transcripts of SOS1 that peaked at 6 h with up to
4-fold higher relative to analogous point in green species,
before starting to decline at 10 h. Interestingly enough, the
expression level of SOS at 24 h of salinity in red amaranth
was roughly 1, 5 lower than in the green amaranth spe-
cies (Fig. 5b). For HKT1 and NHX1, both genes exhibited
roughly similar induction patterns that peaked at 10 h of
stress before sharply declining at 24 h within each species
(Fig. 5a and d). Nevertheless, only the expression level
of HKT1 was higher at both 6 and 10 h in red amaranth

30
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25 1 @Green amaranth
20
-
=
I 15
<
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5
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Oh 2h 6h 10h 24h
Time (h)
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H Red amaranth (C)
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o
o
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<

oh 2h 6h
Time (h)

10h 24h

Fig. 5 Bar-charts of relative expression level (fold changes) in mRNA
of the AhHKT1 (a), AhSOSI (b), AhDGR?2 (¢) and AhNHX1 (d) genes
in red and green Amaranthus. Plants were initially grown in control
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compared to green amaranth, while NHX1 showed its sig-
nificant induction at 10 h only.

On the contrary, the expression level of DGR2 did
not differ in both species in the short term (2 h of stress),
although significant induction took place within each specie
by roughly~6-fold (Fig. 5¢). In the mid-term, (6—10 h of
stress) however, DGR2 showed higher transcript abundance
in red amaranth compared to green amaranth. Intriguingly
and quite fascinating, unlike the SOS1, HKT1, and NHX1
in both species, the expression of DGR2 did not decrease
in the long-term 24 h of salinity in red amaranth, where the
transcript abundance was ~4-fold compared to green ama-
ranth (Figs. 5 and 6).

4 Discussion

It is interesting to confirm that eco-stresses hugely impacted
crop cultivations and production (Saudy and Mubarak 2015;
Saudy et al. 2020b; El-Bially et al. 2022b). In this concern,
salinity is one of the most critical abiotic problems which
dramatically depress soil health and crop potentiality (Salem

(b)

40 ~

35 | HRed amaranth

H Green amaranth

30

25

20

AhSOS1

15

10

Oh 2h 6h 10h 24h

Time (h)

50 4
45 | MRed amaranth

(d)

40 1 H@Green amaranth

AhNHX1

oh 2h 6h
Time (h)

10h 24h

and salt stress (150 mM) conditions for 24 h. Values are means + SE of
three biological replicates (each one of three plants, n=3)



Journal of Soil Science and Plant Nutrition (2025) 25:171-182 177
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et al. 2021, 2022; Abd El-Mageed et al. 2022; Lasheen
et al. 2023). Therefore, it is so significant to identify the
plant performances toward salt stress in order to accurately
address the stress-associated depression (Abdo et al. 2024).
As obtained from the results of the current work, the longer
the exposure periods to salinity, the lower the chlorophyll
concentration. Salinity stress can induce the apparatus of
photosynthesis to release excessive ROS, hastening disin-
tegration rate of leaf pigments, causing cell death of leaves
(Liang et al. 2015; Ramadan et al. 2024a). Despite 4. hypo-
chondriacus had greater chlorophyll content than 4. cruen-
tus, the decline rate in the former specie was higher with
increased salt exposure time. Herein, with exposure times
of 6, 10, and 24 h, the reductions in chlorophyll were 18.7,
31.79 and 48.2%, respectively for A. cruentus, while the
corresponding reductions in A. hypochondriacus were 19.8,
35.1 and 49.7%, respectively, compared to zero time (0 h).
Contrariwise, as expected, anthocyanin pigment content of
the red specie (4. cruentus) was higher than that of green
one. Furthermore, in red specie, the change in anthocyanin
content was more evident with salt stress, where the mini-
mal value was obtained at 0 h, while the maximum value
was recorded at 6 h, then declined at 10 h and the 24 h. This
could be referring to resilience of the red specie to coun-
teract salt stress. To prove that the defensive performances,
representing in of MDA content, proline content and SOD
activity, were assessed.

Regarding the defensive performance, although MDA
was increased and proline decreased in A. cruentus com-
pared to A. hypochondriacus, the SOD value was higher in

517 % 28 51

17.38/20°52

AhNHX1 (Green Amaranthus)

XX

AhSOS1 (Red Amaranthus)

> &
& 8

the former specie than the later one. Also, MDA, proline and
SOD values progressively increased as salt exposure time
elevated for both 4. cruentus and A. hypochondriacus. MDA
is produced via lipid peroxidation, caused by ROS, which
are resulted in response to salt stress (Hasanuzzaman et al.
2021). Due to sodium chloride stress distinctive increases in
H,0,, lipid MDA and decrease in stability of cell membrane
were obtained (El-Sayed et al. 2022; Helal et al. 2024).
However, under such stress conditions, plants have evolved
different mechanisms to tolerate the ecological stressors and
maintain better growth and development (Noureldin et al.
2013; Saudy et al. 2018; El-Metwally and Saudy 2021b).
Moreover, proline as an osmo-protectant accumulates in
plants to be more adapted to stress conditions (Ali et al.
2021; Ramadan et al. 2024b). Under adverse conditions,
proline can regulate water uptake, preventing the dehydra-
tion of plant tissues via readjustment the osmotic potential
(Batista-Silva et al. 2019; Dong and Beckles 2019; Hadid et
al. 2023, 2024). Based on the plant species, tolerance mech-
anism systems could involve the synthesis of osmolytes for
osmotic regulation (Maathuis 2014; Munns et al. 2020b;
Saudy et al. 2021). On the other site, for quenching the ROS
and their oxidative stress damage, enzymatic antioxidants
are substantially produced in stressed plants (Makhlouf
et al. 2022; Saudy and El-Metwally 2023). In the present
work, the activity of SOD was significantly increased under
salinity stress. The increased activity of SOD enhances the
mechanism of tolerance in plants by eliminating ROS gen-
erated via salinity stress (Chen et al. 2018; El-Metwally et
al. 2021; Nie et al. 2023). Certainly, plant species with these
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mechanisms of action can survive and grow well in stressful
environments.

Despite the significance of tolerance mechanisms, more
energy is consumed, impeding the plant growth and devel-
opment (Munns et al. 2020a). Therefore, plant breeding
programs should be had genetic diversity to improve the
salt tolerance (Munns et al. 2000). In this connection, the
current study reported a remarkable variability not only in
physiological responses but also in molecular performance
between the red and green species of amaranth, afford-
ing genetic materials for gaining salt-tolerant genotypes.
Herein, our data demonstrated the efficacy of red amaranth
in accumulating considerable levels of the four water-
related marker genes (SOS1, HKT1, NHXI1, and DGR2)
that encoding adaptation-related proteins under salt stress.
As documented by several salinity studies, salinity stress
sorely influenced the ionic homeostasis (El Nahhas et al.
2021) which consequently affects the fastness of cell mem-
brane with toxicity of the amassed Na" ions on the action
of membrane transporter proteins (Alsamadany et al. 2022).
In salinity-resistant strains, compartmentalization of Na* in
plant cell vacuole, preventing the interference with cytosolic
enzyme action is one of the efficient approaches to tolerat-
ing ion toxicity (Chinnusamy et al. 2005). Diversified NHX
transporters with activation of PPi-ATPase or V-ATPase
are responsible for transferring Na' to vacuole (Joshi et al.
2022; Zhang et al. 2022). Na" exclusion is another way to
tolerate the toxic ions (Yang and Guo 2018; Flowers et al.
2019). The ejaculation of Na" out of plant root correlates
with SOS1 transporter. Mutation occurring in genes coding
for SOS2 and SOS3 proteins (regulate the activity of SOS1)
may have a favorable influence on the ejaculation potency
(Malakar and Chattopadhyay 2021). It has been recorded
that some salt-tolerant genotypes of amaranth had lower
amounts of Na' than the sensitive ones (Atou et al. 2023).
HKT proteins included in recapture of Na* from xylem sap
considered another molecular target that plainly impacts
Na' transport to leaves (Gandonou et al. 2011).

5 Conclusions

Eventually, the present work has demonstrated the impor-
tance of red amaranth as a promising gene cluster that can
be exploited in improving salt stress tolerance of geno-
types of the Amaranthus genus. Herein, compared to green
amaranth, red amaranth had greater activity of superoxide
dismutase and higher efficiency to increase the expression
of genes which encode adaptation-related proteins under
salinity stress. However, the high chlorophyll and proline
content with low malondialdehyde activity in green ama-
ranth should be taken into account in breeding programs for
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salt tolerance. Thus, the correlation between physiological
parameter and gene expression together is great of signifi-
cant to evaluate and screen which genotype and plant spe-
cies are more tolerant to salt stress.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB).

Data availability The datasets used and/or analyzed during the current
study available from the corresponding author on reasonable request.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Abd El-Mageed TA, Mekdad AAA, Rady MOA, Abdelbaky AS,
Saudy HS, Shaaban A (2022) Physio-biochemical and agronomic
changes of two sugar beet cultivars grown in saline soil as influ-
enced by potassium fertilizer. J Soil Sci Plant Nutr 22:3636-3654.
https://doi.org/10.1007/s42729-022-00916-7

Abd-FElrahman SH, Saudy HS, Abd El-Fattah DA, Hashem FA (2022)
Effect of irrigation water and organic fertilizer on reducing nitrate
accumulation and boosting lettuce productivity. J Soil Sci Plant
Nutr22:2144-2155. https://doi.org/10.1007/s42729-022-00799-8

Abdo RA, Hazem MM, ElAssar AE, Saudy HS, ElSayed SM (2024)
Efficacy of nano-silicon extracted from rice husk to modulate the
physio-biochemical constituents of wheat for ameliorating drought
tolerance without causing cytotoxicity. Beni-Suef Univ J Basic
App Sci 13:75. https://doi.org/10.1186/s43088-024-00529-2

Ali M, Kamran MG, Abbasi HM, Saleem H, Ahmad S, Parveen
A, Malik Z, Afzal S, Ahmar S, Dawar KM (2021) Melatonin-
induced salinity tolerance by ameliorating osmotic and oxidative
stress in the seedlings of two tomato (Solanum lycopersicum L.)
cultivars. J Plant Growth Reg 40:2236-2248. https://link.springer
.com/article/https://doi.org/10.1007/s00344-020-10273-3

Ali MAA, Nasser MA, Abdelhamid AN, Ali IAA, Saudy HS, Hassan
KM (2024) Melatonin as a key factor for regulating and relieving
abiotic stresses in harmony with phytohormones in horticultural
plants — a review. J Soil Sci Plant Nutr 24:54-73. https://doi.org
/10.1007/s42729-023-01586-9

Alsamadany H, Mansour H, Elkelish A, Ibrahim MF (2022) Folic acid
confers tolerance against salt stress-induced oxidative damages
in snap beans through regulation growth, metabolites, antioxidant


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s42729-022-00916-7
https://doi.org/10.1007/s42729-022-00799-8
https://doi.org/10.1186/s43088-024-00529-2
https://link.springer.com/article/
https://link.springer.com/article/
https://doi.org/10.1007/s00344-020-10273-3
https://doi.org/10.1007/s42729-023-01586-9
https://doi.org/10.1007/s42729-023-01586-9

Journal of Soil Science and Plant Nutrition (2025) 25:171-182

179

machinery and gene expression. Plants 11:1459. https://doi.org/1
0.3390/plants11111459

Analin B, Mohanan A, Bakka K, Challabathula D (2020) Cytochrome
oxidase and alternative oxidase pathways of mitochondrial elec-
tron transport chain are important for the photosynthetic perfor-
mance of pea plants under salinity stress conditions. Plant Physiol
Biochem 154:248-259. https://doi.org/10.1016/j.plaphy.2020.05.
022

Assad R, Reshi ZA, Jan S, Rashid I (2017) Biology of amaranths. Bot
Rev 83:382-436. https://doi.org/10.1007/512229-017-9194-1

Atou R, Tonouewa G, Wouyou A, Missihoun Kpochemé2AOEK,
Ahoton AA, Agbangla L, Lutts C, Gandonou S CB (2023) Salt
resistance strategies of amaranth salt-resistant mutant lines. Int
J Plant Physiol Biochem 15:1-12. https://doi.org/10.5897/1JPPB
2022.0317

Bailly C, Benamar A, Corbineau F, Céme D (1996) Changes in malo-
ndialdehyde content and in superoxide dismutase, catalase and
glutathione reductase activities in sunflower seeds as related to
deterioration during accelerated aging. Physiol Plantar 97:104—
110. https://doi.org/10.1111/j.1399-3054.1996.tb00485.x

Baraniak J, Kania-Dobrowolska M (2022) The dual nature of ama-
ranth—functional food and potential medicine. Foods 11:618.
https://doi.org/10.3390/foods11040618

Batista-Silva W, Heinemann B, Rugen N, Nunes-Nesi A, Aratjo WL,
Braun H-P, Hildebrandt TM (2019) The role of amino acid metab-
olism during abiotic stress release. Plant Cell Environ 42:1630-
1644. https://doi.org/10.1111/pce.13518

Casella G (2008) Statistical design, vol FL, 1st edn. Springer, Gaines-
ville, pp 32611-38545

Chen YE, Mao JJ, Sun LQ, Huang B, Ding CB, Gu Y, Liao JQ, Hu C,
Zhang ZW, Yuan S (2018) Exogenous melatonin enhances salt
stress tolerance in maize seedlings by improving antioxidant and
photosynthetic capacity. Physiol Planta 164:349-363. https://doi.
org/10.1111/ppl.12737

Chinnusamy V, Jagendorf A, Zhu JK (2005) Understanding and
improving salt tolerance in plants. Crop Sci 45:437—-448. https://d
oi.org/10.2135/cropsci2005.0437

Claros MG, Canovas FM (1999) RNA isolation from plant tissues: a
practical experience for biological undergraduates. Biochem Educ
27:110-113. https://doi.org/10.1016/S0307-4412(98)00289-1

Doklega SMA, Saudy HS, El-Sherpiny MA, Abou El-Yazied A, Abd
El-Gawad HG, Ibrahim MFM, Abd El-Hady MAM, Omar MMA,
Metwally AA (2023) Rhizospheric addition of hydrogel polymer
and zeolite plus glutathione mitigate the hazard effects of water
deficiency on common bean plants through enhancing the defen-
sive antioxidants. Gesun Pflanz. https://doi.org/10.1007/s10343-0
23-00947-9

Dong S, Beckles DM (2019) Dynamic changes in the starch-sugar
interconversion within plant source and sink tissues promote a
better abiotic stress response. J Plant Physiol 234:80-93. https://d
0i.org/10.1016/.jplph.2019.01.007

Du CT, Francis FJ (1973) Anthocyanins of roselle (Hibiscus sabdariffa
L). J Food Sci 38:810-812. https://doi.org/10.1111/j.1365-2621.
1973.tb02081.x

El Nahhas N, AlKahtani MD, Abdelaal KA, Al Husnain L, AlGwaiz
HI, Hafez YM, Attia KA, El-Esawi MA, Ibrahim MF, Elkelish A
(2021) Biochar and jasmonic acid application attenuates antioxi-
dative systems and improves growth, physiology, nutrient uptake
and productivity of faba bean (Vicia faba L.) irrigated with saline
water. Plant Physiol Biochem 166:807-817. https://doi.org/10.10
16/j.plaphy.2021.06.033

El-Bially MA, Saudy HS, El-Metwally IM, Shahin MG (2018) Effi-
cacy of ascorbic acid as a cofactor for alleviating water deficit
impacts and enhancing sunflower yield and irrigation water—use
efficiency. Agric Wat Manage 208:132-139. https://doi.org/10.10
16/j.agwat.2018.06.016

El-Bially MA, Saudy HS, El-Metwally IM, Shahin MG (2022a)
Sunflower response to application of L—ascorbate under ther-
mal stress associated with different sowing dates. Gesun Pflanz
74:87-96. https://doi.org/10.1007/s10343-021-00590-2

El-Bially MA, Saudy HS, Hashem FA, El-Gabry YA, Shahin MG
(2022b) Salicylic acid as a tolerance inducer of drought stress on
sunflower grown in sandy soil. Gesun Pflanz 74:603—613. https:/
/doi.org/10.1007/s10343-022-00635-0

El-Metwally IM, Saudy HS (2021a) Interactional impacts of drought
and weed stresses on nutritional status of seeds and water use
efficiency of peanut plants grown in arid conditions. Gesun Pflanz
73:407-416. https://doi.org/10.1007/s10343-021-00557-3

El-Metwally IM, Saudy HS (202 1b) Interactive application of zinc and
herbicides affects broad-leaved weeds, nutrient uptake, and yield
in rice. J Soil Sci Plant Nutr 21:238-248. https://doi.org/10.1007
/s42729-020-00356-1

El-Metwally IM, Saudy HS, Abdelhamid MT (2021) Efficacy of ben-
zyladenine for compensating the reduction in soybean productiv-
ity under low water supply. Italian J Agromet 2:81-90. https://do
i.org/10.36253/ijam-872

El-Metwally IM, Geries L, Saudy HS (2022) Interactive effect of soil
mulching and irrigation regime on yield, irrigation water use effi-
ciency and weeds of trickle—irrigated onion. Archiv Agron Soil
Sci 68:1103-1116. https://doi.org/10.1080/03650340.2020.1869
723

El-Sayed SM, Hassan KM, Abdelhamid AN, Yousef EE, Abdellatif
YMR, Abu-Hussien SH, Nasser MA, Elshalakany WA, Dar-
wish DB, Abdulmajeed AM, Alabdallah NM, Al-Qahtani SM,
Al-Harbi NA, Dessoky ES, Ashour H, Ibrahim MS (2022) Exog-
enous paclobutrazol reinforces the antioxidant and antimicrobial
properties of lavender (Lavandula officinalis) oil through modu-
lating its composition of oxygenated terpenes. Plants 11:1607.
https://doi.org/10.3390/plants 11121607

Flowers TJ, Glenn EP, Volkov V (2019) Could vesicular transport of
na+and Cl- be a feature of salt tolerance in halophytes? Ann Bot
123:1-18. https://doi.org/10.1093/aob/mcy 164

Gandonou CB, Bada F, Abrini J, Senhaji SN (2011) Free proline,
soluble sugars and soluble proteins concentrations as affected by
salt stress in two sugarcane (Saccharum sp.) cultivars differing in
their salt tolerance. Int J Biol Chem Sci 5:1488-1493. https://doi.
org/10.4314/ijbcs.v516.23

Gomez MJR, Maestro-Gaitan I, Magro PC, Sobrado VC, Blazquez
MR, Prieto JM (2023) Unique nutritional features that distinguish
Amaranthus cruentus L. and Chenopodium quinoa willd seeds.
Food Res Int 164:112160. https://doi.org/10.1016/j.foodres.2022
112160

Hadid ML, Ramadan KhMA, El-Beltagi HS, Ramadan AA, El-Met-
wally IM, Shalaby TA, Bendary ESA, Saudy HS (2023) Modu-
lating the antioxidant defense systems and nutrients content by
proline for higher yielding of wheat under water deficit. Not Bot
Horti Agrobo 51:13291. https://doi.org/10.15835/nbha51313291

Hadid ML, Abd El-Mageed TA, Ramadan KMA, El-Beltagi HS,
Alwutayd KM, Hemida KA, Shalaby TA, Al-daej MI, Saudy HS,
Al-Elway OAAI (2024) Pyridoxine-HCI plus gypsum and humic
acid reinforce salinity tolerance of coriander plants with boost-
ing yield and modifying oil fractionations. Russ J Plant Physiol
71:64. https://doi.org/10.1134/S1021443724603975

Hasanuzzaman M, Raihan MRH, Masud AAC, Rahman K, Nowroz
F, Rahman M, Nahar K, Fujita M (2021) Regulation of reactive
oxygen species and antioxidant defense in plants under salinity.
Int J Mol Sci 22:9326. https://doi.org/10.3390/ijms22179326

Hassan KM, Ajaj R, Abdelhamid AN, Ebrahim M, Hassan IF, Hassan
FA, Alam-Eldein SM, Ali MA (2024) Silicon: a powerful aid for
medicinal and aromatic plants against abiotic and biotic stresses
for sustainable agriculture. Hortic 10:806. https://doi.org/10.3390
/horticulturaec10080806

@ Springer


https://doi.org/10.1007/s10343-021-00590-2
https://doi.org/10.1007/s10343-022-00635-0
https://doi.org/10.1007/s10343-022-00635-0
https://doi.org/10.1007/s10343-021-00557-3
https://doi.org/10.1007/s42729-020-00356-1
https://doi.org/10.1007/s42729-020-00356-1
https://doi.org/10.36253/ijam-872
https://doi.org/10.36253/ijam-872
https://doi.org/10.1080/03650340.2020.1869723
https://doi.org/10.1080/03650340.2020.1869723
https://doi.org/10.3390/plants11121607
https://doi.org/10.1093/aob/mcy164
https://doi.org/10.4314/ijbcs.v5i6.23
https://doi.org/10.4314/ijbcs.v5i6.23
https://doi.org/10.1016/j.foodres.2022.112160
https://doi.org/10.1016/j.foodres.2022.112160
https://doi.org/10.15835/nbha51313291
https://doi.org/10.1134/S1021443724603975
https://doi.org/10.3390/ijms22179326
https://doi.org/10.3390/horticulturae10080806
https://doi.org/10.3390/horticulturae10080806
https://doi.org/10.3390/plants11111459
https://doi.org/10.3390/plants11111459
https://doi.org/10.1016/j.plaphy.2020.05.022
https://doi.org/10.1016/j.plaphy.2020.05.022
https://doi.org/10.1007/s12229-017-9194-1
https://doi.org/10.5897/IJPPB2022.0317
https://doi.org/10.5897/IJPPB2022.0317
https://doi.org/10.1111/j.1399-3054.1996.tb00485.x
https://doi.org/10.3390/foods11040618
https://doi.org/10.1111/pce.13518
https://doi.org/10.1111/ppl.12737
https://doi.org/10.1111/ppl.12737
https://doi.org/10.2135/cropsci2005.0437
https://doi.org/10.2135/cropsci2005.0437
https://doi.org/10.1016/S0307-4412(98)00289-1
https://doi.org/10.1007/s10343-023-00947-9
https://doi.org/10.1007/s10343-023-00947-9
https://doi.org/10.1016/j.jplph.2019.01.007
https://doi.org/10.1016/j.jplph.2019.01.007
https://doi.org/10.1111/j.1365-2621.1973.tb02081.x
https://doi.org/10.1111/j.1365-2621.1973.tb02081.x
https://doi.org/10.1016/j.plaphy.2021.06.033
https://doi.org/10.1016/j.plaphy.2021.06.033
https://doi.org/10.1016/j.agwat.2018.06.016
https://doi.org/10.1016/j.agwat.2018.06.016

180

Journal of Soil Science and Plant Nutrition (2025) 25:171-182

Helal NM, Saudy HS, Hamada MMA, El-Yazied AA, Abd El-Gawad
HG, Mukherjee S, Al-Qahtani SM, Awad AN, El-Sayed SM,
Ibrahim MFM (2024) Potentiality of melatonin for reinforcing
salinity tolerance in sorghum seedlings via boosting photosyn-
thetic pigments, ionic and osmotic homeostasis and reducing the
carbonyl/oxidative stress markers. J Soil Sci Plant Nutr. https://d
0i.0rg/10.1007/542729-024-01830-w

Hoidal N, Jacobsen SE, Odone A, Alandia G (2020) Defoliation timing
for optimal leaf nutrition in dual-use amaranth production sys-
tems. J Sci Food Agric 100:4745-4755. https://doi.org/10.1002
/jsfa.10533

Joshi S, Nath J, Singh AK, Pareek A, Johi R (2022) Ion transporters
and their regulatory signal transduction mechanisms for salinity
tolerance in plants. Physiol Plantar 174:¢13702. https://doi.org/1
0.1111/ppl.13702

Khare T, Desai D, Kumar V (2012) Effect of MgCl; stress on ger-
mination, plant growth, chlorophyll, proline content and libid
peroxidation in sorghum cultivars. J Stress Physiol Biotechem
8:169-178

Lasheen FF, Hewidy M, Abdelhamid AN, Thabet RS, Abass MMM,
Fahmy Asmaa A, Saudy HS, Hassan KM (2023) Exogenous
application of humic acid mitigates salinity stress on pittosporum
(Pittosporum tobira) plant by adjusting the osmolytes and nutri-
ent homeostasis. Gesun Pflanz 76:317-325. https://doi.org/10.10
07/s10343-023-00939-9

Liang C, Zheng G, Li W, Wang Y, Hu B, Wang H, Wu H, Qian Y,
Zhu XG, Tan DX (2015) Melatonin delays leaf senescence and
enhances salt stress tolerance in rice. J Pineal Res 59:91-101.
https://doi.org/10.1111/jpi.12243

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 25:402—408. https://doi.org/10.1006/me
th.2001.1262

Luyckx A, Beghin C, Quinet M, Achadé B, Prodjinoto H, Gandonou
CB, Lutts S (2021) Salinity differently affects antioxidant content
and amino acid profile in two cultivars of Amaranthus cruentus
differing in salinity tolerance. J Sci Food Agric 101:6211-6219.
https://doi.org/10.1002/jsfa. 11272

Maathuis FJ (2014) Sodium in plants: perception, signalling, and regu-
lation of sodium fluxes. J Exp Bot 65:849-858. https://doi.org/1
0.1093/jxb/ert326

Makhlouf BSI, Khalil SRA, Saudy HS (2022) Efficacy of humic
acids and chitosan for enhancing yield and sugar quality of sugar
beet under moderate and severe drought. J Soil Sci Plant Nutr
22:1676-1691. https://doi.org/10.1007/s42729-022-00762-7

Malakar P, Chattopadhyay D (2021) Adaptation of plants to salt stress:
the role of ion transporters. J Plant Biochem Biotechnol 30:668—
683. https://doi.org/10.1007/s13562-021-00741-6

Mansour MMF, Emam MM, Salama KHA, Morsy AA (2021) Sor-
ghum under saline conditions: responses, tolerance mechanisms,
and management strategies. Planta 254:24. https://doi.org/10.100
7/s00425-021-03671-8

Mubarak M, Salem EMM, Kenawey MKM, Saudy HS (2021) Changes
in calcareous soil activity, nutrient availability, and corn produc-
tivity due to the integrated effect of straw mulch and irrigation
regimes. J Soil Sci Plant Nutr 21:2020-2031. https://doi.org/10.1
007/s42729-021-00498-w

Mukhopadhyay R, Sarkar B, Jat HS, Sharma PC, Bolan NS (2021)
Soil salinity under climate change: challenges for sustainable
agriculture and food security. J Environ Manage 280:111736.
https://doi.org/10.1016/j.jenvman.2020.111736

Munns R, Hare RA, James RA, Rebetzke GJ (2000) Genetic variation
for improving the salt tolerance of durum wheat. Aust J Agric Res
51:69-74. https://doi.org/10.1071/AR99057

@ Springer

Munns R, Passioura JB, Colmer TD, Byrt CS (2020a) Osmotic adjust-
ment and energy limitations to plant growth in saline soil. New
Phytol 225:1091-1096. https://doi.org/10.1111/nph.15862

Munns R, Day DA, Fricke W, Watt M, Arsova B, Barkla BJ, Bose J,
Byrt CS, Chen ZH, Foster KJ, Gilliham M, Henderson SW, Jen-
kins CLD, Kronzucker HJ, Miklavcic SJ, Plett D, Roy SJ, Sha-
bala S, Shelden MC, Soole KL, Taylor NL, Tester M, Wege S,
Wegner LH, Tyerman SD (2020b) Energy costs of salt tolerance
in crop plants. New Phytol 225:1072—-1090. https://doi.org/10.11
11/nph.15864

Ngugi CC, Oyoo-Okoth E, Manyala JO, Fitzsimmons K, Kimotho A
(2017) Characterization of the nutritional quality of amaranth leaf
protein concentrates and suitability of fish meal replacement in
Nile tilapia feeds. Aquac Rep 5:62-69. https://doi.org/10.1016/;
.aqrep.2017.01.003

Nie M, Ning N, Chen J, Zhang Y, Li S, Zheng L, Zhang H (2023) Mel-
atonin enhances salt tolerance in sorghum by modulating photo-
synthetic performance, osmoregulation, antioxidant defense, and
ion homeostasis. Open Life Sci 18:20220734. https://doi.org/10.
1515/biol-2022-0734

Noureldin NA, Saudy HS, Ashmawy F, Saed HM (2013) Grain yield
response index of bread wheat cultivars as influenced by nitrogen
levels. Ann Agric Sci Ain Shams Univ 58:147-152. https://doi.or
2/10.1016/j.a0as.2013.07.012

Pulvento C, Sellami MH, Lavini A (2022) Yield and quality of Ama-
ranthus hypochondriacus grain amaranth under drought and
salinity at various phenological stages in southern Italy. J Sci
Food Agric 102:5022—5033. https://doi.org/10.1002/jsfa.11088

Ramadan KMA, El-Beltag HS, Abd El Mageed TA, Mazrou KE,
Mohamed GF, El-Saadony MT, El-Saadony FMA, Roby MHH,
Saudy HS, Abou-Sreea AIB (2023a) Significance of selenium in
ameliorating the effects of irrigation deficit via improving photo-
synthesis efficiency, cell integrity, osmo-protectants, and oil pro-
file of anise crop. Not Bot Horti Agrobo 51:13437. https://doi.org
/10.15835/nbha51413437

Ramadan KMA, El-Beltagi HS, Abd El-Mageed TAA, Saudy HS,
Al-Otaibi HH, Mahmoud MAA (2023b) The changes in various
physio-biochemical parameters and yield traits of faba bean due
to humic acid plus 6-benzylaminopurine application under deficit
irrigation. Agron 13:1227. https://doi.org/10.3390/agronomy130
51227

Ramadan KMA, El-Beltagi HS, Al Saikhan MS, Almutairi HH, Al-
Hashedi SA, Saudy HS, Al-Elwany OAAI Hemida KA, Abd El-
Mageed TA, Youssef SM (2024a) B-carotene supply to dill plants
grown in sulphur and humic acid-amended soil improves salin-
ity tolerance via quenching the hazard molecules. Russ J Plant
Physiol 71:45. https://doi.org/10.1134/S1021443724602441

Ramadan KMA, El-Beltagi HS, Makhlouf BSI, Khalil Soha RA,
Al-Daej MI, Shalaby T, Bendary ESA, Saudy HS (2024b) Car-
boxymethyl Chitosan improves sugar beet tolerance to drought
by controlling enzyme activity and stomatal conductance. Pol J
Environ Stud 33. https://doi.org/10.15244/pjoes/186651

Razzaq A, Saleem F, Wani SH, Abdelmohsen SAM, Alyousef HA,
Abdelbacki AMM, Alkallas FH, Tamam N, Elansary HO (2021)
De-novo Domestication for improving salt tolerance in crops.
Front Plant Sci 12:681367. https://doi.org/10.3389/fpls.2021.68
1367

Salem EMM, Kenawey MKM, Saudy HS, Mubarak M (2021) Soil
mulching and deficit irrigation effect on sustainability of nutrients
availability and uptake, and productivity of maize grown in cal-
careous soils. Comm Soil Sci Plant Anal 52:1745-1761. https://d
0i.org/10.1080/00103624.2021.1892733

Salem EMM, Kenawey MKM, Saudy HS, Mubarak M (2022) Influ-
ence of silicon forms on nutrient accumulation and grain yield of
wheat under water deficit conditions. Gesun Pflanz 74:539-548.
https://doi.org/10.1007/s10343-022-00629-y


https://doi.org/10.1111/nph.15862
https://doi.org/10.1111/nph.15864
https://doi.org/10.1111/nph.15864
https://doi.org/10.1016/j.aqrep.2017.01.003
https://doi.org/10.1016/j.aqrep.2017.01.003
https://doi.org/10.1515/biol-2022-0734
https://doi.org/10.1515/biol-2022-0734
https://doi.org/10.1016/j.aoas.2013.07.012
https://doi.org/10.1016/j.aoas.2013.07.012
https://doi.org/10.1002/jsfa.11088
https://doi.org/10.15835/nbha51413437
https://doi.org/10.15835/nbha51413437
https://doi.org/10.3390/agronomy13051227
https://doi.org/10.3390/agronomy13051227
https://doi.org/10.1134/S1021443724602441
https://doi.org/10.15244/pjoes/186651
https://doi.org/10.3389/fpls.2021.681367
https://doi.org/10.3389/fpls.2021.681367
https://doi.org/10.1080/00103624.2021.1892733
https://doi.org/10.1080/00103624.2021.1892733
https://doi.org/10.1007/s10343-022-00629-y
https://doi.org/10.1007/s42729-024-01830-w
https://doi.org/10.1007/s42729-024-01830-w
https://doi.org/10.1002/jsfa.10533
https://doi.org/10.1002/jsfa.10533
https://doi.org/10.1111/ppl.13702
https://doi.org/10.1111/ppl.13702
https://doi.org/10.1007/s10343-023-00939-9
https://doi.org/10.1007/s10343-023-00939-9
https://doi.org/10.1111/jpi.12243
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/jsfa.11272
https://doi.org/10.1093/jxb/ert326
https://doi.org/10.1093/jxb/ert326
https://doi.org/10.1007/s42729-022-00762-7
https://doi.org/10.1007/s13562-021-00741-6
https://doi.org/10.1007/s00425-021-03671-8
https://doi.org/10.1007/s00425-021-03671-8
https://doi.org/10.1007/s42729-021-00498-w
https://doi.org/10.1007/s42729-021-00498-w
https://doi.org/10.1016/j.jenvman.2020.111736
https://doi.org/10.1071/AR99057

Journal of Soil Science and Plant Nutrition (2025) 25:171-182

181

Sarker U, Islam MT, Oba S (2018) Salinity stress accelerates nutrients,
dietary fiber, minerals, phytochemicals and antioxidant activity in
Amaranthus tricolor leaves. PLoS ONE 13:¢0206388. https://doi
.org/10.1371/journal.pone.0206388

Saudy HS (2014) Chlorophyll meter as a tool for forecasting wheat
nitrogen requirements after application of herbicides. Archiv
Agron Soil Sci 60:1077-1090. https://doi.org/10.1080/0365034
0.2013.866226

Saudy HS (2015) Maize—cowpea intercropping as an ecological
approach for nitrogen-use rationalization and weed suppression.
Archiv Agron Soil Sci 61:1-14. https://doi.org/10.1080/0365034
0.2014.920499

Saudy HS, El-Metwally IM (2019) Nutrient utilization indices of NPK
and drought management in groundnut under sandy soil condi-
tions. Comm Soil Sci Plant Anal 50:1821-1828. https://doi.org/1
0.1080/00103624.2019.1635147

Saudy HS, El-Metwally IM (2023) Effect of irrigation, nitrogen
sources and metribuzin on performance of maize and its weeds.
Comm Soil Sci Plant Anal 54:22-31. https://doi.org/10.1080/001
03624.2022.2109659

Saudy HS, Mubarak M (2015) Mitigating the detrimental impacts of
nitrogen deficit and fenoxaprop-p-ethyl herbicide on wheat using
silicon. Comm Soil Sci Plant Anal 46:913-923. https://doi.org/10
.1080/00103624.2015.1011753

Saudy HS, Abd El-Momen WR, El-khouly NS (2018) Diversified
nitrogen rates influence nitrogen agronomic efficiency and seed
yield response index of sesame (Sesamum indicum, L.) cultivars.
Comm Soil Sci Plant Anal 49:2387-2395. https://doi.org/10.108
0/00103624.2018.1510949

Saudy HS, El-Metwally IM, Abd El-Samad GA (2020a) Physio—
biochemical and nutrient constituents of peanut plants under
bentazone herbicide for broad-leaved weed control and water
regimes in dry land areas. J Arid Land 12:630—639. https://doi.or
2/10.1007/s40333-020-0020-y

Saudy HS, Noureldin NA, Mubarak M, Fares W, Elsayed M (2020b)
Cultivar selection as a tool for managing soil phosphorus and
faba bean yield sustainability. Archiv Agron Soil Sci 66:414-425.
https://doi.org/10.1080/03650340.2019.1619078

Saudy HS, El-Bially MA, El-Metwally IM, Shahin MG (2021) Physio—
biochemical and agronomic response of ascorbic acid-treated
sunflower (Helianthus annuus) grown at different sowing dates
and under various irrigation regimes. Gesun Pflanz 73:169-179.
https://doi.org/10.1007/s10343-020-00535-1

Saudy HS, El-Bially MA, Hashem FA, Shahin MG, El-Gabry YA
(2023a) The changes in yield response factor, water use effi-
ciency, and physiology of sunflower owing to ascorbic and cit-
ric acids application under mild deficit irrigation. Gesun Pflanz
75:899-909. https://doi.org/10.1007/s10343-022-00736-w

Saudy HS, Salem EMM, Abd El-Momen WR (2023b) Effect of potas-
sium silicate and irrigation on grain nutrient uptake and water use
efficiency of wheat under calcareous soils. Gesun Pflanz 75:647—
654. https://doi.org/10.1007/s10343-022-00729-9

Shaaban A, Abd El-Mageed TA, Abd EI-Momen WR, Saudy HS, Al-
Elwany OAAI (2023a) The integrated application of phospho-
rous and zinc affects the physiological status, yield and quality
of canola grown in phosphorus-suffered deficiency saline soil.
Gesun Pflanz 75:1813-1821. https://doi.org/10.1007/s10343-02
3-00843-2

Shaaban A, Mahfouz H, Megawer EA, Saudy HS (2023b) Physiologi-
cal changes and nutritional value of forage clitoria grown in arid
agro-ecosystem as influenced by plant density and water deficit.
J Soil Sci Plant Nutr 23:3735-3750. https://doi.org/10.1007/s427
29-023-01294-4

Shahin MG, Saudy HS, El-Bially ME, Abd EI-Momen WR, El-Gabry
YA, Abd El-Samad GA, Sayed AN (2023) Physiological and
agronomic responses and nutrient uptake of soybean genotypes
cultivated under various sowing dates. J Soil Sci Plant Nutr.
https://doi.org/10.1007/s42729-023-01389-y

Steel RGD, Torrie JH (1980) Principles and procedures of statistics. A
biometral approach. McGraw—Hill, New York

Stetter MG, Schmid KJ (2017) Analysis of phylogenetic relationships
and genome size evolution of the Amaranthus genus using GBS
indicates the ancestors of an ancient crop. Mol Phylogenet Evol
109:80-92. https://doi.org/10.1016/j.ympev.2016.12.029

Sun Z, Ren L, Fan J, Li Q, Wang K, Guo M, Wang L, Li J, Zhang
G, Yang Z, Chen F, Li X (2016) Salt response of photosynthetic
electron transport system in wheat cultivars with contrasting tol-
erance. Plant Soil Environ 62:515-521. https://doi.org/10.17221
/529/2016-PSE

Tang Y, Li X, Chen PX, Zhang B, Hernandez M, Zhang H, Marcone
MF, Liu R, Tsao R (2014) Lipids, tocopherols, and carotenoids in
leaves of amaranth and quinoa cultivars and a new approach to
overall evaluation of nutritional quality traits. J Agric Food Chem
62:12610-12619. https://doi.org/10.1021/jf5046377

Tebini M, Luu DT, Mguis K, Ben Ahmed H, Meddich A, Zribi F, Chalh
A (2022) Physiological exploration of intra-specific variability in
salinity tolerance of amaranth. Russ J Plant Physiol 69:59. https:/
/doi.org/10.1134/s1021443722030153

Vineeth T, Krishna G, Pandesha P, Sathee L, Thomas S, James D, Ravi-
kiran K, Taria S, John C, Vinaykumar N, Lokeshkumar B, Jat H,
Bose J, Camus D, Rathor S, Krishnamurthy S, Sharama P (2023)
Photosynthetic machinery under salinity stress: Trepidations and
adaptive mechanisms. Photosynthetica 61:73-93. https://doi.or
2/10.32615/ps.2023.002

Wang XK (2006) Experimental principles and techniques of plant
physiology and biochemistry. 2th Edition, Higher Education
Press, Beijing. pp. 134-280

Wang Y, Ye X-Y, Qiu X-M, Li Z-G (2019) Methylglyoxal triggers
the heat tolerance in maize seedlings by driving AsA-GSH cycle
and reactive oxygen species-/methylglyoxal-scavenging system.
Plant Physiol Biochem 138:91-99. https://doi.org/10.1016/j.plap
hy.2019.02.027

Wouyou A, Gandonou CB, Komlan FA, Montcho D, Zanklan AS,
Lutts S, Gnancadja SL (2017) Salinity resistance of five amaranth
(Amaranthus cruentus) cultivars at young plants stage. Int J Plant
Soil Sci 14:1-11. https://doi.org/10.9734/1JPSS/2017/31611

Yang Y, Guo Y (2018) Unraveling salt stress signaling in plants. J
Integr Plant Biol 60:796—804. https://doi.org/10.1111/jipb.12689

Zhang J, Xu T, Liu Y, Chen T, Zhang Q, Li W, Zhou H, Zhang Y,
Zhang Z (2022) Molecular insights into salinity responsiveness in
contrasting genotypes of rice at the seedling stage. Int J Mol Sci
23:1624. https://doi.org/10.3390/ijms23031624

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s42729-023-01294-4
https://doi.org/10.1007/s42729-023-01294-4
https://doi.org/10.1007/s42729-023-01389-y
https://doi.org/10.1016/j.ympev.2016.12.029
https://doi.org/10.17221/529/2016-PSE
https://doi.org/10.17221/529/2016-PSE
https://doi.org/10.1021/jf5046377
https://doi.org/10.1134/s1021443722030153
https://doi.org/10.1134/s1021443722030153
https://doi.org/10.32615/ps.2023.002
https://doi.org/10.32615/ps.2023.002
https://doi.org/10.1016/j.plaphy.2019.02.027
https://doi.org/10.1016/j.plaphy.2019.02.027
https://doi.org/10.9734/IJPSS/2017/31611
https://doi.org/10.1111/jipb.12689
https://doi.org/10.3390/ijms23031624
https://doi.org/10.1371/journal.pone.0206388
https://doi.org/10.1371/journal.pone.0206388
https://doi.org/10.1080/03650340.2013.866226
https://doi.org/10.1080/03650340.2013.866226
https://doi.org/10.1080/03650340.2014.920499
https://doi.org/10.1080/03650340.2014.920499
https://doi.org/10.1080/00103624.2019.1635147
https://doi.org/10.1080/00103624.2019.1635147
https://doi.org/10.1080/00103624.2022.2109659
https://doi.org/10.1080/00103624.2022.2109659
https://doi.org/10.1080/00103624.2015.1011753
https://doi.org/10.1080/00103624.2015.1011753
https://doi.org/10.1080/00103624.2018.1510949
https://doi.org/10.1080/00103624.2018.1510949
https://doi.org/10.1007/s40333-020-0020-y
https://doi.org/10.1007/s40333-020-0020-y
https://doi.org/10.1080/03650340.2019.1619078
https://doi.org/10.1007/s10343-020-00535-1
https://doi.org/10.1007/s10343-022-00736-w
https://doi.org/10.1007/s10343-022-00729-9
https://doi.org/10.1007/s10343-023-00843-2
https://doi.org/10.1007/s10343-023-00843-2

182 Journal of Soil Science and Plant Nutrition (2025) 25:171-182

Authors and Affiliations

Tartil M. Emam’ - Abd Elaziz M. Hosni' - Ahmed Ismail? - Ramy G. El-Kinany? - Mohammed Hewidy'
Hani Saber Saudy3® . Mohamed M. A. Omar” - Mariam T. S. Ibrahim* - Shunzhao Sui’ - Salwa M. El-Sayed*

>4 Hani Saber Saudy Shunzhao Sui

hani_saudy@agr.asu.edu.eg

Tartil M. Emam
tarteel emam(@agr.asu.edu.eg

Abd Elaziz M. Hosni
ezhosni@gmail.com

Ahmed Ismail
ahmed.ismail@agr.dmu.edu.eg

Ramy G. El-Kinany
dr_ramy_gaber@yahoo.com

Mohammed Hewidy
mohamed.hewidy@agr.asu.edu.eg

Mohamed M. A. Omar
mohamed.omar@agr.asu.edu.eg

Mariam T. S. Ibrahim
mariam_ibrahim@agr.asu.edu.eg

@ Springer

sszcq@126.com

Salwa M. El-Sayed
Salwa sedeek@agr.asu.edu.eg

Horticulture Department, Faculty of Agriculture, Ain Shams
University, 68-Hadayek Shoubra, Cairo 11241, Egypt

Horticulture Department, Faculty of Agriculture, Damanhour
University, Damanhour, El-Beheira, Egypt

Agronomy Department, Faculty of Agriculture, Ain Shams
University, 68-Hadayek Shoubra, Cairo 11241, Egypt

Department of Biochemistry, Faculty of Agriculture, Ain
Shams University, 68-Hadayek Shoubra, Cairo 11241, Egypt

Chongging Engineering Research Center for Floriculture,
Key Laboratory of Horticulture Science for Southern
Mountainous Regions of Ministry of Education, College
of Horticulture and Landscape Architecture, Southwest
University, Chongqing, China


http://orcid.org/0000-0002-9279-4906
http://orcid.org/0000-0002-6341-6156
http://orcid.org/0000-0002-2597-3461

	﻿Physiological and Molecular Responses of Red Amaranth (﻿Amaranthus cruentus﻿ L.) and Green Amaranth (﻿Amaranthus hypochondriacus﻿ L.) to Salt Stress
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Experimental Sit and Plant Materials
	﻿2.2﻿ ﻿Trial Procedures and Sampling
	﻿2.3﻿ ﻿Assessments
	﻿2.3.1﻿ ﻿Plant Pigments
	﻿2.3.1.1﻿ ﻿Chlorophyll
	﻿2.3.1.2﻿ ﻿Anthocyanin



	﻿2.3.2﻿ ﻿Defensive Performance
	﻿2.3.2.1﻿ ﻿Lipid Peroxidation
	﻿2.3.2.2﻿ ﻿Proline Content
	﻿2.3.2.3﻿ ﻿Superoxide Dismutase Activity

	﻿2.3.3﻿ ﻿Molecular Response and Gene Expression
	﻿2.3.3.1﻿ ﻿RNA Extraction and cDNA Synthesis
	﻿2.3.3.2﻿ ﻿Gene Expression

	﻿2.4﻿ ﻿Statistical Analyses
	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Plant Pigments
	﻿3.2﻿ ﻿Defensive Performance
	﻿3.3﻿ ﻿Expression of some Salt Stress-Related Genes

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusions
	﻿References


