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Abstract

Salinity stress, an ever-present challenge in agriculture and environmental sciences, poses a formidable hurdle

for plant growth and productivity in saline-prone regions worldwide. Therefore, this study aimed to explore the effec-
tiveness of trehalose and mannitol induce salt resistance in wheat seedlings. Wheat grains of the commercial

variety Sakha 94 were divided into three groups : a group that was pre-soaked in 10 mM trehalose, another group
was soaked in 10 mM mannitol, and the last was soaked in distilled water for 1 hour, then the pre soaked grains
cultivated in sandy soil, each treatment was divided into two groups, one of which was irrigated with 150 mM NaCl
and the other was irrigated with tap water. The results showed that phenols content in wheat seedlings increased
and flavonoids reduced due to salt stress. Trehalose and mannitol cause slight increase in total phenols content

while total flavonoids were elevated highy in salt-stressed seedlings. Furthermore, Trehalose or mannitol reduced salt-
induced lipid peroxidation. Salt stress increases antioxidant enzyme activities of guaiacol peroxidase (G-POX), ascor-
bate peroxidase (APX), and catalase (CAT) in wheat seedlings, while polyphenol oxidase (PPO) unchanged. Trehalose
and mannitol treatments caused an increase in APX, and CAT activities, whereas G-POX not altered but PPO activity
were decreased under salt stress conditions. Molecular docking confirmed the interaction of Trehalose or mannitol
with peroxidase and ascorbic peroxidase enzymes. Phenyl alanine ammonia layase (PAL) activity was increased in salt-
stressed seedlings. We can conclude that pre-soaking of wheat grains in 10 mM trehalose or mannitol improves salin-
ity stress tolerance by enhancing antioxidant defense enzyme and/or phenol biosynthesis, with docking identifying
interactions with G-POX, CAT, APX, and PPQ.

Keywords Trehalose, Mannitol, Wheat (Triticum estivium), Salt stress, Antioxidant enzymes

*Correspondence:

Abdulrahman M. Alhudhaibi

amalhudhaibi@imamu.edu.sa

Amr Elkelish

amr.elkelish@science.suezedu.eg

Full list of author information is available at the end of the article

©The Author(s) 2024. 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.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-04964-2&domain=pdf

Alhudhaibi et al. BMC Plant Biology (2024) 24:472

Introduction

Salinity stress is one of the major environmental stresses
that decrease plant productivity in several areas of the
world. Salt stress caused remarkable negative effects
on plant metabolism and growth [1, 2]. Wheat is one of
the most important strategic crops in Egypt. The global
annual production of wheat is about 736 million metric
tons regarding FAO 2015. Wheat production is declined
continuously due to global climate changes [3].As climate
change and rising temperatures lead to increased evapo-
ration of water from the soil, thus salt remains in the soil,
which increases soil salinity [4]. Increasing of water and
soil salinity led to remarkable decreases in wheat produc-
tivity. The salinity problem is solved by removing salts
out of the soil through excessive irrigation [5]. To coun-
teract their harmful effects, plants have formed antioxi-
dant enzymatic systems including ascorbate peroxidase
(APX), superoxide dismutase (SOD), catalase (CAT),
glutathione reductase (GR), peroxidase (POD) and non-
enzymatic scavengers like phenolic compounds, sulfur
tripeptide (glutathione), vitamin C (L-ascorbic acid),
vitamin E and carotenoids [6]. The enzymatic and non
enzymatic antioxidants aimed to scavenge the reactive
oxygen species such as Hydrogen peroxide, H,O,, super-
oxide radicals, O,, and hydroxyl radicals (OH.), which
causes significant damage of lipids and proteins [7, 8].

Trehalose is an important compatible solute and non-
reducing sugar which is formed in several tissues of dif-
ferent organisms, including prokaryotes and eukaryotes.
In many plants’ species, Trehalose is not detected, except
under specific conditions, some plant species produce
accumulate Trehalose in detectable quantities. Many
researchers have shown that formation and accumulation
of Trehalose can stabilize some proteins and biological
membranes in some microorganisms under stress [9, 10].
Also, Trehalose was found to be accumulated in genetic
modified plants and induced their tolerance to abiotic
stress [11, 12]. The biochemical and molecular mecha-
nisms of the induced resistance by Trehalose are still
unclear.

Mannitol is an alcoholic sugar formed and accu-
mulated in many plant species, not including wheat
(Triticum aestivum). For instance, in celery (Apium gra-
veolens), mannitol and sucrose are synthesized in equal
amount. Mannitol accumulates when plants are sub-
jected to drought or low water potential [13]. The accu-
mulation of mannitol is regulated through its metabolism
[14, 15]. Salinity stress caused significant inhibition to
sucrose synthesis pathway and does not affect manni-
tol biosynthesis pathways in celery plant. Moreover, the
utilization rate of mannitol in sink tissues significantly
decreases during salt stress due to the down regulation
of the NAD*-dependent mannitol dehydrogenase, which
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oxidizes mannitol to Mannose [16, 17]. Tarczynski et al.
and Thomas et al. showed that in mannitol accumulating
transgenic tobacco (Nicotiana tabacum) and Arabidop-
sis plants, the plants can grow under high salt conditions
[18, 19]. Similar to Trehalose, the molecular mechanisms
that mannitol can induce plant tolerance to salt stress is
not clear. So, the present work investigated the ability of
Trehalose and mannitol to improve salinity tolerance of
wheat seedlings (Triticum aestivum Var. Sakha 94). Also,
the effect of pre-soaking of wheat grains in Trehalose and
mannitol on the antioxidant defensive enzymes ( per-
oxidase, ascorbate peroxidase, catalase and polyphenol
oxidase), non enzymatic antioxidant (phenols and fla-
vonoids) and others stress markers which accumulated
under salt stress.

Materials and methods

The treatments and growth conditions

Wheat grains (Triticum estivum, L. cv. Sakha 94) were
obtained from the agriculture research center, Ministry
of Agriculture, Giza, Egypt. Wheat grains were cleaned
by using sodium hypochlorite (2%) then washed with tap
water. In treatments, the grains were divided into three
groups: The first group was treated with water and the
other two groups were treated with either Trehalose
(10 mM) or mannitol (10mM). The grains were placed
between two layers of paper towels, and then water, tre-
halose or mannitol solution was added to cover all the
grains and kept for one hour at 28°C. Then, the treated
grains were washed with tap water. Grains of each group
were divided into two subgroups: the first one was culti-
vated in washed sandy soil and irrigated with tap water,
while the second subgroup was cultivated in washed
sandy soil irrigated with NaCl solution (150 mM). 10 rep-
licates for each treatment were grown in a complete ran-
domized design. After 21 days of regular irrigation,Sixth
plants were randomly were collected before sun rise,
washed and the leaves were stored at -22°C for biochemi-
cal analysis.

Chemical determinations

Reducing sugars, total soluble sugars and Free amino acids
Total soluble sugars and free amino acids were extracted
from 0.5 g leaves by ethanol 80% at 70 °C for 1 hour and
repeated three times according to Ackerson [20]. Reduc-
ing sugars were determined in this ethanolic extract by
3,5 dinitrosalicylic reagent, as described by Negrulescu
et al. [21] using glucose as standard. Total soluble sugars
was determined in the previous extract after acid hydrol-
ysis by HCI 2N at 60 “C for 30 min, then neutralized and
estimated by 3,5 dinitrosalicylic reagent.
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Free amino acids were measured colorimetrically using
a ninhydrin solution according to Jayeraman [22] using
lysine as standard.

Proline
Proline content was measured using ninhydrin reagent,
as described by Mendel Friedman 2004 [23],

Phenolic compounds and total flavonoids

Phenolic compounds and total flavonoids were extracted
by macerated 0.5 g of fresh leaves in 10 ml 80% ethanol
for 24 h at 5 C and repeated three times. The collected
extracts were completed to 50 ml using 80% ethanol.
Total flavonoids content was determined in the previ-
ous extract by the aluminum chloride method which
described by chang et al. [24] using quercetin as standard.
Phenolic compounds content was determined by Folin-
Ciocalteu reagent according to the method described by
Duca et al. [25] using gallic acid as standard.

Lipid peroxidation

Lipid peroxidation was determined by measuring the
concentration of malondialdhyde (MDA) in fresh leaves
according to the method described by Gérard-Monnier
et al. [26].

Enzymes assay

Preparation of crude enzyme extract Plant seedling (500
mg) was homogenized in Potassium phosphate buffer
(100 mM, pH=7.0) .Homogenate was centrifuged at
15,000¢g for 15 min at 4 ‘C and supernatant was used to
measure the activities of phenyl alanine ammonia layase
(PAL) and the antioxidant enzymes( APX, G-POX,PPO
and CAT).

Assay of ascorbate peroxidase activity(APX) Ascorbate
peroxidase, APX (E.C 1.11.1.11) activity was determined
through measuring the reduction of the absorbance at
290 nm for 1 min using L-ascorbate as standard accord-
ing to Balestri et al. [27].

Assay of guaiacol peroxidase activity(G-POX) The
enzyme crude extract was tested for guaiacol peroxidase,
G-POX (E.C. 1.11.1.7) activity according to the methods
published by Simoes et al. [28]. POD activity was calcu-
lated based on the molar extinction coefficient of 26.6
mM™ cm™ for guaiacol at 470 nm and expressed in pmol
min' g FM™,

Assay of polyphenoloxidase activity (PPO) Polyphe-
nol oxidase (PPO) (EC 1.14.18.1) activity was estimated
according to Simoes et al. [28], method. PPO activity was
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calculated based on the molar extinction coefficient of
3400 mM™ cm! for catechol at 420 nm and expressed in
umol min! g FM™%.

Assay of catalase activity (CAT) Using a technique cre-
ated by Aeby [29], the activity of the catalase, CAT (E.C
1.11.1.6), was assessed. The activity was calculated from
extinction coefficient (¢ = 40 mM™ cm™) for H,0,. One
unit of enzyme activity was defined as the decomposition
of 1 mol of H,0O, per minute at 240 nm.

Assay of phenylalanine ammonia-lyase  activity
(PAL) The method outlined by He et al. [30] was used
to measure the activity of phenylalanine ammonia-lyase,
or PAL (E.C. 4.3.1.5). One unit of enzyme activity was
defined as the amount of enzyme that caused an increase
in absorbance of 0.01 per hour at 290 nm.

Soluble proteins

Soluble Proteins concentration was quantified in the
crude enzyme extract by Bradford METHODS according
to Philomina et al. [31] using bovine serum albumin as a
standard.

Molecular docking

The molecular interaction study was carried out using
autodock4 [32]. Ascorbate peroxidase structure loaf [33],
peroxidase structure 1sch [34] and polyphenol oxidase
structure 1btl [35] were obtained from the protein data
bank. A 40 x 40 x 58A grid box with 16.282x 64.422x
24.376 grid point spacing of 0.375 ° A, a 60 X 72 X 60A
grid box with 15.935 x 32.615 x 57.859 grid point spac-
ing of 0.375 ° A and a 40 X 40 X 40 grid box with 36.211
X 132.950 % 45.627 grid point spacing of 0.375 ° A were
employed for ascorbate peroxidase, peroxidase and poly-
phenol oxidase respectively. The ligands structure, Tre-
halose and mannitol were drawn using PubChem draw
structure tools. Autodock 4 software was used to gener-
ate several docking poses and to select the pose with the
optimum energy score.

Statistical analysis

The statistical analysis was conducted employing six rep-
licates for every treatment. All collected data represent
the mean value derived from six individual samples, with
the standard deviation (SD) indicating the variability
within the dataset. The acquired outcomes were exam-
ined through one-way analysis of variance (ANOVA)
employing Costat software (Version 6.303), as per Stern
[36]. The determination of the significance of the dis-
parity between treatments was conducted by employing
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Duncan’s multiple range test at a significance level of
P<0.05.

Results

Protein, free amino acids, proline, total soluble

and reducing sugars

As shown in Fig. 1, it indicates that trehalose and man-
nitol treatments in non-stressed conditions caused a
significant increase in free amino acids contents com-
pared with non-stressed seedlings in the control group.
On the other hand, in stressed conditions, both treat-
ments significantly decreased the amino acid content
as compared with untreated control. Also, Trehalose
and mannitol significantly increased total soluble sugar
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(TSS) in salt-stressed plants as compared with control
(see Fig. 1B). By contrast, the concentration of reducing
sugars was significantly reduced in the case of mannitol
under salinity stress, while there was no significant differ-
ence between Trehalose and control (Fig. 1D). All treat-
ments under salinity stress led to a remarkable increase
in proline content compared to non-stressed plants.

Total flavonoids and phenolic compounds

Pre soaking of wheat grains in trehalose resulted in a sig-
nificant rise in seedling content of phenolic compounds
compared to soaking grains in mannitol in plants exposed
to salt stress. Wheat seedlings treated with Trehalose and
mannitol before planting showed significant increases in

Non-stressed Salt-Stressed

Total soluble sugars

MW A
8 8 8

Reducing sugar
pg/g fresh weight
o 3

Non-stressed Salt-Stressed

Salt-Stressed

Fig. 1 Effect of wheat grain pre-soaking in 10 mM trehalose and mannitol on amino acids, proline, total soluble sugar, reducing sugar and protein

content in wheat seedlings grown salty condition
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flavonoids compared to untreated plant under salt stress
(Fig. 2). The wheat seedlings treated with Trehalose and
mannitol before planting caused a significant increase
in phenols of non stressed plants compared to control,
as illustrated in (Fig. 2). While, Trehalose and mannitol
caused a significant reduction in flavonoid content of
non-stressed wheat seedlings compared to the control.

Lipid peroxidation
As showed in Fig. 3 showed the level of lipid peroxida-
tion in different treatments. Data clearly showed that
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salt stress resulted in a remarkable increase in the level
of lipid peroxidation whereas, MDA content is duplicated
due to salt stress. Pre-soaking of wheat grains in 10 mM
Trehalose or 10 mM mannitol led to significant reduction
in MDA contents in salt stressed plant and both treat-
ments have no effect on the level of MDA in non-stressed
seedlings.

Antioxidant enzymes
Seedlings grown under salinity stress condition showed
significant increases in the activity of enzymes namely
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Fig. 2 Effect of wheat grain pre-soaking in 10 mM trehalose and mannitol on total phenols and flavonoids contents in wheat seedlings grown

under salt stress condition.
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Fig. 3 Effect of wheat grain pre-soaking in 10 mM trehalose and mannitol on MDA contents in wheat seedlings grown under salt stress condition
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G-POX, CAT, APX and PPO (Fig. 4). Application of exog-
enous pretreatments with Trehalose and mannitol seem
to promote the activity of G-POX and PPO enzymes
compared to control of non-stressed plants, While the
same treatments led to significant decrease in the activ-
ity of catalase enzymes in non stressed wheat seedlings.
Interestingly, application of mannitol led to increase
in the activity of CAT and APX (Fig. 4B and C) in salt
stressed plants in comparison with that in non-stressed
plants. Moreover, mannitol effectively increased APX,
CAT and PPO activities in the presence of NaCl stress
compared to Trehalose.

Mannitol-treatment resulted in a significant elevation
in guaiacol peroxidase activity of non-stressed wheat
seedlings compared to salt-stressed seedlings. Trehalose
treatment caused significantly increased in APX activity
compared to control under salinity stress (Fig. 4B). To
more understanding of the effect of Trehalose and man-
nitol on the antioxidant enzymes APX, POX and PPO
molecular docking was performed. The docking was per-
formed between the ascorbate binding site in ascorbate
peroxidase loaf Cys32, Lys30 and Argl72, and Treha-
lose and mannitol. The output of the docking (Table 1)
showed that both compounds bind to ascorbate binding
site in the enzyme with high affinity. Trehalose binds to
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Table 1 Interaction between Trehalose and mannitol and the
binding site of ascorbate peroxidase

Compound Binding Energy Hydrogen Residues

bonds
Trehalose -3.64 kcal/mol 8 Lys30, Arg172, Leu35,
Arg31 and Ala 167
Mannitol  -2.24 kcal/mol 6 Arg172, Leu35 and Arg31

two residues Lys30 and Argl72 (Fig. 5A) while manni-
tol binds to only one residue Argl72 (Fig. 5B). Docking
of Trehalose and mannitol into the active site of peroxi-
dase 1sch Arg38, Phe41, His42, Leul38, Pro139, Alal40,
Prol41, Phel42, Phel43, Leu236, Pro69, Ala71, GInl75,
Thr177 and Alal78 (Table 2) showed that Trehalose
binds to two residues in the binding site of hydrogen per-
oxide Arg38 and His42 and one residue in the substrate
access channel Pro139 (Fig. 4C) while mannitol binds to
only one residue in the binding site of hydrogen peroxide
Arg38 (Fig. 4D).

Docking of trehalose and mannitol and polyphenol oxi-
dase 1bt1 was performed by docking of both compounds
into the hydrophobic pocket that lead the substrate to
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Fig. 4 Effect of wheat grain pre-soaking in 10 mM trehalose and mannitol on antioxidant enzymes (A) guaiacol peroxidase (G-POX), B ascorbate
peroxidase (APX), C catalase (CAT), and PPO activities in wheat seedlings grown under salt stress condition
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Fig. 5 Interaction between ligands; A trehalose with APX, B mannitol with APX, C trehalose with G-POX, D mannitol with G-POX, Residues
with polar interaction with ligands in purple, ligands in green and hydrogen bonds in yellow dashes.

Table 2 Interaction between Trehalose and mannitol and the
binding site of peroxidase

Compound Binding energy Hydrogen Residues

bonds

Trehalose -4.17 kcal/mol 6 Arg38,
His42,
Pro139
and Leu

165

Arg38,
Arg31,
Ser73 and
GIn173

Mannitol -2.85 kcal/mol 7

the catalytic site of PPO. The docking output showed
positive binding energy which means that the both com-
pounds have low affinity to bind to the selected site in the
enzyme. Docking of Trehalose and mannitol into the cat-
alytic site of PPO couldn’t be performed due to the Cu,O
in the core of the catalytic site of the enzyme (Fig. 6).

Phenylalanine ammonia-lyase activity (PAL)

Pre soaking wheat grains in Trehalose and mannitol
treatments caused an increase in PAL activity in Triticum
estivium seedlings grown in salt stress conditions com-
pared to control. Also, The pre-soaking wheat grains in
10 mM trehalose resulted in a higher activity of PAL in
non-stressed plants. Also, pre-soaking wheat grains in

10 mM mannitol caused a higher activity of PAL in salt-
stressed wheat seedlings (Fig. 7).

Discussion
Wheat is one of the most important crops and subjected
to salinity stress in several places worldwide. Salinity
stress greatly affect plant physiological processes and
growth which subsequently resulted in a remarkable
reduction in the productivity [37, 38]. Salt stress lead to
ion toxicity, which subsequently caused osmotic and oxi-
dative stress [39]. Therefore, to reduce the harmful effects
of salt stress, plants have many defense strategies, such as
scavenging reactive oxygen species (ROS) through vari-
ous enzymatic and non-enzymatic antioxidants, accumu-
late free amino acids, proline, phenolic compounds, total
and reducing sugars could stabilize cell membranes [40].
Presoaking wheat grains with Trehalose and manni-
tol (10 mM) elevate total soluble sugars, total phenols,
total flavonoids and soluble proteins content, while free
amino acids and MDA were decreased by treatments in
seedlings grown under salt stress (150mM NaCl) (Figs. 1,
2 and 3). These observations are in agreement with ear-
lier studies that used the transgenic tobacco [41, 42]
and wheat [43]. Among these compatible solutes treha-
lose and mannitol which play an important role in plant
response to abiotic stress are recently gaining attention
of many researchers [44, 45]. Many researchers reported
that Trehalose has a high ability to improve the tolerance
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Fig. 6 Catalytic site of PPO, residues in purple, Cu atoms in orange and oxygen atoms in red
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of several organisms against abiotic stress. In wheat seed-
lings trehalose and mannitol could directly scavenge ROS
including O, and H,O, [46]. These results may be due to
trehalose and mannitol able to improve the tolerance of
wheat plant against salinity stress ,where the increase in
total soluble sugars and free amino acids especially pro-
line may be for adjusting osmotic potential and improve
water uptake under salinity. These mechanism help

O Control
M Trehalose
H Manitol

a

Salt-Stressed
Fig. 7 Effect of wheat grain pre-soaking in 10 mM trehalose and mannitol on Phenylalanine ammonia layase activity in wheat seedlings grown
under salt stress condition.

plant to continue its growth and development under
salt stress [47, 48]. Trehalose and mannitol treatments
caused decrease in free amino acids while protein con-
tent was increased in seedlings under salt stress may be
due to trehalose and mannitol increase conversion of free
amino acids to protein for stabilize biological Structure
[49]. Increase in phenolic and flavonoid compounds by
trehalose and mannitol presoaking treatments which is
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Fig. 8 lllustration diagram summarized the effects of Trehalose and mannitol on salt- stress tolerance in wheat seedlings by mitigating the negative

effects of ROS through changes of its composition from some metabolites.

accompanied by decrease in MDA levels due to that tre-
halose and mannitol are a signaling molecules encourage
plants to increase biosynthesis of non enzymatic anti-
oxidants such as phenolic compounds and flavonoids for
scavenging ROS to reduce harmful effects of salt stress.
So too antioxidant enzyme use phenolic compounds as a
substrates in scavenging of reactive oxygen species (ROS)
[50]. Phenolic compounds and flavenoids are capable of
reducing lipid membrane peroxidation by scavenging
ROS as well as protects plants from oxidative stress and
sequently reduce MDA formation [51].

Figure 4, clearly showed that both pre soaking wheat
grains with treatments Trehalose and mannitol had no
significant effects on the peroxidase activity, while ele-
vated APX and CAT activities, whereas reduced the activ-
ity of PPO in salt stressed seedlings. These results were in
a harmony with Kaya et al. [52] and Ibrahim and Abdel-
latif [43] on Zea mayes and wheat respectively. Increased
CAT and APX activity by as a result of treatment with tre-
halose and mannitol to eliminate photorespiratory H,O,
that is formed during stress [43, 53]. Trehalose acts as a
signaling molecule under abiotic stresses, where it sends
a signal to activate enzymatic antioxidants for scavenge
ROS in order to reduce oxidative stress [54]. The molec-
ular docking of Trehalose and mannitol prove that both
molecules have direct molecular interaction with POX
and APX as shown in Fig. 5. Table 1 showed that both
Trehalose and mannitol have a direct interaction with
ascorbate peroxidase 4 through their ability to form 8 and
6 hydrogen bonds with a negative values of energy of for-
mation which could be a reasonable explanation of the
effect of Trehalose and mannitol on the ascorbate peroxi-
dase 4 activity. In addition, the molecular docking of Tre-
halose and mannitol with a peroxidase 1 indicated also a

direct molecular interaction between them and the bind-
ing site of peroxidase 1 by formation of 6 and 7 hydrogen
bonds respectively. The binding energy of Trehalose and
mannitol to the binding site of APX is negative value of
-3.64 K Cal/mole and —2.24 K Cal / mole respectively.
The molecular interaction presented in Fig. 5 suggested
that the ability of Trehalose and mannitol to activate APX
activity in wheat seedlings grown under salt stress condi-
tion could be resulted from their direct interaction with
the enzyme. The antioxidant enzymes (CAT, POX, and
APX) activity was markedly increased under Cd stress in
mung bean and trehalose application increased the anti-
oxidant enzyme activities. Therefore, Rehman et al. [55]
concluded that Trehalose acts directly as signaling mole-
cule and induced the synthesis of several metabolites and/
or indirectly improves accumulations of osmoregulatory
compounds which enhance antioxidant defensive system
and mitigate Cd-induced toxic effects.

Phenylalanine ammonia lyase (PAL) is a key enzyme
in phenyl- propanoid pathway,which is responsible for
synthesis of phenolic compounds [56]. Figure 7 Pre soak-
ing wheat grains in Trehalose and mannitol caused an
increase in PAL activity in Triticum estivium seedlings
grown in salt stress conditions compared to control.
These increase in PAL activity led to increase biosynthe-
sis of phenolic compounds and flavonoids which scav-
enged ROS to reduce harmful effects of salt stress [57].

The current study clearly showed that treatment of
wheat grains with 10 mM of Trehalose or mannitol
induce plant tolerance against salt stress through dif-
ferent mechanisms including. Activation of antioxidant
system, molecular interaction with antioxidant defense
enzyme, activation of biosynthesis of phenols and flave-
noids which acts as antioxidant.
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Conclusions

The results of this study concluded that salt stress causes
greater ROS formation and lipid peroxidation in wheat
seedlings. The use of Trehalose and mannitol improved
stress tolerance in seedlings by mitigating the negative
effects of ROS. The results concluded that salt stress con-
ditions restricted the antioxidant defense system in wheat
seedlings by reducing antioxidant enzyme activities and
the contents of non-enzymatic antioxidant. Wheat seed-
lings treated with Trehalose and mannitol before planting
have improved antioxidant defence mechanisms. In this
investigation, we found that Trehalose performed better
than mannitol, which could be attributed to Trehalose’s
dual role of directly interfering with plant systems after
Trehalose. In the light of preceding results, it may be
concluded that Trehalose can reduce and overcome the
oxidative injury through reduction of lipid peroxidation,
increasing of osmoregulatory compounds such as amino
acids especially proline, reducing sugars and total soluble
sugars and increasing the enzymatic and non enzymatic
antioxidant in wheat seedlings to maintain the balance
between pro-oxidants and antioxidants like phenols and
flavonoids (Fig. 8)

Acknowledgements

We want to thanks the Deanship of Scientific Research at Imam Mohammad
Ibn Saud Islamic University (IMSIU) (grant number IMSIU-RG23066) for sup-
porting and funding this work.

Authors’ contributions

Study conception and design, performed experiments, drafting of manuscript
done by AA, M., SA A>E, HF, SE HI, AH,BA, FH, HS, analysis of data, visual-
tion, resourses, formal analysis, improve-ment of the manuscript done by AA,
M., AE, SA HF SE HI AH BA FH, HS.

Funding

This work was supported and funded by the Deanship of Scientific Research
at Imam Mohammad Ibn Saud Islamic University (IMSIU) (grant number
IMSIU-RG23066).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All procedures were conducted following the relevant institutional, national,
and international guidelines and legislations.

Consent for publication
Not applicable

Competing interests
The authors declare no competing interests.

Author details

'Department of Biology, College of Science, Imam Mohammad Ibn Saud
Islamic University, Riyadh 11623, Kingdom of Saudi Arabia. 2Biochemistry
Department, Faculty of Agriculture, Ain Shams University, 11241 Shoubra
Alkheima, Cairo, Egypt. *Biology Department, Faculty of Science, University
of Tabuk, Tabuk 71491, Saudi Arabia. *Biodiversity Genomics Unit, Faculty

Page 10 of 11

of Science, University of Tabuk, Tabuk 71491, Saudi Arabia. °Botany Depart-
ment, Faculty of Science, Suez Canal University, Ismailia, Egypt.

Received: 31 December 2023 Accepted: 29 March 2024
Published online: 30 May 2024

References

1. El-Taher AM, Abd El-Raouf HS, Osman NA, Azoz SN, Omar MA, Elkel-
ish A, et al. Effect of salt stress and foliar application of salicylic acid on
morphological, biochemical, anatomical, and productivity characteristics
of cowpea (Vigna unguiculata L) plants. Plants. 2021;11:115.

2. Alsamadany H, Mansour H, Elkelish A, Ibrahim MFM. Folic acid confers
tolerance against salt stress-induced oxidative damages in snap beans
through regulation growth, metabolites, antioxidant machinery and
gene expression. Plants. 2022;11:1459.

3. Abdellaoui R, Elkelish A, El-Keblawy A, Mighri H, Boughalleb F, Bakh-
shandeh E. Editorial: halophytes: salt stress tolerance mechanisms and
potential use. Front Plant Sci. 2023;14:1218184.

4. Khamidov M, Ishchanov J, Hamidov A, Donmez C, Djumaboev K.
Assessment of soil salinity changes under the climate change in
the Khorezm Region, Uzbekistan. Int J Environ Res Public Health.
2022;19:8794.

5. Gupta SK, Goyal MR, editors. Soil Salinity Management in Agriculture:
Technological Advances and Applications. Tst edition. Waretown, NJ:
Apple Academic Press, 2017.

6. Kosar F, Alshallash KS, Akram NA, Sadig M, Ashraf M, Alkhalifah DHM,
et al. Trehalose-induced regulations in nutrient status and secondary
metabolites of drought-stressed sunflower (Helianthus annuus L.)
plants. Plants. 2022;11:2780.

7. Elkeilsh A, Awad YM, Soliman MH, Abu-Elsaoud A, Abdelhamid MT, El-
Metwally IM. Exogenous application of B-sitosterol mediated growth and
yield improvement in water-stressed wheat (Triticum aestivum) involves
up-regulated antioxidant system. J Plant Res. 2019;132:881-901.

8. Assaha DVM, Ueda A, Saneoka H, Al-Yahyai R, Yaish MW. The Role of
Na +and K+ transporters in salt stress adaptation in glycophytes. Front
Physiol. 2017,8:509.

9. Ruhal R, Kataria R, Choudhury B. Trends in bacterial trehalose metabo-
lism and significant nodes of metabolic pathway in the direction of
trehalose accumulation. Microb Biotechnol. 2013;6:493-502.

10. Vinciguerra D, Gelb MB, Maynard HD. Synthesis and application of
trehalose materials. JACS Au. 2022;2:1561-87.

11. Sharma MP, Grover M, Chourasiya D, Bharti A, Agnihotri R, Maheshwari
HS, et al. Deciphering the role of trehalose in tripartite symbiosis among
rhizobia, arbuscular mycorrhizal fungi, and legumes for enhancing abiotic
stress tolerance in crop plants. Front Microbiol. 2020;11:11.

12. Bharti A, Maheshwari HS, Chourasiya D, Prakash A, Sharma MP. Chap-
ter 11 - Role of trehalose in plant-rhizobia interaction and induced
abiotic stress tolerance. In: Singh HB, Vaishnav A, editors. New and
Future Developments in Microbial Biotechnology and Bioengineering.
Elsevier; 2022. p. 245-63.

13. Patonnier MP, Peltier JB, Marigo G. Drought-induced increase in xylem
malate and mannitol concentrations and closure of fraxinus excelsior L.
stomata. J Exp Bot. 1999;50:1223-9.

14. Sharma A, Shahzad B, Kumar V, Kohli SK, Sidhu GPS, Bali AS, et al. Phy-
tohormones regulate accumulation of osmolytes under abiotic stress.
Biomolecules. 2019;9:285.

15. Kasem MM, Abd El-Baset MM, Helaly AA, EL-Boraie E-SA, Algahtani MD,
Alhashimi A, et al. Pre and postharvest characteristics of Dahlia pinnata
var. pinnata, cav. As affected by SiO2 and CaCO3 nanoparticles under
two different planting dates. Heliyon. 2023;9:e17292.

16. Dominguez PG, Niittyld T. Mobile forms of carbon in trees: metabolism
and transport. Tree Physiol. 2022;42:458-87.

17. Jabborova D, Abdrakhmanov T, Jabbarov Z, Abdullaev S, Azimov A,
Mohamed |, et al. Biochar improves the growth and physiological
traits of alfalfa, amaranth and maize grown under salt stress. PeerJ.
2023;11:e15684.



Alhudhaibi et al. BMC Plant Biology (2024) 24:472

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tarczynski MC, Jensen RG, Bohnert HJ. Stress protection of trans-

genic tobacco by production of the osmolyte mannitol. Science.
1993;259:508-10.

Thomas JC, Sepahi M, Arendall B, Bohnert HJ. Enhancement of seed
germination in high salinity by engineering mannitol expression in Arabi-
dopsis thaliana. Plant Cell Environ. 1995;18:801-6.

Ackerson RC. Osmoregulation in cotton in response to water stress Il —
leaf carbohydrate state in relation to osmotic adjustment. Plant Physiol.
1981,67:489-93.

Negrulescu A, Patrulea V, Mincea MM, lonascu C, Vlad-Oros BA, Ostafe V.
Adapting the reducing sugars method with dinitrosalicylic acid to micro-
titer plates and microwave heating. J Braz Chem Soc. 2012;23:2176-82.
Jayeraman J. Laboratory Manual in Biochemistry. New Delhi, India: Wiley
Eastern Ltd; 1985. p. 107.

Friedman M. Applications of the Ninhydrin Reaction for Analysis of Amino
Acids, Peptides, and Proteins to Agricultural and Biomedical Sciences. J
Agric Food Chem. 2004;52:385-406.

Chang C-C, Yang M-H, Wen H-M, Chern J-C. Estimation of total flavonoid
content in propolis by two complementary colometric methods. J Food
Drug Anal. 2002;10:3.

Duca A, Sturza A, Moacd E-A, Negrea M, Lalescu V-D, Lungeanu D, et al.
Identification of resveratrol as bioactive compound of propolis from
western romania and characterization of phenolic profile and antioxidant
activity of ethanolic extracts. Molecules. 2019;24:3368.

Gérard-Monnier D, Erdelmeier |, Régnard K, Moze-Henry N, Yadan J-C,
Chaudiére J. Reactions of 1-Methyl-2-phenylindole with malondialde-
hyde and 4-Hydroxyalkenals. Analytical applications to a colorimetric
assay of lipid peroxidation. Chem Res Toxicol. 1998;11:1176-83.

Balestri M, Bottega S, Spand C. Response of pteris vittata to different
cadmium treatments. Acta Physiol Plant. 2014;36:767-75.

Simdes AN, et al. The effects of storage temperature on the quality and
phenolic metabolism of whole and minimally processed kale leaves. Acta
Scientiarum Agron. 2015;37(1):101-7.

Aeby H. Catalases. Methods Enzymatic Anal. 1984;2:673-84.

He C, Hsiang T, Wolyn DJ. Activation of defense responses to fusarium
infection in asparagus densiflorus. Eur J Plant Pathol. 2001;107:473-83.
Philomina AF, * Dr A, Agnes Mary R, Vinolia, Sindhuja G. Extraction and
estimation of proteins of selected medicinal plants using bradford’s
method. Int J Creative Res Thoughts. 2022;10(9):2320-882.

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al.
AutoDock4 and AutoDockTools4: Automated docking with selective
receptor flexibility. ) Comput Chem. 2009;30:2785-91.

Sharp KH, Mewies M, Moody PCE, Raven EL. Crystal structure of the ascor-
bate peroxidase—ascorbate complex. Nat Struct Mol Biol. 2003;10:303-7.
Schuller DJ, Ban N, van Huystee RB, McPherson A, Poulos TL. The crystal
structure of peanut peroxidase. Structure. 1996;4:311-21.

Klabunde T, Eicken C, Sacchettini JC, Krebs B. Crystal structure of a plant
catechol oxidase containing a dicopper center. Nat Struct Mol Biol.
1998;5:1084-90.

Stern RD. CoStat-Statutical Software. California: CoHort Software (1989),
pp. 302, $76.00. Exp Agric. 1991,27:87-87.

Boscaiu M, Bautista |, Donat P, Lidon A, Llinares J, Lull C, et al. Plant
responses to abiotic stress. Curr Opin Biotechnol. 2011;22:5130.

Safdar H, Amin A, Shafiq Y, Ali A, Yasin R, Sarwar M|, et al. A review: Impact
of salinity on plant growth. Nat Sci. 2019;17:34-40.

Tahjib-Ul-Arif M, Siddiqui MN, Sohag AAM, Sakil MA, Rahman MM, Polash
MAS, et al. Salicylic acid-mediated enhancement of hotosynthesis attrib-
utes and antioxidant capacity contributes to yield improvement of maize
plants under salt stress. J Plant Growth Regul. 2018;37:1318-30.

Faroog M, Hussain M, Nawaz A, Lee DJ, Alghamdi SS, Siddique KH, et al.
Seed priming improves chilling tolerance in chickpea by modulating ger-
mination metabolism, trehalose accumulation and carbon assimilation.
Plant Physiol Biochem. 2017;111:274-83.

Karakas B, Ozias-Akins P, Stushnoff C, Suefferheld M, Rieger M. Salinity and
drought tolerance of mannitol-accumulating transgenic tobacco. Plant
Cell Environ. 1997,20:609-16.

Shen B, Jensen RG, Bohnert HJ. Increased resistance to oxidative stress

in transgenic plants by targeting mannitol biosynthesis to chloroplasts.
Plant Physiol. 1997;113:1177-83.

Page 11 of 11

43. Ibrahim HA, Abdellatif YMR. Effect of maltose and trehalose on growth,
yield and some biochemical components of wheat plant under water
stress. Annals Agricultural Sci. 2016;61(2):267-74.

44. Yang L, Zhao X, Zhu H, Paul M, Zu Y, Tang Z. Exogenous trehalose largely
alleviates ionic unbalance, ROS burst, and PCD occurrence induced by
high salinity in Arabidopsis seedlings. Front Plant Sci. 2014;5:570.

45. Lunn JE, Delorge |, Figueroa CM, Van Dijck P, Stitt M. Trehalose metabolism
in plants. The Plant Journal. 2014;79:544-67.

46. LuoY, LiW-M, Wang W. Trehalose: Protector of antioxidant enzymes or
reactive oxygen species scavenger under heat stress? Environ Exp Bot.
2008;63:378-84.

47. Nemati |, Moradi F, Gholizadeh S, Esmaeili MA, Bihamta MR. The effect
of salinity stress on ions and soluble sugars distribution in leaves, leaf
sheaths and roots of rice (Oryza sativa L.) seedlings. Plant Soil Environ.
2011,57(1):26-33.

48. Thomas H, Hardy R. Effects of NaCl-salinity on amino acid and carbohy-
drate contents of Phragmites australis. Aquat Bot. 2001;69:195-208.

49. Kaplan F, Guy CL. B-Amylase induction and the protective. role of maltose
during temperature shock. Plant Physiol. 2004;135:1674-84.

50. Sgherri C, Cosi E, Navari-lzzo F. Phenols and antioxidative status of
Raphanus sativus grown in copper excess. Physiol Plant. 2003;118:21-8.

51. Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, Zheng B.
Response of Phenylpropanoid Pathway and the Role of Polyphenols in
Plants under Abiotic Stress. Molecules. 2019;24:2452.

52. Kaya C, Sonmez O, Aydemir S, Ashraf M, Dikilita M. Exogenous applica-
tion of mannitol and thiourea regulates plant growth and oxidative
stress responses in salt-stressed maize (Zea mays L). J Plant Interact.
2013;8(3):234241.

53. Sofa A, Scopa A, Nuzzaci M, Vitti A. Ascorbate peroxidase and catalase
activities and their genetic regulation in plants subjected to drought and
salinity stresses. Int J Mol Sci. 2015;16(6):13561-78.

54. Fernandez O, Be thencourt L, Quero A, Sangwan RS, Cle’ment C.
Trehalose and plant stress responses: friend or foe? Trends Plant Sci.
2010;15:409-17.

55. Rehman S, Chattha MU, Khan |, Mahmood A, Hassan Mu, al-hugail AA,
et al. Exogenously Applied Trehalose Augments Cadmium Stress Toler-
ance and Yield of Mung Bean (Vigna radiata L) Grown in Soil and Hydro-
ponic Systems through Reducing Cd Uptake and Enhancing Photosyn-
thetic Efficiency and Antioxidant Defense Systems. Plants. 2022;11:822.

56. Nkomo M, Gokul A, Keyster M, Klein A. Exogenous p-Coumaric Acid
Improves Salvia hispanica L. Seedl Shoot Growth Plants. 2019;8:546.

57. Guo J, Wang MH. Characterization of the phenylalanine ammonia-lyase
gene (SIPAL5) from tomato (Solanum lycopersicum L). Mol Biol Rep.
2009;36:1579-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Enhancing salt stress tolerance in wheat (Triticum aestivum) seedlings: insights from trehalose and mannitol
	Abstract 
	Introduction
	Materials and methods
	The treatments and growth conditions
	Chemical determinations
	Reducing sugars, total soluble sugars and Free amino acids
	Proline
	Phenolic compounds and total flavonoids
	Lipid peroxidation
	Enzymes assay
	Soluble proteins

	Molecular docking
	Statistical analysis

	Results
	Protein, free amino acids, proline, total soluble and reducing sugars
	Total flavonoids and phenolic compounds
	Lipid peroxidation
	Antioxidant enzymes
	Phenylalanine ammonia-lyase activity (PAL)

	Discussion
	Conclusions
	Acknowledgements
	References


