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Abstract

Soil salinity leads to a reduction in plant growth, germination, relative water content, and production of wheat plants
worldwide. Chitosan showed a positive effect on plant growth and development and improved plant stress tolerance.
The current study aimed to examine the effect of different chitosan concentrations on the gamma-aminobutyric acid
(GABA) shunt pathway in germinating seeds of wheat (7riticum durum L.) under salt stress (25 - 200 mM NacCl).
We determined the seed germination pattern, seed moisture content, GABA shunt metabolites (GABA, glutamate, and
alanine), oxidative damage in terms of malondialdehyde (MDA) accumulation, and the glutamate decarboxylase (GAD)
mRNA transcription. Pre-treatment of wheat seeds with chitosan improved germination by enhancing germination
percentage, seedling length, and seedling fresh and dry masses under salt stress. Data showed an increase in GABA
shunt and their metabolites (alanine and glutamate), MDA content, and GAD mRNA transcription, and a decrease in
germination percentage, seedling length, seedling fresh and dry masses for both untreated and chitosan-treated seeds
under salt stress. Our results suggest that the elevation of GABA in chitosan-treated seeds was able to maintain metabolic
stability under salt stress. The MDA content increased in chitosan-treated seeds as NaCl concentration increased,
however, the increase was slightly lower than the MDA content in untreated seeds which confirmed that chitosan
activates GAD mRNA expression that leads to activate GABA shunt to involve in the reduction of membrane damage
and activation of reactive oxygen species scavenging systems under salt stress. Consequently, this study demonstrated
that chitosan significantly enhanced the accumulation of GABA and amino acids metabolism to maintain the C:N
balance and improved salt tolerance in wheat seeds during seed germination.
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Introduction

Plant exposure to stress is the reason why field crops
hardly ever reach their yield potential, as evidenced by
huge yield gaps when comparing experimental plots with
farm data (van Ittersum et al. 2013). Wheat (Triticum
durum L.) is the most important cereal crop grown in

temperate regions around the world (Tunio et al. 2006,
Shewry 2009). Many environmental factors had a negative
effect on wheat quality and production worldwide
(Rajaram and Van Ginkel 2001). Biotic stress is an
additional challenge inducing a strong pressure on plants
and adding extra damage through attacks of pathogens or
herbivores (Strauss and Zangerl 2002, Maron and Crone
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2006, Mordecai 2011). Among several abiotic stresses,
drought and salinity are the most serious threats to wheat
cultivation globally (Altman 2003). Osmotic stress as
an indirect response to salinity caused a decrease in cell
water potential in many wheat genotypes that are tolerant
and moderately tolerant to salt stress (Sairam et al. 2002).
Abiotic stresses such as salinity, drought, high or low
temperatures, chemical toxicity, and oxidative stress are
serious threats to agriculture and cultivation leading to
a series of physiological, morphological, molecular, and
biochemical changes that adversely affect plant growth
and productivity (Wang et al. 2003).

Salinity is one of the main factors that affect growth,
development, and crop yield in plants (Bano and Fatima
2009). Soil salinity has increased due to poor irrigation
practices and the accumulation of organic fertilizers and
pesticides (Hahm ez al. 2017). Salt stress induces osmotic,
ionic, and oxidative stress in plants (Yang and Guo 2018).
Salinity has multiple physiological impacts on plants
including growth inhibition, accelerated development,
senescence, and death after prolonged exposure
(Zhu 2001). In general, the inhibition of wheat seed
germination in response to salt stress might be explained
by the reduction of the seed's ability to absorb water,
which leads to a decrease in seed osmotic potential and
ability to successfully germinate under NaCl treatments
(Cramer et al. 2007, Jaleel et al. 2007, Zhang et al. 2010,
Al-Quraan et al. 2013, Ibrahim 2016). Therefore,
in response to salt stress plants have to adjust their
physiological and biochemical processes that involved
osmotic homeostasis, ion uptake as well as control
cellular damage repair (Zhu 2002). Al-Quraan et al.
(2013) showed that five wheat cultivars exposed to salt
stress suffered from reduced germination percentage,
increased malondialdehyde (MDA) content, and reduction
in chlorophyll @ and b content. Additionally, Al-Quraan
et al. (2019) observed a decrease in seed germination
under salt stress in wheat and barley.

Chitin is the most naturally occurring polysaccharide
present in cell walls of fungi, crabs, shrimps, parasitic
nematode eggs, insect exoskeletons, and parasitic
nematode gut linings (Al-Tawaha et al. 2018). Chitosan
[(1,4)-linked 2-amino-deoxy-B-D-glucan] is a long-chain
polysaccharide polymer obtained by deacetylation of
chitin. Chitosan can be used as a preservative coating for
fresh fruit because of its stable biochemical properties
(Muzzarelli e al. 1986). Both chitin and chitosan had been
verified as antibacterial, antiviral, and antifungal agents
and explored in many agricultural applications because they
can elicit a positive response in crops, typically a defense-
related response, such as the buildup of bioflavonoids
(Al-Tawaha et al. 2006, El Hadrami et al. 2010).

There are various effects of chitosan on different
plant species including promoting plant growth (Guan
et al. 2009), enhancing the production of secondary
metabolites (Sathiyabama and Manikandan 2016),
affecting photosynthesis (Zong et al. 2017), influencing
activities of different critical enzymes such as catalase
and ascorbate peroxidase (Lin et al. 2005), and improving
plant resistance against low-temperature stress (Guan
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et al. 2009). Biochemical and molecular changes were
observed in plants nourished with chitosan including
callose apposition (Franco and Iriti 2007) and synthesis
of alkaloids (Orlita et al. 2008). A study conducted
by Al-Tawaha and Al-Ghzawi (2013) inferred that priming
lentil seeds with chitosan resulted in increasing the
germination percentage, hypocotyl length, radicle length,
hypocotyl dry mass, and radicle dry mass. Guan ez al. (2009)
found that seeds of maize primed with chitosan improved
the length and dry mass of shoots and roots. Similar
results were reported by Zhao et al. (2005) who indicated
that chitosan exhibited elicitor activity in different plant
species and induced phytoalexins production in various
plant tissues.

Chitosan was shown to enhance seedling growth
and plant tolerance to oxidative stress of safflower and
sunflower under salt stress (Jabeen and Ahmad 2013).
Pretreating Carum copticum seeds with chitosan enhanced
germination, growth, and increased tolerance to salt stress
(Mahdavi and Rahimi 2013). Studies showed that chitosan
priming enhanced seedling growth, and seed germination,
and increased the activities of antioxidative enzymes
of maize plants under salt stress and low-temperature
treatment (Guan et al. 2009, Al-Tawaha et al. 2018).

Gamma-aminobutyric acid (GABA) is a four-carbon
non-protein amino acid that is well recognized as
an endogenous plant signaling molecule. GABA is known
to be accumulated in plant tissues in response to various
biotic and abiotic stresses, suggesting its roles range
from the involvement in central carbon:nitrogen (C:N)
metabolism to function as a signaling molecule during
microbe interaction (Roberts 2007, Fait et al. 2008).
In response to stress, Ca®" content was elevated in plant
cells which in turn induced calmodulin (CaM) gene
expression (Shelp et al. 1999, Al-Quraan et al. 2010).
CaM protein and Ca?* make an active complex that binds to
the glutamate decarboxylase (GAD) enzyme and stimulates
GABA biosynthesis (Bouché and Fromm 2004, Al-Quraan
et al. 2011). Typically, the metabolic pathway for GABA
synthesis is referred to as the GABA shunt pathway. This
pathway started with the decarboxylation of glutamate to
produce GABA and CO; in the cytosol (Fait et al. 2008).
Then GABA is transported to mitochondria and by GABA
transaminase (GABA-T) in a reversible transamination
produced succinic semialdehyde (SAA) that is oxidized
to succinate by succinic semialdehyde dehydrogenase
(SSADH) (Shelp et al. 1999). The resulting succinate is fed
into the tricarboxylic acid (TCA) cycle (Hijaz et al. 2018).
A rapid accumulation of GABA in response to salinity
has been demonstrated as a result of increased activity of
the GAD enzyme (Renault et al. 2010).

Due to its strong effect on plant growth and
development, chitosan showed a significant result in
the induction of plant responses under various stresses.
The present study was performed to investigate the effect
of chitosan treatments on the GABA shunt pathway in
germinating seeds of wheat (7riticum durum L.) under
salt stress (characterization of seed germination pattern,
seedling growth, GABA shunt metabolites, oxidative
damage, and the expression of GAD gene).
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Materials and methods

Plants and cultivation: Freshly harvested durum wheat
seeds (Triticum durum L. cv. Um Qais) were obtained from
Jordan National Agricultural Research Center, Amman,
Jordan. Surface sterilization of the seeds was performed
by suspending seeds in 100% bleach (v/v, 6% sodium
hypochlorite) for 5 min followed by five times washing
with sterile distilled water (Lindsey et al. 2017).

The chitosan solutions were prepared by dissolving
chitosan (Sigma, St. Louis, USA) in 1% acetic acid
(Medex, Rugby, UK). The solution pH was adjusted to
5.6 using 1 M NaOH solution. Surface sterilized seeds
(20 000 seeds) were treated by submerging in 0.01, 0.05,
0.1, 0.3, and 0.5% chitosan, 1% acetic acid, and distilled
water (hydro-priming), separately for 24 h at 25°C. After
soaking, the seeds were allowed to air dry to return to their
original moisture at room temperature for 3 d. Untreated
dry seeds were used as a control group.

The sterilized, hydro-primed and chitosan-treated seeds
were grown on filter paper in Petri dishes supplemented
with different concentrations of sodium chloride (NaCl):
0, 25, 50, 75, 100, and 200 mM (3 mL in each Petri
dish), separately. All experiments were conducted in
the laboratory by incubating the treated seeds at 25°C for
8 d.

Seed moisture content was measured for three replicates
of 20 seeds each immediately after imposing seed
treatments with chitosan and after drying the seeds back
to their original moisture content. Seed moisture content
was measured according to the International Seed Testing
Association (ISTA) by calculating the difference in seed
fresh mass before and after drying them in an oven at 80°C
for 72 h (oven-dry mass). This difference was then divided
by seed fresh mass and was expressed as a percentage [%]
of the fresh mass.

Seed germinations and seedling growth: Twenty seeds
from each chitosan treatment were planted on two filter
papers supplemented with 0, 25, 50, 75, 100, and 200 mM
NaCl, separately. The seeds were incubated at 25°C for
8 d. Seeds with radicle protrusion were counted on day 8.
The effect of NaCl on seed germination was calculated
as the germination percentage: G [%] = (number of seeds
germinated/total number of seeds planted) x 100 and was
compared to the untreated seeds (control group). An average
of three replicate plates was used for each treatment.
After 8 d post-germination, only germinated seeds
were used for further experiments (GABA metabolites
extraction, MDA analysis, and GAD expression).

Seedling length, fresh mass, and dry mass were
determined for each treatment on the 8" day post-
germination. The seedling length was measured from
the seed emerging radicle to the shoot tip using a ruler.
Seedling fresh mass was determined by collecting the
seedling sample separately and weighing them directly.
Seedling dry mass was determined after oven drying at
70°C of each seedling sample for 72 h.
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GABA-metabolite extraction: GABA metabolites were
extracted according to Zhang and Bown (1997) with the
following modification: 500 mg of germinating seeds
(seeds and the emerged seedlings) at 1%, 4" and 8" day
post-germination for each NaCl treatment (0, 25, 50, 75,
100, and 200 mM) separately were grounded with mini
pestle and mortar and placed in 1.5-mL microcentrifuge
tubes. To each tube, 0.4 mL of methanol was added and
the samples were mixed for 10 min. Liquid from the
samples was removed by regular evaporation overnight
(tubes were kept open to allow methanol evaporation).
Then 0.5 mL of 70 mM lanthanum chloride was added
to each tube. The tubes were mixed for 15 min and
subsequently centrifuged at 10 000x g for 5 min.
The supernatant was removed to new tubes and mixed
with 0.16 mL of 1 M KOH. The tubes were mixed for
10 min and then centrifuged at 10 000x g for 5 min.
The supernatant containing metabolites was transformed
into a new tube and was used for GABA, alanine, and
glutamate determination.

GABA content was measured according to Zhang and
Bown (1997) with the following modifications: the reaction
mixture contained 50 pL of sample extract, 14 uL of
4 mM NADP*, 19 pL of 0.5 M potassium pyrophosphate
at pH 8.6, 10 uL of GABASE (2 U pL"') (GABASE
enzyme powder was suspended in 0.1 M potassium
pyrophosphate at pH 7.2 containing 12.5% glycerol and
5 mM [-mercaptoethanol) and 10 pL of a-ketoglutarate.
Change in absorbance at 340 nm was recorded after
90 min incubation at 25°C using the microplate reader
(Multiskan FC, Thermo-Fisher Scientific, Ratastie,
Finland). The content of GABA was determined using
the NADPH standard curve (range from 0 to 10 nM).

Alanine content was measured according to Bergmeyer
(1983) with the following modifications: the reaction
mixture contained 180 pL of 0.05 M Na-carbonate buffer
(pH 10), 7 pL of 30 mM B-NAD*, 50 pL of sample
extract, and 5 pL of (0.3 U pL') alanine dehydrogenase
(Sigma-Aldrich, St. Louis, USA) suspension. Change
in absorbance at 340 nm after the addition of alanine
dehydrogenase was recorded after 60 min incubation
at 25°C using the microplate reader (Multiskan FC).
The content of alanine was determined using NADH
standard curve (range from 0 to 5 nM).

Glutamate content was measured according to Bergmeyer
(1983) with the following modifications: the deamination
reaction mixture contained 180 pL of 0.1 M Tris-HCl
(pH 8.3), 8 uL of 7.5 mM B-NAD", 50 pL of sample
extract, and 5 uL of (0.8 U mL™!) glutamate dehydrogenase
suspension (Sigma-Aldrich). Change in absorbance at
340 nm after the addition of glutamate dehydrogenase
was recorded after 60 min incubation at 25°C using
the microplate reader (Multiskan FC). The content of
glutamate was determined using NADH standard curve
(range from 0 to 5 nM).



The content of malondialdehyde (MDA) as a reference
for lipid peroxidation caused by reactive oxygen species
in germinating seeds: 100 mg tissue was grounded
using a mini pestle and mortar, then placed in 1.5-mL
microcentrifuge tubes at 1*, 4, and 8" day post-germination
for each NaCl treatment (0, 25, 50, 75, 100, and 200 mM).
The MDA assay kit (colorimetric) (ab118970, Abcam,
Waltham, USA) was used according to the manufacturer's
instructions. In this kit, lipid peroxidation was determined
by the reaction of free MDA (present in the sample) with
thiobarbituric acid (TBA) to generate an MDA-TBA
adduct that formed a colorimetric (532 nm) product,
proportional to the MDA content. The absorbance was
measured spectrophotometrically at 532 nm using the
microplate reader (Multiskan FC). The content of MDA
was determined from a standard curve of MDA (range
from 0 to 5 nM). An average of three replicate plates was
used for each treatment.

GAD mRNA expression: Total RNA from fresh samples
was extracted by using the /Qeasy™ plus plant RNA
extraction kit from Intron Biotechnology (Seongnam,
South Korea) according to the manufacturer's instructions.
Total RNA was extracted from germinating seeds on
the 8™ day post-germination for each NaCl concentration
(0, 25, 50, 75, 100, and 200 mM) which were treated by
different chitosan concentrations (0.01, 0.05, 0.1, 0.3,
and 0.5%) in addition to germinating seeds treated with
1% acetic acid and non-treated germinating seeds as
a control group, separately suspended in RNase-free
water. RNA concentrations were determined by their
absorbance A, using a nanodrop spectrophotometer
(ND-100, NanoDrop Technologies, Wilmington, USA).
The integrity of RNA was determined after the separation
of RNA on a 1.5% (m/v) agarose gel after electrophoresis
and staining with RedSafe nucleic acid staining solution
and was visualized using a UV trans-illuminator and
detection system.

Gene-specific primers for the wheat GAD (glutamic
acid decarboxylase) gene (forward primer 5’-TGC CGG
AGAACTCGATCCCCAAG-3’) (reverse primer 5’-CGG
TTC TGG AGC TCG GTG GTG AC-3’) (Mazzucotelli
et al. 2006) were used for RT-PCR analysis of steady-
state mRNA content in wheat seeds. A one-step reverse
transcriptase-PCR (RT-PCR) reaction was performed
using primer pairs specific for the wheat GAD gene
(Mazzucotelli et al. 2006), SuperScript™ III one-step
RT-PCR system with platinum® Taq DNA polymerase
according to the manufacturer's instructions (/ntron
Biotechnology) as the following: one cycle of reverse
transcription reaction (45°C for 30 min) and denaturation
of RNA:cDNA hybrid (94°C for 5 min) followed by three
step cycling (denaturation (94°C for 30 s), annealing (56°C
for 40 s), extension (72°C for 1 min) for 40 cycles then
final extension (72°C for 5 min) for one cycle. RT-PCR
amplification products were separated on 2% agarose gels
and stained with RedSafe nucleic acid staining solution.
Transcript abundance of GAD was calculated according
to Al-Quraan et al. (2010). Transcript abundance was
measured using the amount of fluorescence in the cDNA
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amplicon. The fluorescence of the 18S RNA (forward
primer 5’-CCA CCC ATA GAA TCA AGA AAG AG-3°
and reverse primer 5’-GCA AAT TAC CCA ATC CTG
AC-3") as an internal control in each tube was used to
normalize the abundance of transcribed GAD RNA.
The background fluorescence was subtracted from the
fluorescence value of each DNA band. Data was calculated
as Log, fold in the abundance of GAD gene expression on
day 8 post-germination in chitosan treated seeds after each
NaCl treatment.

Statistical analyses: The experimental design for all
studies was a completely randomized design (CRD).
Treatments were replicated three times. All assays were
conducted in triplicate. Mean and standard deviation
(SD) values were determined for all assay parameters.
Normality tests of one-way analysis of variance (ANOVA)
using the least significant difference (LSD) multiple
comparison tests on the means were used for data analysis
at a 95% confidence level (P-value < 0.05). Pearson
correlation coefficient (7) (Tables 1 Suppl., 2 Suppl., and
3 Suppl.) was used to show the trend between the treatment
and the means of measured parameters for each chitosan
concentration. All statistical analyses were done using
the SPSS version 25.0 software.

Results and discussion

Effects of chitosan on wheat seed germination
and seedling growth under salt stress: Wheat seed
germination percentage, seedling length, and seedling
fresh and dry masses were recorded under salt stress after
each chitosan treatment used in this study. Significant
(P < 0.05) differences in germination percentage and
seedling length, fresh and dry masses (Table 1 Suppl.) were
observed after chitosan treatments irrespective of different
NaCl concentrations (Fig. 1). In general, seed germination
percentage (Fig. 14) was negatively affected by salt stress
under all chitosan treatments. Treatment with 0.05%
chitosan significantly enhanced wheat seed germination
percentage even under high NaCl concentrations.
In addition, at 0 mM NaCl, 0.01 and 0.1% chitosan-treated
seeds showed enhancement in seed germination percentage
compared to untreated seeds. Whereas treatments with
0.01, 0.1, 0.3, 0.5% chitosan, distilled water, and 1% acetic
acid showed a reduction in seed germination percentage
under all NaCl concentrations compared to untreated seeds.
Hydro-primed seeds showed the highest seed germination
enhancement in response at 0 mM NacCl in addition to all
other NaCl treatments.

The seedling length was significantly reduced
when NaCl concentration increased among all chitosan
treatments, 1% acetic acid in addition to hydro-primed and
untreated seeds (Fig. 1B). All chitosan treatments showed
a decrease in seedling length at 0 mM NaCl compared to
untreated seeds. However, at 200 mM NaCl treatment,
all chitosan treatments except at 0.1% chitosan showed
an increase in seedling length compared to untreated seeds.

Seedling fresh mass (Fig. 1C) and dry mass (Fig. 1D)
were significantly inhibited (Table 1 Suppl.) when NaCl

237



AL-QURAAN et al.

120
O0mMNaCl m25mM NaCl @50 mM NaCl ®m75mM NaCl &100 mM NaCl @200 mM NaCl A
©
_ 288¢g
<
z
o
e
=z
=
4
w
o
5
9,
T
=
)
=
w
-
(O]
z
)
a
]
w
)
c)
0
7]
<
=
T
7]
w
4
w
(O]
z
-
a
m
w
)
D
0.20 +
©
=)
n
%)
g ©
>
o
o ®©
)
=
5
=)
|
w
7]
o
°8..
S

0.05% chitosan**  0.1% chitosan** 0.3% chitosan** 0.5% chitosan** distilled water** untreated** 1% acetic acid**

Fig. 1. Germination percentage (4), seedling length (B), seedling fresh mass (C), and seedling dry mass (D) in wheat after seed exposed
to eight treatments (0.01, 0.05, 0.1, 0.3, 0.5% chitosan, distilled water, untreated, and 1% acetic acid) and supplemented with 0, 25, 50,
75, 100, and 200 mM of NaCl measured at 8" day post-germination. Columns with different letters show statistically different (P < 0.05)
values as determined by LSD test. **P value < 0.01.
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concentration increased among all chitosan treatments in
addition to hydro-primed, 1% acetic acid, and untreated
seeds. Seeds treated with 0.05, 0.1, 0.3, and 0.5% chitosan
showed a decrease in seedling fresh mass among all NaCl
concentrations compared to untreated seeds. Hydro-primed
seeds showed higher seedling fresh mass whereas seeds
treated with 0.01% chitosan showed no change in seedling
fresh mass compared to untreated seeds. Furthermore,
seeds treated with 0.1, 0.3, and 0.5% chitosan showed
a decrease in seedling dry mass compared to untreated
seeds. Seeds treated with 0.05% chitosan and hydro-
primed seeds showed enhancement in seedling dry mass
among all NaCl concentrations compared to untreated
seeds. Whereas, seeds treated with 0.01% chitosan
showed no change in seedling dry mass among all NaCl
concentrations compared to untreated seeds.

Seed germination and early seedling growth are critical
stages for plant survival which are affected by many
environmental factors (Hampson and Simpson 1990,
Miransari and Smith 2014). Chitosan acts as a natural
elicitor that has the potential to control plant stresses.
By using chitosan and chitosan nanoparticles, Li et al.
(2019) found that wheat seed germination percentage,
seedling length, adventitious root number, and vegetative
biomass were enhanced by treating the seeds with
chitosan concentration ranging between 1 to 100 pg mL".
Guan ef al. (2009) found that priming maize seeds with
0.5% chitosan had no difference in germination percentage
but had the best germination index and the least mean
germination time in maize chilling-sensitive inbred lines.
In this study, we found that chitosan increased germination
percentage under salt stress which is in agreement with
results found by Ma et al. (2012) who observed that wheat
seeds treated with chitosan showed higher shoot and root
length than control seedlings under salt stress. Shao et al.
(2005) suggested that priming maize seeds with chitosan
enhanced the vigor of germination, reduced the mean time
of germination, and increased shoot height. Similarly,
Mahdavi and Rahimi (2013) reported that pretreating
seeds with chitosan could enhance the germination
percentage, germination rate, and seedling vigor index
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of Carum copticum under salt stress. Our results
indicated that seed priming with a low concentration of
chitosan could improve the salt tolerance of wheat seeds.
Chitosan increased plant growth and yield, and improved
physiological processes in radish plants subjected to
cadmium stress (Farouk ef al. 2011). In addition, chitosan
treatments enhanced the photosynthetic rate, chlorophyll
content, and nutrient uptake in robusta coffee (Van et al.
2013). Also, yield components and production quality of
four different wheat cultivars were improved by chitosan
seed priming and foliar spraying at different growth stages
(Wang et al. 2015). Plant height and dry mass improved by
chitosan treatment under no stress or salt stress in Plantago
ovata (Mahdavi 2013). In general, salt stress is negatively
correlated with wheat seed germination percentage,
seedling length, seedling fresh mass, and seedling dry
mass (Table 1 Suppl.). Seeds treated with 0.01 and
0.05% chitosan showed an improvement in all measured
growth parameters. Our results suggest that treatments with
low chitosan concentrations (0.01 and 0.05%) enhanced
durum wheat seed germination, seedling length, seedling
fresh mass, and seedling dry mass under salt stress.

Seed moisture contentin response to chitosan treatment:
Seed moisture content was measured immediately after
soaking seeds for 24 h with different concentrations of
chitosan, 1% acetic acid, and hydro-primed with distilled
water. The seed moisture content ranged from 41.25 to
44.29% in all treatments except in untreated seeds (8.56%)
(Fig. 2). Data showed a significant (P < 0.05) difference in
seed moisture content between all chitosan-treated seeds,
1% acetic acid, and distilled water in comparison with
untreated seeds (Fig. 2).

Studies showed that injury to the root system caused
by a reduction in osmotic pressure and a decrease in water
content leads to changes in cell wall properties (Garg and
Singla 2009, Parvin et al. 2019). Seeds coated with chitosan
had improved selective permeability characteristics, which
can prevent oxygen from entering the seed, prevent loss
of CO,, and maintain high concentrations of CO, inside
seeds (Furbank et al. 2004). Chitosan characteristics for

Fig. 2. Wheat seed moisture content immediately after imposing treatments with 0.01, 0.05, 0.1, 0.3, and 0.5% chitosan, distilled water,
untreated, and 1% acetic acid, separately for 24 h at 25°C and after drying the treated seeds in oven at 80°C for 72 h. Columns with
different letters show statistically different (P < 0.05) values according to LSD test.

239



AL-QURAAN et al.

semi-permeability suggested its ability to maintain seed
moisture content and absorb soil moisture which can aid
in promoting seed germination (Sigler and Turco 2002).
Seeds treated with different concentrations of chitosan
exhibited significant elevation in seed moisture content
compared to untreated seeds. These results come in
agreement with ALKahtani et al. (2020) and Mahdavi
and Rahimi (2013) who reported that seeds priming of
Capsicum annuum and Carum copticum with chitosan
increased relative water content under salt stress. Our
results suggest that chitosan priming promotes plant
growth through elevation of water uptake. This data
come in agreement with Chookhongkha et al. (2012) who
found that chitosan coating of Capsicum frutescens seeds
was an appropriate method for germination enhancement
without increasing the seeds moisture content. However,
priming of Capsicum annum seeds with chitosan (Samarah
et al. 2020) and nano-chitosan (Samarah et al. 2016)
induced no change in seeds moisture content after four days
post-treatment. Our results indicated that chitosan might
assist seeds to absorb more water even when return back
into their original moisture and maintain seed moisture
content compared to untreated seeds (data not shown).

The effect of chitosan on GABA shunt metabolism
under salt stress: GABA shunt pathway is one of the
metabolic pathways activated by higher plants in response
to salt stress conditions. GABA shunt metabolites of
chitosan-treated and untreated durum wheat seeds were
measured on the 1%, 4" and 8" day post-germination
at different NaCl concentrations. Our data showed
a significant (P < 0.05) increase with a positive correlation
between the abundance of GABA shunt metabolites
(GABA, alanine, and glutamate) and NaCl concentrations
in all chitosan treatments (Table 2 Suppl.). Seeds treated
with 0.01, 0.1, 0.5% chitosan, and 1% acetic acid showed
an elevation in GABA content at all NaCl concentrations
treatment until the 8" day post-germination compared
to untreated seeds (Fig. 3). Wheat seeds treated with
0.3% chitosan and distilled water showed a significant
reduction in GABA content under all NaCl treatments until
the 8% day post-germination compared to the untreated
seeds. Seeds treated with 0.5% chitosan increased
GABA content up to 47- and 3-fold at the 1** and the
8™t day post-germination among all NaCl concentrations,
respectively, and decreased at the 4 day post-germination.
Similarly, alanine content was increased up to 6- and
1.5-fold on the 1% and the 8" day post-germination among
all NaCl concentrations, respectively, and decreased on
the 4% day (Fig. 4). The same trends were observed in
glutamate accumulation, where glutamate content was
increased up to 2- and 1.6-fold on the 1% and the 8" day of
germination under all NaCl treatments, respectively, and
decreased at the 4™ day (Fig. 5).

The GABA shunt pathway provides a critical crossroad
between amino acid metabolism and other organic
acid intermediates. It is significantly interconnected
with the tricarboxylic acid (TCA) cycle by serving as
a source of carbon and nitrogen to supply the C:N deficit
in plants under various abiotic stresses (Kishor ez al.
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2005, Batushansky et al. 2014). The supply of metabolic
intermediates is suggested to be the reason for GABA
accumulation, which might be consumed in sugar and
amino acid metabolism and used to nourish the TCA
cycle under salt stress. The decline in GABA metabolites
on the 4" day post-germination under salt stress might
occur as a reason for GABA metabolites consumption
by durum wheat seeds to deliver a substitute carbon
source for mitochondrial respiration (Che-Othman et al.
2020). Irrespective of chitosan concentration or any other
treatments used in this study, 200 mM NaCl concentration
recorded the highest accumulation of GABA metabolites.
The elevation in GABA metabolites might occur to
overcome the disruption of metabolic stability, imbalance
in carbon and nitrogen (C:N) assimilation, and oxidative
damage during seed germination under the 200 mM NaCl
treatment.

The GABA shunt pathway accumulates GABA in
different plant species as an adaptive metabolite in response
to various abiotic stresses (Kinnersley and Turano 2000,
Fraire-Velazquez et al. 2013, Scholz et al. 2017, Al-Quraan
et al. 2019). Kinnersley and Turano (2000) demonstrated
that the GABA shunt pathway is an obligatory pathway for
proper plant growth in response to salt stress. A significant
increase in GABA abundance has been shown in five
cultivars of wheat and three cultivars of barley under salt
and osmotic stress conditions (Al-Quraan et al. 2013,
2019). Furthermore, GABA shunt activation might be
associated with various physiological responses, including
the control and regulation of cytosolic pH (Fait et al. 2008),
carbon flux into the TCA cycle, nitrogen metabolism (Li
et al. 2016, Che-Othman et al. 2020), protection against
oxidative stress (Zhu et al. 2019), and osmoregulation and
signaling (Kaplan et al. 2004, Ak¢ay et al. 2012). Chitosan
has been involved in salt stress tolerance by enhancing
photosynthetic efficiency, accumulating total sugars and
soluble proteins, improving various antioxidant enzyme
activities, and increasing cellular metabolic stability
(Yang et al. 2009, Farouk ef al. 2011, Jabeen and Ahmad
2013, Tourian et al. 2013). Our results came in agreement
with Li et al. (2017) who confirmed that chitosan
treatment enhanced the accumulation and metabolism of
amino acids including GABA which could maintain the
metabolic balance to improve drought stress resistance in
white clover. Overall, our results suggested that chitosan
enhances plant response against salt stress by increasing
GABA metabolites accumulation. Durum wheat seeds
treated with chitosan might tolerate salt treatment by
activating GABA shunt pathway through enhanced organic
acids metabolism and increasing the capability of seeds to
germinate under salt stress.

Oxidative damage in wheat seedlings from seeds
treated with chitosan under salt stress: Malondialdehyde
(MDA) is a natural organic compound that can be used
as a marker to measure lipid peroxidation in response to
abiotic stresses such as salt stress. MDA content of treated
and untreated durum wheat seeds was measured at the
1*, 4% and 8" days post-germination at different NaCl
concentrations (Fig. 6). Our results showed a significant
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Fig. 3. Content of GABA in wheat seeds exposed to eight treatments (0.01, 0.05, 0.1, 0.3, and 0.5% chitosan, distilled water, untreated,
and 1% acetic acid) and supplemented with 0, 25, 50, 75, 100, and 200 mM of NaCl. For each day under different NaCl treatments,
columns with different letters show statistically different (P < 0.05) values according to LSD test. **P value < 0.01.

(P < 0.5) increase in MDA content with a positive
correlation to increasing NaCl concentration (Table 2
Suppl.). The MDA content in wheat seeds treated with
0.05% chitosan showed a reduction in MDA content
on the I** and 4" day and an elevation on the 8" day
post-germination among all NaCl concentrations. On the
contrary, wheat seeds treated with distilled water showed
an elevation in MDA content on the 1% and 8" days and
areduction in MDA content on the 4" day post-germination
under all NaCl concentrations. Furthermore, wheat
seeds treated with 0.01, 0.1, 0.3, and 0.5% chitosan and

1% acetic acid showed a reduction in MDA content at
the 1%, 4% and 8" day post-germination under all NaCl
treatments compared to untreated seeds. These results
indicated that 0.01, 0.1, 0.3, and 0.5% chitosan treatment
enhances seeds reactive oxygen species (ROS) scavenging
by activating defense mechanisms against salt stress. This
outcome might be due to the physiological adaptation
of chitosan-treated seeds to NaCl treatments, where
chitosan operated as an effective bio-activator to enhance
seeds germination under salt stress. Seeds treated with
0.01% chitosan showed the lowest MDA accumulation
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compared to untreated seeds at the 1%, 4%, and 8" day
post-germination in response to all NaCl concentrations,
which in turn implicated the efficient scavenging of ROS
in wheat seeds (Fig. 6).

MDA accumulation occurred in maize seedlings
under low-temperature stress due to membrane lipid
peroxidation (Guan et al. 2009). Al-Quraan et al. (2013)
found that MDA accumulated in five wheat cultivars
under salt and osmotic stress. Our study found that the
treatment of seeds with 0.01, 0.1, 0.3, and 0.5% chitosan
had a negative effect on MDA content under salt stress.
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Our study came in agreement with Ma et al. (2012) who
found that pretreatment of wheat with chitosan reduces
MDA content under salt stress. Li et al. (2017) suggested
that chitosan application may reduce the negative impact
of drought stress by increasing the production of stress-
protective metabolites. The application of chitosan
stimulated plant growth and increased water uptake,
thereby enhancing ROS scavenging activities (Guan et al.
2009). Bistgani et al. (2017) showed that spraying Thymus
daenensis leaves with chitosan reduced cell membrane
damage under drought stress. MDA content was reduced
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in rice seedlings treated with chitosan under osmotic
stress (Pongprayoon et al. 2013). The same results were
reported in safflower and sunflower where MDA content
was decreased by chitosan treatment under salt stress
(Jabeen and Ahmad 2013). Reduced MDA accumulation
might be due to the induction of effective ROS scavenging
under the 0.01, 0.1, 0.3, and 0.5% chitosan pretreatments.
This result showed that the pretreatment of durum wheat
seeds with chitosan had a protective effect on salt-induced

membrane damage. Consequently, the activation of the
ROS scavenging system is an essential component in
modulating chitosan reactions for plant growth stimulation
under salt stress during the seed germination stage.

The effect of chitosan on glutamate decarboxylase
(GAD) mRNA transcript abundance in response
to salt stress: GAD is the enzyme that catalyzes the
decarboxylation of glutamate to form GABA and CO,

243



AL-QURAAN et al.

1.5 3.0
0.01 % chitosan 00 mM NaCl m25 mM NaCl 0.05 % chitosan
B850 mM NaCl K75 mM NaCl 1os
100 mM NaCl 5200 mM NaCl ’

0.1 % chitosan
1.5 f

1.4 I 0.5 % chitosan

MDA [nmol mg (FM)]

25 | untreated
20
1.5
1.0

0.5

Day 1** Day 4" Day 8**

MDA [nmol mg'(FM)]

1 % acetic acid

Fig. 6. Content of malondialdehyde (MDA) in wheat seeds exposed to eight treatments (0.01, 0.05, 0.1, 0.3, and 0.5% chitosan, distilled
water, untreated, and 1% acetic acid) and supplemented with 0, 25, 50, 75, 100, and 200 mM of NaCl. For each day under different
NaCl treatments, columns with different letters show statistically different (P < 0.05) values according to LSD test. **P value <0.01.

(Shelp et al. 2012). GAD mRNA transcript abundance of
chitosan treated and untreated durum wheat seeds were
analyzed on the 8" day post-germination at different NaCl
concentrations (Fig. 7). Our data showed a significant
(P < 0.05) increase in the abundance of GAD mRNA
transcripts with the increase of NaCl concentration under
all chitosan treatments. Seeds treated with 0.3% chitosan
showed an elevation in GAD mRNA transcription at 50, 75,
100, and 200 mM NacCl treatments compared to untreated
seeds. Whereas seeds treated with the other chitosan
treatments in addition to distilled water and 1% acetic acid
treatment showed a decrease in GAD mRNA transcription
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compared to untreated seeds. The elevated GAD mRNA
transcription in 0.3% chitosan-treated seeds suggests the
vital need for GABA shunt metabolism that is mediated
by the high production of GAD protein and its enzymatic
activity to convert glutamate into GABA under salt stress.
Seeds treated with 0.3% chitosan showed reduced content
of GABA and GABA metabolites despite the increase of
GAD mRNA expression in wheat seeds. This outcome is
explained by increased GABA shunt pathway metabolites
consumption through high production and activation of
GAD enzyme leading to the influx of more GABA into the
mitochondrial matrix. GABA is then consumed by GABA
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Fig. 7. Log, fold expression of GAD (A4) and color plot of GAD expression (B) in wheat seeds exposed to eight treatments (0.01, 0.05,
0.1, 0.3, and 0.5% chitosan, distilled water, untreated, and 1% acetic acid) and supplemented with 0, 25, 50, 75, 100, and 200 mM of
NaCl at the 8" day post-germination. For each seed treatment under different NaCl treatments, columns with different letters show
statistically different (P < 0.05) values according to LSD test. *P value < 0.05, **P value < 0.01.

transaminase (GABA-TA) and succinic semialdehyde
dehydrogenase (SSADH) to form succinate that feeds the
TCA cycle and critically participates in saccharide and
protein metabolism during seed germination and supports
mitochondrial respiration under salt stress in wheat
(Che-Othman et al. 2020).

Previous studies reported that GAD expression
increased with several environmental conditions such
as heat shock in cowpea (Mayer et al. 1990), low pH in
tobacco (Bown ef al. 2000), salt stress in wheat and barley
(Al-Quraan et al. 2013, 2019) and chlorsulfuron herbicide
treatment in lentil (Al-Quraan ef al. 2015) which led to
an increase in GABA content. Other studies reported that
GAD expression was increased under cadmium stress in
different tomato species (Chaffei et al. 2004, Hédiji et al.
2010) which increased GABA production. Our study
suggested that chitosan treatment could significantly
enhance GAD expression, GAD activity, and GABA
abundance under salt stress. Similarly, Geng ef al. (2020)

showed that chitosan treatment induced sucrose, GABA,
and polyamines accumulation to enhance salt tolerance
in Agrostis stolonifera. Chitosan as a polycationic polymer
could elicit cellular changes including the transport of
Ca? ions (Yin et al. 2010). During GABA shunt activation
in plants, the GAD enzyme is activated by binding to the
Ca?"/CaM complex that resulted in GABA accumulation
under abiotic stress (Shelp et al. 1999, Bouché and
Fromm 2004, Ranty et al. 2006). Furthermore, chitosan
could activate several genes and increase the production
of proteins and phenolic compounds through the phenyl-
propanoid pathway which increased the plant tolerance
against pathogen infection and stressful conditions
(Hadwiger et al. 1986). Hernandez-Hernandez et al.
(2018) showed that application of chitosan-polyvinyl
alcohol hydrogels (Cs-PVA) and copper nanoparticles
(Cu-NPs) promoted the expression of jasmonic acid and
the superoxide dismutase genes in tomato under salt
stress. Our study demonstrated that chitosan significantly
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enhanced the accumulation of GABA and amino acids
metabolism to maintain the C:N balance and improve salt
tolerance in durum wheat seeds during germination.

In conclusion, pre-treatment of durum wheat seeds with
chitosan under salt stress improved seed germination by
enhanced germination percentage, seedling length, and
seedling fresh and dry masses. Data also showed that
seeds priming with low concentrations of chitosan could
significantly improve the salt tolerance of wheat under all
NaCl concentrations. In addition to hydro-priming with
distilled water, seeds treated with chitosan increased seeds'
moisture content and promoted seed germination through
elevation of water uptake and adjusting the seed osmotic
potential. The improvement by chitosan treatment was
associated with the enhancement of GABA, glutamate,
and alanine accumulation under salt stress. Under all
chitosan treatments used in this study, the GABA, alanine,
and glutamate content was negatively correlated with
germination percentage, seedling length, and seedling fresh
and dry masses in response to all salt treatments (Table 3
Suppl.). Chitosan priming enhanced wheat seed tolerance
to salt stress by activating the GABA shunt pathway and
increasing the capability of seeds to germinate under salt
stress by maintaining cell metabolic stability. A significant
increase in MDA content in response to increasing
NaCl concentration was recorded. Chitosan priming
of wheat seeds had a protective effect on salt-induced
membrane damage through enhanced ROS scavenging
abilities. Chitosan treatment significantly enhanced
GAD expression and GABA abundance under salt stress.
GAD expression in seeds treated with 0.3% chitosan was
high which suggests the need for increased activity of
GAD-mediated conversion of glutamate to GABA during
seed germination under salt stress.
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