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Abstract

In this study, the levels of nitric oxide (NO), proline concentration, lipoxygenase (LOX) activity, malondialdehyde
(MDA) level, and total chlorophyll levels were investigated in the leaves of two different chickpea varieties, sensitive (Aksu)
and tolerant (Canitez) to drought stress conditions. To achieve this aim, drought stress was induced by PEG 4000 treatment at
the end of day 25. Both drought-stressed and control groups were established for both cultivars. The control group plants were
irrigated with Hoagland’s culture solution throughout the experiment. Subsets of both chickpea cultivars exposed and
unexposed to drought stress were treated with exogenous applications of 100 uM of sodium nitroprusside (SNP, as NO donor),
cPTIO [2-(4-carboxyphenyl)-4,4,5,5 tetramethylimidazoline-1-oxyl-3-oxide potassium, as NO scavenger], and Abscisic acid
(ABA) for 6 days. The treatments included Control (Hoagland’s culture solution), Control + SNP, Control + ¢-PTIO, Control
+ ABA, PEG, PEG+SNP, PEG+ ¢-PTIO, and PEG+ ABA groups. Leaf samples were collected on days 0, 3, and 6 for analysis.
All experiments, including germination and growth stages, were conducted under controlled conditions in a plant growth
chamber. According to the results obtained, inhibition of nitric oxide synthesis led to increased oxidative stress. Similarly,
application of abscisic acid alleviated the adverse effects of drought. Furthermore, prolonged drought stress conditions resulted
in more oxidative damage, and both nitric oxide and abscisic acid exhibited positive effects in this scenario as well.
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Introduction

Among environmental factors, drought stress is the
most limiting factor for crop yield and quality in
economically important plants (Roch et al., 2009). Water
scarcity influences numerous biochemical and physiological
processes in plants, ranging from photosynthesis to protein
synthesis (Hu & Schmidhalter, 1998; Vranova et al., 2002;
Chebab et al., 2009). Under these circumstances, drought
stress is one of the most common environmental stressors
that influence growth and yield and create many
physiological, biochemical, and molecular responses in
plants. As a meteorological term, drought refers to a long-
lasting arid period. It occurs depending on the water-holding
capacity of the soil and the evapotranspiration rate of plants
in arid periods to cause drought (Ahluwalia et al., 2021).
(ABA) Abscisic acid, a plant growth regulator, has many
physiological effects on the growth and differentiation of
highly organized plants. ABA is defined as a precursor for
detecting stress and creating a response to drought and other
environmental stresses. ABA, at the same time, plays a role
in stomatal movement, photosynthesis, and gene expression
(Singh & Roychoudhury, 2023). Several studies have
indicated that ABA can improve resistance to environmental
stress via both external ABA treatment and internal ABA
measurements (Yin et al, 2004). Drought may cause
stomatal closure and elevated biosynthesis of ABA, which is
a stress hormone, and drought may even induce the genes to
respond to ABA. In the last decade, ABA and stress response
genes have been identified through molecular and
biochemical studies (Yu & Setter, 2003; Buchanan et al.,
2005; Poroyko et al., 2007).

NO is a signaling molecule that was first identified in
mammals. However, studies conducted in 1988 showed that
NO also acts as a signaling molecule in plants, and the
number of studies on the role of NO in plants has increased

(Kolbert et al., 2019). Because NO is a free radical, has a
small size, short lifetime, easily diffuses from biological
membranes, and plays a multifunctional role in plant
growth, development, and regulation, plant cell
mechanisms have brought NO an important place in the
plant science world. Recently, NO has become a critical
factor in the tolerance of plants to abiotic stress. The
response of NO to environmental stress is also of interest.
Previous studies have revealed that NO is an antioxidant
molecule that acts as a radical scavenger under abiotic
stress. NO has been shown to play an important role in salt,
drought, temperature (high and low), UV-B, and heavy
metal stress resistance (Xu et al., 2011, Siddiqui et al., 2010;
Fancy et al., 2017; Mata-Pe'rez et al., 2023). Proline
synthesis is a nonspecific response in environments with
low water potential; therefore, it is synthesized under water
stress as well as salt stress (Ashraf and Harris, 2004). Under
normal circumstances, proline accumulation in the cytosol
contributes to the osmotic adjustment of the cytoplasm
(Parvaiz & Satyawati, 2008). In addition to being an
osmotic regulator, proline, which stores the nitrogen and
carbon required for recovery and growth after stress, is
thought to be an osmotic regulator (Jain et al., 2001) and
also plays a role in the stabilization of subcellular structures
(such as membranes and proteins), catching free radicals,
maintaining cellular redox potential (Vijayan, 2009),
reducing cytoplasmic acidosis, and maintaining the
appropriate NADP+/NADPH ratio in metabolism (Hare &
Cress, 1997). One of the major factors in the coordinated
response of plants to water deficiency is ABA, which is
produced in both roots and leaves exposed to stress. ABA,
a stress hormone, plays a dominant role in gene expression
during water deficiency; however, NO has attracted
attention as a component of the drought signal network in
recent years. It has been reported that NO plays a role in
reducing ABA during physiological activities, initiating



adaptive responses in stomatal transpiration and water
deficiency, and accumulation of NO in guard cells re-
regulates actin microfilaments against osmotic stress and
regulates  vacuoles, inducing  stomatal closure
(Arasimowicz et al., 2009). Additionally, exogenous
administration of NO could induce ABA synthesis under
water deficiency, which could be reversed by applying c-
PTIO as an NO scavenger (Zhang et al., 2023).

Chickpeas are an important source of dietary protein
and contain substantial quantities of vitamins and minerals
(Alajaji et al., 2006). Chickpeas (Cicer arietinum L.) have
significant agricultural and dietary importance worldwide,
particularly in Afro-Asian regions. Owing to its
carbohydrate and protein content, chickpeas boast superior
protein quality compared to other pulses. Although lacking
sulfur-containing amino acids, which are essential for
protein synthesis, this deficiency can be compensated for
by incorporating cereals into daily diets. Despite their low
lipid content, chickpeas are abundant in nutritionally
valuable unsaturated fatty acids such as linoleic and oleic
acids. Sterols, such as [-sitosterol, campesterol, and
stigmasterol, also contribute to the nutritional profile of
chickpea oil. Essential minerals, such as calcium (Ca),
magnesium (Mg), phosphorus (P), and potassium (K) are
prevalent in chickpea seeds. Furthermore, chickpeas are
rich in vital vitamins, such as riboflavin, niacin, thiamin,
folate, and the vitamin A precursor -carotene. Chickpeas
offer numerous potential health benefits and, when
combined with other pulses and cereals, may positively
impact prevalent human diseases, such as cardiovascular
disease (CVD), type 2 diabetes, digestive disorders, and
certain cancers. In conclusion, chickpeas have emerged as
a crucial pulse crop with a wide array of nutritional and
health-promoting advantages (Jukanti et al., 2012).
Legumes are an important source of nutrition for low-
income individuals in many developing countries. In
Turkey, legumes are of significant importance to the daily
consumption of many families. Considering the total
legume production, Turkey ranks among the largest
producers globally (Anon., 2023).

The aim of this study was to investigate the adaptive
responses of ABA and NO in fighting drought conditions
by administering external SNP and ABA to tolerant and
sensitive cultivars of chickpeas exposed to drought stress.
This study focused on the effects of abscisic acid and NO
application on the antioxidant system in plants against
drought stress, and it will have major importance in
meeting the needs of food based on the increasing
population to eliminate or reduce yield loss resulting from
drought by NO treatments.

Material and Methods

Plant selection, cultivation and applications: In this
study, the seeds used as experimental material were
supplied by Giiliimser, Azkan, Aksu, Canitez, Zuhal,
Cagatay, Seyitgazi, Damla, Diyar 95 Eskisehir Seed
Research Center, and Ankara Registered Seed Certification
Center. To identify the most drought-tolerant and sensitive
chickpea cultivar, germination percentages were assessed
by applying different concentrations of polyethylene glycol
PEG 4000 (5%, 10%, 15%, and 20%). Another group was
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also treated with PEG at different concentrations (5%,
10%, 15%, and 20%) 15 days after the germination. The
plants treated with PEG were followed for 10 days.
Different doses of SNP (50, 100, 200 and 300, pmol/l) were
also applied to seedlings which were separately grouped
regarding the morphological changes observed in the plant
in the present study, such as leaf roll, change in the colour
of leaf, and loss of turgor. MDA contents of samples taken
from the leaves of chickpeas were determined at the end of
the period. Peroxidation levels of lipids have an important
place in evaluating the severity of oxidative stress induced
by drought and susceptibility levels of plants. The most
convenient doses of SNP and PEG were identified by
determining the lipid peroxidation levels of seedlings. SNP
treatment was determined as 100 uM and PEG
concentration as 10% in the present study based on the
preliminary studies we conducted according to literature
data as well as the data we obtained from these studies. It
was identified as a result of preliminary studies that the
most drought-tolerant cultivar among Cicer varieties was
Canitez, and the most sensitive cultivar was Aksu. In the
germination experiment, the seeds of cultivars determined
as tolerant and sensitive regarding drought stress were
subjected to surface sterilization with 10% sodium
hypochlorite for 10 minutes before plantation. Following
the surface sterilization, seeds were washed with distilled
water for 30 minutes. They were then kept to swell in
distilled water for 24 hours. Seeds were planted in plastic
pots with dimensions of 15 x 20 cm containing perlite at
the end of this period. All studies including germination
and growth stage were conducted under controlled
conditions of the plant growth chamber. The intensity of
illumination in the plant growth chamber is 222 pmol m™s”
' on the surface of the plant leaf. 90% of illumination
intensity was provided with fluorescent bulbs and 10%
with incandescent light bulbs. Plants were grown for 25
days starting from germination. PEG 4000 treatment was
administered to induce drought stress at the end of day 25.
Both drought and control groups were established for both
of the plant cultivars. Plants of the control group were
irrigated with Hoagland’s culture solution until the end of
the experiment. Groups of both chickpea cultivars which
were and were not exposed to drought stress were treated
with 100 uM of SNP, cPTIO, and ABA exogenously.
Treatments were carried out for 6 days. Leaf samples of the
group were taken on days 0, 3, and 6 for the analysis. In
tolerant and sensitive chickpea plants, experimental groups
were generated as follows; Control (Hoagland’s culture
solution), c-PTIO, ABA, Control + SNP, Control + ¢c-PTIO,
Control + ABA, PEG, PEG+SNP, PEG+ c-PTIO, and
PEG+ ABA. NO level, proline concentration, LOX
activity, MDA level, total chlorophyll were examined
using the leaf samples taken in the study.

Determination of nitric oxide contents: NO levels in leaf
tissues were determined according to Garcia-Mata &
Lamattina (2001). Absorbance values of supernatants
obtained following the centrifuge process were determined via
microplate reader (Molecular Devices Corp., Versamax®) at
550 nm using Cayman Chem. NO assay kit (Catalog no.
780001). Nitric oxide levels were calculated from absorbance
values by using a standard curve of nitric oxide.
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Proline assay: Proline contents of roots and leaves were
assayed according to Bates ef al., (1973). 0.1 g of leaf
samples were filtrated after homogenization with 3%
sulfosalicylic acid. The obtained homogenate was kept in
water bath at 100°C for 1 hour by adding acid ninhydrin
and glacial acetic acid. The mixture was then kept in ice
bath until it got cold in order to stop the reaction. Toluene
was extracted into the mixture following the cooling
process. Toluene was aspired from the liquid phase and
absorbance values were read on a spectrophotometer at 520
nm wavelength after the cooling at room temperature. The
concentration of proline was calculated with the aid of
calibration curve and expressed as pmol proline g' FW.

Loc enzyme activity (DPPH): LOX was measured
according to Minguez-Mosquera et al., (1993), using 50
mM K-phosphate buffer (pH 6.0) for extraction. The
reaction mixture comprised 0.2 cm?® of crude extract and
0.5 mM linoleic acid in a 50 mM K-phosphate buffer (pH
6.0). The enzyme activity was determined by measuring
the absorbance increase at 234 nm, applying an extinction
coefficient of 25,000 M~ cm™.

Lipid peroxidation: For identification of lipid peroxidation,
the level of malondialdehyde (MDA) which is the final
product of lipid peroxidation was assayed according to
Madhava Rao & Sresty (2000). 0.1 g of leaf samples was
homogenized with trichloroacetic acid (TCA). The reaction
mixture containing thiobarbituric acid (TBA) and TCA was
pipetted into supernatant and transferred into tubes after the
centrifuge and all test tubes were boiled at 95°C for 30
minutes. The mixture was centrifuged at 12.000 xg for 15
minutes. Absorbance values of the obtained supernatant at
532 and 600 nm were read. MDA concentration was
calculated using extinction coefficient (e=155 mM-'cm™).

Chlorophyll assay: Chlorophyll was assayed according to
Arnon (1949). The samples of fresh leaf (0.25 g) were
homogenized within Sml of 80% acetone. The homogenate
was centrifuged at 5000 g at room temperature for 5
minutes. The absorbance of the supernatant was measured
in a spectrophotometer at 663, 645, and 450 nm. It was
calculated by using the following equations developed by
Lichtenthaler (1987) to determine pigment contents.

Chlorophyll a=12.7 x A663 - 2.69 x A645
Chlorophyll b =22.9 x A645 - 4.68 x A663
Total chlorophyll = (20.2 x A645) +( 8.02 x A663)

Statistical analysis

For statistical analyses, the SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA) software package was used. The LSD
test was employed for comparisons among groups. Results
were presented as mean + SEM (Standard Error of the
Mean). The level of statistical significance was considered
with respect to p values, and p<0.05 was accepted.

Results

The effects of treatment groups on no level in leaf tissue
of Cicer arietinum L. cv. “Canitez” and “Aksu” chickpea
cultivars: Nitric oxide level in the leaf tissue of the Canitez
cultivar was determined to increase in all treatments (except
for cPTIO) by days compared to control (Table 1). The
highest NO level in the Canitez cultivar was determined as

46.6443.08 nmol/g FW on day 6 in the PEG+SNP treatment
group. According to statistical analysis, the increase between
control and treatment groups (excluding PEG+cPTIO) on
days 3 and 6 was found to be significant (p<0.05). In the leaf
tissue of the Aksu cultivar, nitric oxide levels increased by
days in all treatments. In the Aksu cultivar, the highest NO
level was determined as 32.14+0.55 nmol/g FW on day 6 in
the PEG+SNP treatment group. As is seen in Table 1, the NO
level was found to decrease on days 3 and 6 of the
PEG+cPTIO treatment group in Aksu and Canitez cultivars
compared to control and other treatment groups. According
to the statistical analysis, the increase observed in
PEG+ABA and PEG+SNP treatment groups on days 3 and
6, except for the PEG treatment group on day 6, was found
to be significant compared to the control group (p<0.05).

The effect of treatment groups on proline level in leaf
tissue of Cicer arietinum L. cv. “Camitez” and “Aksu”
chickpea cultivars: As is seen in (Table 2) proline levels
increased in both cultivars compared to the control group.
It was determined that proline levels were higher in all
treatment groups in the tolerant Canitez cultivar compared
to the Aksu cultivar and the highest level was 48.09+0.22
mg/g FW in the PEG+ABA treatment group on day 6. The
increase determined on days 3 and 6 compared to control
groups was statistically significant (p<0.05). Statistically,
the 3rd and 6th-day applications of both plants were found
to be significant compared to their control groups.

While proline levels of the PEG+ABA group increased
approximately 4 times on day 6 compared to day 3 for the
tolerant Canitez cultivar, they increased 2 times in the
sensitive Aksu cultivar. In the PEG+SNP group, it
increased 2 times in the Canitez cultivar and about 3 times
in the Aksu cultivar. Proline levels decreased by 30% on
day 6 in the PEG+cPTIO group of both cultivars compared
to day 3 (p=<0.05).

The effects of treatment groups on lox enzyme activity
in leaf tissue of Cicer arietinum L. cv. “Canitez” and
“Aksu” chickpea cultivars: Table 3 showed that LOX
enzyme activity results increased in both cultivars by days
and also in treatment groups, except for PEG treatment,
compared to the control group. The highest increase was
identified as 43,45 U/g FW and 31,17 U/g FW in the
sensitive Aksu cultivar and tolerant Canitez cultivar,
respectively in the PEG+SNP treatment group on day 6.
Statistically, the 3rd day and 6th day values of PEG+tABA
and PEG+SNP applications in both plants were found to be
significant compared to their control groups.

The effects of treatment groups on MDA levels in leaf
tissue of Cicer arietinum L. cv. “Camitez” and “Aksu”
chickpea cultivars: As is seen in Table 4, the tolerant Canitez
cultivar showed an increase in time and treatment groups
compared to the control group. The highest increase was
identified as 40.36 umol/gTA in the PEG treatment group on
day 6. In the Aksu cultivar, there was an increase in PEG
treatment, a decrease in PEG+ABA and SNP treatments, and
also an increase in the PEG+cPTIO group on day 3 compared
to the control group; whereas, an increase was determined in
every treatment group on the day 6 compared to control group.
The highest MDA level was observed to be 45.85 umol/g as
fresh in the PEG+cPTIO treatment group on day 6. The
highest increase of MDA levels was identified in PEG and
PEG+cPTIO groups in both of the cultivars.



Table 1. Changes occurring in NO levels (nmol/g FW) in leaf
tissue of Cicer arietinum L. cv. “Canitez” and “Aksu”
chickpea cultivars depending on treatment groups and days.
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Table 2. Changes occurring in proline levels (nmol/g FW) in
leaf tissue of Cicer arietinum L. cv. “Canitez” and “Aksu”

chickpea cultivars depending on treatment

roups and days.

Treatment Treatment NO Level NO Level Treatment| Treatment Proline level Proline level
day groups (AKSU) (CANITEZ) day groups (AKSU) (CANITEZ)
0 Control 1445+0,55 18,74 +£0,22 0 Control 6.7 £0,05 8.49 £0,09
0 PEG 20,66 £0,32  25,12+0,36 0 PEG 5.01 £0,02 7.53+£0,07
3 Control 14,32 £0,21 18,47 £0,28 3 Control 7.7 +0,06 8,72+0,17
3 PEG 19,86 £0,12* 23,17 +0,82* 3 PEG 12.05 £ 0,09* 17.22+£0,21*
3 PEG + ABA 23,78 £0,11* 39,58 £0,14* 3 PEG +ABA 10.14 £0,13%* 12.95 +0,36*
3 PEG+SNP 28,56 £0,06% 41,18 +0,29* 3 PEG + SNP 9.27 £0,19* 21.5+£0,33*
3 PEG +cPTIO 10,84 £0,32* 16,64 £0,41* 3 PEG +cPTIO  30.8 +0,39* 4531 £0,35*

6 Control 1493 +£0,27 18,22+091 6 Control 7.1+£0,02 8,55 +0,85

6 PEG 16,78 £0,33* 24,89 +0,32* 6 PEG 26.89 £ 0,09* 38.2+£0,28*
6 PEG +ABA 25,75+0,37* 42,78 +0,71%* 6 PEG+ABA 2327 +0,03* 48.09 £ 0,22%*
6 PEG+SNP 32,14+0,26* 46,64 +0,67* 6 PEG +SNP  26.85 +0,32* 40.11 £0,41*
6 PEG + cPTIO 11,2440,19*% 14,82 +0,17* 6 PEG + cPTIO 21.51 £0,25%* 31.8+£0,62*

The results were given as 3 repeated mean + standard error. (¥, p<0.05)

Table 3. Changes occurring in LOX activity (U/g FW) in leaf

The results were given as 3 repeated mean + standard error. (¥, p<0.05)

Table 4. Changes occurring in MDA levels (uM/ FW) in leaf

tissue of Cicer arietinum L. cv. “Canitez” and “Aksu”
chickpea cultivars depending on treatment groups and days.

tissue of Cicer arietinum L. cv. “Canitez” and “Aksu”
chickpea cultivars depending on treatment groups and days.

Treatment| Treatment LOX activity | LOX activity
day groups (AKSU) (CANITEZ)
0 Control 24,16 £ 0,02 35,87 £0,05
0 PEG 23,97 +0,05 34,56 0,09
3 Control 24,67 +£0,03 3596 +0,19
3 PEG 23,45 +0,09 33,78 £0,89
3 PEG +ABA  26,12+0,07* 37,37 +£0,23*
3 PEG + SNP 28,75+£0,23* 39,58 £0,35*
3 PEG +cPTIO 25,63 +0,36 36,87 £0,22
6 Control 23,88 £0,28 36,65 £0,85
6 PEG 24,68 + 0,09 34,25 +0,37
6 PEG+ABA  2681+0,12* 38,82 +0,76*
6 PEG + SNP 31,17+ 0,33*  43,45+0,47*
6 PEG + cPTIO 26,77 £0,21* 37,17 +0,71

Treatment| Treatment MDA Level MDA Level
day Groups (AKSU) nM/ (CANITEZ)
FW uM/ FW

0 Control 21,88 £0,06 28,15 +0,02
0 PEG 23,17 +£0,23 32,45+0,36
3 Control 22,02 +0,05 29,01 +£0,04
3 PEG 33,17 £0,32* 41,82 +1,02*
3 PEG +ABA 35,09 +121*% 30,68 £ 0,35
3 PEG + SNP 23,56 +1,02* 30,42 £0,56
3 PEG + cPTIO 35,64 + 1,04* 41,87 £0,65*
6 Control 22,14 +£0,05 28,72 +£0,09
6 PEG 40,36 +0,36* 44,16 £0,23*
6 PEG +ABA 36,65+ 1,02% 34,34 +1,02*
6 PEG + SNP 24,46 £ 0,69* 31,18 £0,94%
6 PEG + cPTIO 38,12 +1,25% 45,85 £1,04*

The results were given as 3 repeated mean + standard error. (¥, p<0.05)

Table 5. Changes occurring in total chlorophyll levels
(mg/g FW) in leaf tissue of Cicer arietinum L. cv.
“Canitez” and “Aksu” chickpea cultivars depending on

treatment groups and days.

Treatment | Treatment Chlorophyll Cholorophy!
day groups level mg/g FW | level mg/g FW
(AKSU) (CANITEZ)
0 Control 13,19 0,06 14,73 £ 0,02
0 PEG 11,72 £0,02 13,45 +0,05
3 Control 13,64 0,09 14,72 +£0,03
3 PEG 13,76 £ 0,03 13,53 £0,01
3 PEG+ABA 16,29 +0,05* 17,35 +0,06*
3 PEG+SNP  18,37+0,04* 19,85 +0,09*
3 PEG+cPTIO 15,48 +£0,08* 16,02 £ 0,02*
6 Control 13,56 £ 0,06 14,31 +£0,09
6 PEG 14,82 +£ 0,02 14,57 £ 0,05
6 PEG+ABA 16,73 +0,09* 18,57 £0,08*
6 PEG+SNP 20,65 +0,06% 22,73 +0,04*
6 PEG+cPTIO 16,57 £0,05* 17,06 +0,07*

The results were given as 3 repeated mean =+ standard error.

The effects of treatment groups on chlorophyll levels in
leaf tissue of Cicer arietinum L. cv. “Camtez” and
“Aksu” chickpea cultivars: In Canitez and Aksu
cultivars, PEG and PEG+cPTIO treatment groups were
found to have decreased depending on time compared to
the control group; on the other hand, there was an increase

The results were given as 3 repeated mean =+ standard error. (*, p<0.05)

for sensitive Aksu cultivar compared to tolerant Canitez
cultivar in other treatment groups (Table 5). The highest
total chlorophyll level was determined to be 20.65+0.06
mg/g TA and 22.73+0.04 mg/g TA in the PEG+SNP
treatment group on day 6 in the Aksu cultivar and Canitez
cultivar, respectively. The increase determined in
PEG+ABA, PEG+SNP and PEG+c-PTIO treatment groups
on days 3 and 6 in both cultivars compared to control
groups was statistically significant (p<0.05).

Discussion

Itis biologically quite difficult to detect drought stress
by the plant, to transmit it and to understand the
biochemical and molecular mechanisms of its tolerance.
Generally, tolerance to abiotic stress is a very complex
system. This is because thanks to stress factors, there are
considerably complicated effects between various
molecular, biochemical, and physiological events which
influence plant growth and development (Bouman et al.,
2005, Razmjoo et al., 2008, Jaleel et al., 2009). The
impacts of drought stress are observed on almost all plants.
However, the effect it causes varies from species to
species, even within a species (Jaleel et al., 2009). Nitric
oxide is also stated to involve many developmental stages
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in plants as well as in animals and other organisms. It was
understood that NO which is a signal molecule had an
effect on the regulation and controlling of plant cell
functions at every stage of the development (Arasimowicz
& Floryszak-Wieczorek, 2007, Leitner et al, 2009,
Moreau et al., 2010). In a study conducted by Zhao et al.,
(2008) on cane, it was reported that PEG-60000 stimulated
NO release and antioxidant activity in stress-tolerant
species, did not stimulate in sensitive species and was
protective against oxidative damage and increased
tolerance to osmotic stress. In addition to all these, it is
suggested that the physiological function of NO under
stress conditions in plants and its source have not been
clarified completely despite intensive studies conducted
for a long time (Neill et al., 2008, Laspina et al., 2005).
The effects of NO were also investigated under several
abiotic stress conditions such as drought, salinity, and high
and low temperature. Reactive oxygen species are released
under such stress conditions and numerous oxidative
breakdown reactions start within the cells. NO
participating in signal transmission pathway under stress
conditions is in mutual interaction with active oxygen
species. A previous study revealed that NO was protective
against oxidative stress resulting from drought in wheat
seedlings (Garcia-Mata & Lamattina, 2001). It was found
that NO promoting the tolerance to severe drought stress
did not function alone, for example, they were functioning
together with H>O, in stomatal closure in Arabidopsis
(Garcia-Mata & Lamattina, 2001). The studies also
reported the responses of NO under heat and cold stress.
In the study conducted by Silveira et al., 2017 on
sugarcane genotypes IACSP95-5000 (drought-tolerant)
and TACSP97-7065 (drought-sensitive), they presented
additional evidence indicating that intracellular NO
production increased in case of water deficiency in the
leaves of drought tolerant genotype and there was a
correlation between NO production and drought tolerance.
In the present study, NO levels were identified to increase
by days in drought tolerant Canitez cultivar in PEG and
SNP treatments. The decrease in NO levels on day 6 based
on drought treatment in the drought-sensitive Aksu
cultivar revealed that the response of the plant to drought
stress was different from the response by the Canitez
cultivar. As is known, tolerance to drought stress which
exists in all plants varies from species to species, even
within a species (Jaleel et al., 2009). While NO levels
increased approximately 1.5 times in the tolerant cultivar
compared to control and PEG treatment, approximately 2
times increase was detected in PEG+SNP treatment (Table
1). In the present study, SNP treatment increased drought
tolerance based on drought stress treatment, this increase
was obvious, particularly in the Canitez cultivar. In the
sensitive cultivar, about 1.5 times increase on day 3 and 2
times increase on day 6 were observed in PEG+SNP
treatment compared to PEG treatment. However, when
two cultivars were evaluated together; higher levels of NO
were identified in SNP treatment in the tolerant Canitez
cultivar depending on PEG treatment compared to the
sensitive Aksu cultivar. While there was about a 1.5 times

increase in PEG treatment in the tolerant cultivar
compared to the control, the sensitive cultivar had a slight
increase. The fact that SNP treatment increased NO levels
in both cultivars made us think that the positive effect of
SNP was distinct in tolerant cultivars. This result of the
present study is compatible with the results of Silveira et
al., (2017) and Zhang (2016). An increase of NO in leaves
of drought tolerant genotype introduces additional
evidence indicating that there is a correlation between NO
production and drought tolerance. The effect of nitric
oxide on metabolic and physiological processes depends
on the ability to interact and modify multiple targets
within plant cells, making it a difficult task to understand
the effects on plants (Lamattina et al., 2003). In fact, it
should be one of the major aims of NO research in the near
future to understand metabolic pathways controlling NO
homeostasis in plants. In addition, drought tolerant
genotype has higher NO content than drought-sensitive
ones. Further studies addressing the long-term responses
of plants to water deficiency and NO to modulate both
physiological and morphological adaptation in various
availability of water should reveal more aspects of this
multiple signal molecule in plants.

Proline is a well-known osmoprotectant which
accumulates in several plants as a response to applications
of numerous biotic and abiotic stress. Even though its
contribution to stress physiology has not been cleared up
yet, it was suggested to increase tolerance to drought stress
by protecting protein cycle mechanisms from stress
damage (Rhodes et al., 1999; Ali et al., 1999; Okuma et al.,
2000; Sharma & Dubey, 2005; Verbruggen and Hermans
2008; Yang et al., 2021). A previous study reported that
proline conserved nitrogenase activity in the Glycine max
plant (Pedersen et al., 1996) during water deficiency stress.
SNP treatment provided an increase in the proline content
of Ginkgo biloba (Qu et al., 2023) and P. przewalskii plants
exposed to drought (Lei et al., 2007). NO was reported to
increase the accumulation of free proline induced by
drought in O. sativa and T. aestivum (Hasanuzzaman et al.,
2018; Dien et al., 2019). A study reported that proline
levels increased transgenic endogenous NO levels in leaves
of O. sativa both subjected to foliar SNP treatment and
under drought stress (Farooq et al., 2009; Cai et al., 2015).
A recent study revealed that seed priming with SNP
significantly alleviated oxidative damage induced by salt
stress in Vigna radiata, where seed treatment improved the
concentration of defence metabolites such as phenolic
content, amino acids, carbohydrates, proline content, and
antioxidants like CAT, APX, and SOD (Hasanuzzaman et
al.,2021) In Satureja hortensis, a concentration of 200 mM
SNP under Cd toxicity exhibited enhanced levels of
various biochemical parameters, including chlorophyll
content, proline content, and the activity of different
antioxidants (Azizi et al., 2021). The combination of NO
and SA prevented Ni toxicity in Brassica napus through the
accumulation of proline content, increased chlorophyll
concentration, and decreased lipid peroxidation (Kazemi et
al., 2010). Under high-temperature stress (32, 37, and
42°C), applications of cPTIO, ascorbic acid, and



tetramethyl piperidinooxy were reported to stimulate
proline biosynthesis, increase antioxidant enzyme
activities, prevent DNA damage, and inhibit chlorophyll
degradation in Vicia faba plants (Alamri et al., 2019).
Under salt stress (50 and 100 mM), application of SNP (1,
10, and 100 uM) in Brassica campestris plants has been
observed to reduce ROS lipid peroxidation, increase
chlorophyll and relative water content, enhance growth
rate, and improve photosynthesis (Sami et al., 2021).
Under drought stress (50% of field capacity), the
application of SNP (0, 100, and 200 pmol) in Silybum
marianum plants was reported to increase proline content
(Zangani et al., 2023). In their study, Tan et al., (2006)
stated that proline content increased depending on the
severity of water deficiency and time, and this result and
the results of the above researchers also support the results
of the present study. In the present study, the tolerant-
Canitez cultivar was determined to accumulate a higher
amount of proline as a response to drought compared to the
sensitive cultivar (Table 2). In the tolerant cultivar, the
proline level increased about 4 times in the PEG treatment
group and about 5 times in the PEG+ABA treatment group
compared to the control. It was also thought that more
proline was synthesized to resist drought in both cultivars
by eliminating the NO effect with the addition of NO
scavenger because an increase was observed in the
PEG+cPTIO treatment group compared to the SNP group
in sensitive and tolerant cultivars. Recently, proline has
also been indicated to act as an OH scavenger providing a
characteristic of protecting cellular membranes against
oxidative lipid peroxidation which is an indicator of
oxygen damage (Ashraf & Foolad, 2007). Therefore, it is
possible to assert that greater accumulation of proline not
only acts as osmolite but also protects cells from oxidative
damage under drought in Canitez. Although both NO and
proline accumulation seem to be important in drought
stress, it is thought that more research is needed on their
mutual relationships.

In the study by Zhang et al., (2003), LOX activity of
Triticum aestivum L. (wheat) seeds was reported to
decrease after osmotic stress. In their study, Sofo et al.,
2004 divided olive (Olea europaea L.) plants into two
groups as 14 stressed control plants (CP) and 36 stressed
plants (SP). Control plants (CP) received water in equal
amounts transpired during the whole experimental period.
In the first 10 days of the experimental period, stressed
plants (SP) were exposed to water consumption that was
gradually controlled and a daily decrease was applied,
which was less than 10% of the total water flow. It was
reported that especially leaf tissue is influenced more by
water, which led to a distinct increase in LOX activity, and
this condition showed a three times increase in LOX
activity during severe drought stress compared to control
plants. In addition, the highest LOX activities under
drought stress were 1.7 and 1.6 times higher than control
values, respectively. Sofo et al., (2004) suggested that there
was a close correlation between the gradual increase of
LOX activity and the progress of drought stress conditions.
In a study conducted on Brassica spp. (Brassica napus L.
cv. BARI Sharisha 13, Brassica campestris L. cv. BARI
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Sharisha 9 and Brassica juncea L. cv. BARI Sharisha 11),
plants were exposed to drought stress induced with 15%
PEG -6-000 and the samples were taken after 48 hours. The
plants were also treated with PEG+ Trehalose. The
researchers noted that drought stress decreased fresh and
dry and leaf RWC of Brassica seedlings, however, B.
juncea was more tolerant under drought stress compared to
the other two species. Drought stress was also shown to
cause an increase in LOX activity and MDA levels in all
Brassica seedlings (Alam et al., 2014).

In the present study, on the other hand, the result
indicating that LOX activity increased against drought
stress, particularly in sensitive Aksu cultivars is compatible
with the results of Alam et al., (2014), Sofo et al., (2004)
and Aziz et al., (1998). Increased LOX activities can be
interpreted as causes for lipid peroxidation increased under
stress conditions. Because unsaturated fatty acids which
are a great majority of phospholipids in cell membranes are
the substrate of LOX enzyme, the increase of LOX activity
was reported to lead to the breakdown of the lipid
composition of the cell membrane and other cellular
elements. Therefore, the LOX enzyme plays an important
role in the composition of membrane lipids and the entity
of the cell membrane (Maalekuu et al., 2006). In the
present study, lesser enzyme activity was identified in
tolerant cultivars than in sensitive cultivars depending on
drought stress. Nevertheless, we can say that LOX enzyme
activity was higher in the tolerant cultivar, protective effect
of exogenously applied SNP was more efficient on both
days in especially PEG+SNP treatments in the tolerant
cultivar and when MDA results were also considered
similar results occurred in other words; cellular
components were broken down more, both SNP and ABA
treatments were more effective in the tolerant cultivar.

MDA, which is a product of membrane lipid
peroxidation, is considered a credible marker and routinely
used to evaluate the level of oxidative damage resulting
from different stress treatments on plants (Del Rio et al.,
2005; Mihaljevi'c et al., 2021). Hussain et al., (2014)
detected lower MDA contents in comparative analysis
performed on more tolerant cultivars. In the present study,
even though an increase was observed for MDA levels of
both cultivars compared to the control, PEG+ABA and
SNP treatments of sensitive cultivars had similar results
with the control group. On day 6, MDA levels decreased in
both cultivars in PEG+SNP treatment compared to PEG
treatment. Especially MDA levels of tolerant cultivar
decreased about 2 times in SNP treatment. The effects of
NO on salt stress in wheat plants were researched in a
previous study. In the study wheat plants were treated with
150 uM and 300 pM NacCl, 150 pM NaCIl+SNP and 300
UM NaCIl+SNP. The results of the study revealed that MDA
content increased in parallel with concentration of salt
stress. MDA content in 150 uM of NaCIl+SNP treatment
was lower than both the control group and NaCl treatments
and MDA content decreased in 300 uM NaCIl+SNP
treatment (Hasanuzzaman et al., 2011). Zhang et al.,
(2014) stated that CCRI-60 could be protected better
against oxidative damage under drought stress and the level
of MDA produced during peroxidation of membrane lipids
could be used as an indicator of oxidative damage in their
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study on two cotton cultivars (drought tolerant CCRI-60
and drought-sensitive CCRI-27) and the studies by Del Rio
et al., (2005), Hussain et al., (2014), Zhang et al., (2016)
were compatible with the present study. In the present
investigation, the lower values of MDA in Cansu indicate
that at the cellular level, this genotype is better equipped
with an efficient free radical quenching system that offers
protection against oxidative stress.

Differences in chlorophyll contents were shown to be
associated with drought tolerance (Sairam et al., 1998). In
their study, Rossi et al., (2017), Mafakheri et al., (2010),
Nyachiro et al., (2001) and Kpyoarissis et al., (1995)
reported that total chlorophyll levels decreased based on
drought stress. In the present study, total chlorophyll levels
decreased based on drought stress on days 3 and 6 in the
PEG treatment groups compared to all other groups. The
result that chlorophyll levels decreased depending on
drought treatment was compatible with the results by Hu et
al., (2023), Mafakheri et al., (2010), Nyachiro et al., (2001)
and Kpyoarissis et al., (1995). Hammad & Ali (2014)
found that both chlorophyll levels and photochemical
activity decreased based on drought stress, which is
compatible with the results of the present study. In the
present study, total chlorophyll contents decreased by PEG
treatment in both cultivars compared to control increased
about 4 times in the sensitive Aksu cultivar and 3 times in
the tolerant cultivar by SNP and ABA treatments, and
significantly decreased by treatment of cPTIO the NO
scavenger. This suggests that SNP and ABA make the plant
more drought tolerant under stress conditions and
treatment of cPTIO the NO scavenger eliminated the
therapeutic effect of SNP.

Conclusion

The results obtained showed that NO and ABA
applications corrected the negative effects of drought
stress. In addition, SNP applied as a NO donor had
positive effects and the emergence of negative effects
with NO scavenger c-PTIO indicated that NO is a
molecule that helps antioxidant defense in the plant.
Plants are generally exposed to numerous similar factors
such as salinity, drought, pollution, heat, and cold during
their life spans and their normal growth and development
are influenced negatively. Changes occurring in plants
under these conditions are defined as stress. Because
population density is increasing gradually and arable
areas have reduced, it has become substantially important
to decrease product loss resulting from stress in our world
where nutrition problems might occur in the future. In
light of technological advancement developing to this
end; it will be a considerably crucial stem to understand
defense mechanisms in tolerant plant species, particularly
against stress factors for minimizing product loss.
Tolerance to all abiotic stressors at the plant and cellular
degree is quite complex. This was associated with the
complexity of interactions between stress factors and
various physiological, biochemical, and molecular events
influencing plant development and growth. At present,
economically effective technological tools and methods
which will facilitate the production of plant species with
agricultural importance under stress conditions are not

available. However, the development of plants tolerant to
environmental stressors is an approach that will aid the
increasing needs of developed and developing countries.
Development of tolerant plants requires to have
knowledge about physiological mechanisms and genetic
controls ensuring tolerance at different developmental
stages of plants. Comparison of drought tolerance
mechanisms in different plant species will be important in
terms of understanding the points that regulate possible
molecular mechanisms providing drought tolerance. The
development of drought-resistant or tolerant cultivars, in
addition to plants natural capabilities for drought
tolerance, is essential for achieving global food security
by balancing population expansion and food demand.
Furthermore, comparative research involving various
plant species under different stress conditions will
provide a better understanding of the potential of SNP to
enhance crop improvement and stress tolerance.
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