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The Ameliorate Effects of Azelaic Acid on Salt Stress Tolerance
in Glycine max L.
Hatice CETINKAYA1, Burcu SECKIN DINLER1                                         10.18805/LRF-941

ABSTRACT
Background: Azelaic acid (AzA) is recognized as an inducer of systemic acquired resistance under biotic stress; however, its role
in plant cell wall regulation and reactive oxygen species (ROS) metabolism under abiotic stress remains unclear. This study
investigated the physiological, biochemical, enzymatic and molecular responses of soybean plants treated with AzA under
salinity stress.
Methods: In this experimental study conducted in 2024 at the Sinop University Plant Physiology Laboratory, 10-day-old soybean
(Glycine max L.) plants were treated with AzA (12 and 24 ppm) and 250 mM NaCl. After 10 days, physiological parameters including
growth, water status, chlorophyll content and electrolyte leakage were evaluated. Biochemical analyses included ROS content,
hydroxyl radical scavenging capacity and proline accumulation. Antioxidant enzymes (SOD, CAT, POX, APX, GR, GST, DHAR and
MDHAR), cell wall-related enzymes (PAL and PME) and expression levels of XTH3, EXPA2 and WAK4 genes were also analyzed.
Result: AzA treatment alleviated salt-induced oxidative damage in soybean plants. It improved biomass, photosynthetic performance,
membrane stability and ROS scavenging capacity under salinity stress. AzA also regulated antioxidant defense systems and
enhanced PAL and PME activities associated with cell wall metabolism. Molecular analyses showed significant changes in XTH3,
EXPA2 and WAK4 gene expressions in AzA-treated plants under salinity conditions. AzA plays an important role in improving
salinity tolerance in soybean by regulating oxidative stress responses, antioxidant defense mechanisms and cell wall-related
pathways. These f indings provide new insights into the molecular and physiological mechanisms of AzA-mediated stress
tolerance in plants.
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INTRODUCTION
Azelaic acid (AzA) is a saturated C9 dicarboxylic acid
involved in systemic acquired resistance (SAR). During
pathogen attack, AzA biosynthesis stimulates the release
of free fatty acids from membrane lipids, which contribute
to AzA production (Yu et al., 2013). Plant cell walls are
dynamic structures that can be remodeled during growth
and stress conditions (Tenhaken, 2014; Rani and Sharma,
2017). Their architecture plays an essential role in stress
perception, signal transduction and tolerance mechanisms.

Soybean (Glycine max L.) is one of the most important
crops worldwide because of its high oil and protein content
(Ren et al., 2018). However, soybean is relatively sensitive
to salinity stress, which significantly reduces growth and
productivity (Nadeem et al., 2019). Therefore, understanding
the physiological and molecular responses of soybean
under salinity stress is important for improving stress
tolerance.

This study investigated the effects of AzA application
on soybean leaves under salinity stress. Physiological
parameters, ROS regulation, antioxidant enzyme activities,
cell wall-related enzymes and stress-related gene
expressions were evaluated to determine the role of AzA in
salinity tolerance. Different concentrations of AzA were
applied under salt stress conditions and their effects were
compared. The results showed that AzA treatment alleviated

salt-induced oxidative damage by enhancing ROS
scavenging capacity and regulating antioxidant defense
mechanisms. In addition, AzA induced cell wall-related
enzyme activities and altered the expression of stress-
responsive genes associated with cell wall remodeling.
These findings suggest that AzA plays an important role in
improving salinity tolerance in soybean through
physiological, biochemical and molecular regulation
mechanisms.

MATERIALS AND METHODS
Soybean (Glycine max L.) ATAEM seeds were obtained
from the Black Sea Agricultural Research Institute (Samsun,
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Türkiye). Seeds were surface sterilized with 1% hypochloric
acid for 10 min, rinsed with distilled water and germinated
in darkness for 5 days at 22C. Germinated seeds were
transferred to plastic pots containing a soil:clay:clay-loam
mixture (2:1:1, pH 6.5). Seedlings were grown in a controlled
growth chamber at 25C under a 16 h light/8 h dark
photoperiod with a light intensity of 350 µmol m-2 s-1 and
irrigated with Hoagland nutrient solution for 10 days
(Hoagland and Arnon, 1950).

Azelaic acid (AzA; Sigma Chemical Co.) and salinity
concentrations were selected according to preliminary
experiments. The experimental design consisted of six
groups: Control (C), 12 ppm AzA (A1), 24 ppm AzA (A2), 250
mM NaCl (S), NaCl+12 ppm AzA (S+A1) and NaCl+24 ppm
AzA (S+A2). Treatments were applied through the Hoagland
solution via roots and plants were harvested on the 10 th

day. AzA was dissolved in 5 mM MES buffer before addition
to the nutrient solution. Plants were irrigated daily with 20
mL solution per plant. Experiments were conducted
randomly with three biological replicates and harvested
samples were stored at -80C for further analyses.

Physiological analyses included relative water content
(Smart and Bingham, 1974), chlorophyll content
(Lichtenthaler and Buschmann, 1987), relative electrolyte
leakage (Singh et al., 2008) and leaf area measurements
using a CI-201 portable leaf area meter. Oxidative stress
and antioxidant responses were evaluated through
measurements of superoxide radical (Ke and Sun, 2004),
hydroxyl radical scavenging activity (Kim et al., 1997),
malondialdehyde (MDA; Madhava Rao and Stresty 2000),
hydrogen peroxide (H2O2; Velikova et al., 2000) and proline
(Claussen, 2005) content according to previously described
methods.

Antioxidant enzyme activities including superoxide
dismutase (SOD; Fridovich 1971), catalase (CAT;
Bergmeyer 1970), ascorbate peroxidase (APX; Nakano and
Asada, 1981), glutathione reductase (GR; Foyer and
Halliwell, 1976), glutathione-S-transferase (GST; Habig
et al., 1974), peroxidase (POX) (Herzog and Fahimi, 1973).,
dehydroascorbate reductase (DHAR) (Nakano and Asada
1981) and monodehydroascorbate reductase (MDHAR)
(Hossain and Asada, 1984) were determined
spectrophotometrically using established protocols.
In addition, pectin methylesterase (PME) (Hagermann and
Austin, 1986) and phenylalanine ammonia lyase (PAL)
(Pascholati et al., 1986) activities were analyzed as cell
wall-related enzymes.

Gene expression analyses of GmXTH1, GmEXPA2
and GmWAK4 were performed by RT-qPCR. Total RNA was
isolated using the QIAGEN RNeasy Plant Mini Kit and
reverse-transcribed into cDNA. RT-qPCR reactions were
carried out using SYBR Green chemistry with soybean
actin 1 as the internal control. Statistical analyses were
conducted using IBM SPSS Statistics 26. Since data were
not normally distributed, the Kruskal-Wallis H test followed
by Bonferroni post-hoc test was applied. Statistical
significance was accepted at p<0.05.

RESULTS AND DISCUSSION
In the present study, chlorophyll content was increased
slightly by 76% and 92.7% under Salt+AzA1 and S+AzA2
treatments, respectively (Fig 1). REL was decreased by
28.4% and 24% under S+AzA1 and S+AzA2 compared to
salt alone, indicating improved membrane stability. O2
content was increased under all stress treatments;
however, S+AzA applications reduced it by 45.3% and 48.1%
compared to salt alone. Under non-stress conditions, AzA1
caused a slight 1.7-fold increase in superoxide levels
relative to control.

Fig 1: The effects of AzA on A) chlorophyll (CHL), B) leaf area
(LA) and C) relative electrolyte leakage (REL) under the salt

stress in soybean leaves.

Control (C), AzA1; 12 ppm (A1), AzA2; 24 ppm (A2), NaCl 250 mM (S),
NaCl+AzA1 (S+A1), NaCl+AzA2 (S+A2). Columns, marked with different
letters represent groups with significantly different values (P<0.05).

Data represent mean±SD (n=  3).
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MDA content was decreased by 23.6% under S+AzA1
and by 31.9% under S+AzA2 compared with salt treatment,
although these changes were not significant. H2O2 levels
were significantly affected by AzA treatments, increasing by
40% with AzA1 and 58.18% with AzA2. Proline content was
increased up to 2.2 and 2.3-fold under S+AzA2 compared
to salt alone. Superoxide dismutase (SOD) activity was
increased by 64.4% with AzA1 compared to control.

Phenylalanine ammonia lyase enzyme activity was
increased under S+AzA treatments by 33% (AzA1) and 39.6%
(AzA2) compared to salt alone (Fig 4). GmXTH3 expression
showed 3.5-fold and 1-fold increases under AzA treatments,
while S+AzA treatments resulted in 1.85-fold and 1.2-fold
increases.

In the present study, salinity significantly reduced root
length, whereas other growth parameters showed only
slight and non-significant decreases (Table 1). This
reduction may be associated with impaired sugar
metabolism and disruption of water balance under salt
stress. In addition, salt stress induces stomatal closure,
limiting stomatal conductance and reducing photosynthetic
carbon assimilation (Dhansu, 2026). The decline in
photosynthetic activity subsequently decreases sucrose
production and alters carbohydrate metabolism in plants
(Ahmad, 2017; Yılmaz and Kulaz, 2019).

Under non-stress conditions, both AzA concentrations
affected root length, however, AzA1 was more effective than
AzA2 in promoting root elongation compared with the
control. These findings suggest that increasing AzA
concentration may suppress root growth. Similar results
were reported by Alvarez-Rodriguez et al. (2024), who
demonstrated that AzA competes with auxin for binding sites
in Arabidopsis roots. Therefore, AzA may influence auxin
regulation in soybean roots, resulting in changes in root
development.

According to the results, obtained under stress
conditions, an increase in the length of roots/shoots under
only one conditions occurred (15.2%) was under S+AzA1
application in terms of root length (Table 1). These results
indicate that under stress conditions, AzA might alleviate
growth parameters in soybean plants by maintaining water
uptake. Similarly, (Cetinkaya et al., 2025) presented that
AzA priming treatment enhances water uptake by increasing
the accumulation of organic matter in barley.

According to the literature, Rodrigues et al. (2023)
reported that soybean plants sprayed with 1 mM AzA
exhibited improved photosynthetic performance under
pathogen effect. In this work, this important improvement
in chlorophyll content could be attributed to the action of
AzA on photosynthesis mechanisms in soybean leaves.
AzA may protect soybean leaves from stress-induced
chlorosis via a reduction in Na+ entry to roots as determined
by Haghighi and Sheibanirad (2018). Decreased leaf growth
may depend on decreased photosynthetic activity under
stress conditions, while AzA appears to restore this activity.
Based on the data obtained from his study, it can be said
that the applied AzA concentrations generally affected
biochemical results by decreasing ROS, increasing proline
and chlorophyll levels and decreasing MDA levels, more
than physiological parameters. The increase in H2O2 levels
stimulates some enzyme activities, while in some cases,
it can be interpreted as indicating the presence of stress.
Furthermore, the decrease in MDA levels caused by AzA
application is supported by the decrease in REL and the
increase in LA.

As mentioned above, AzA treatment with salt led to an
increase in LA (Fig 1). Based on these findings, it appears
that G3P treatment maintains ion homeostasis via the
addition of Na+ and other minerals to Pistachio vera as
Raoufi et al. (2020) reported.

When the REL was examined, an increase in this
content under stress conditions (salt 3.66-fold) compared
to that in the control group (Fig 1) was detected. A similar
trend was observed in soybean leaves under conditions of
salinity, which was showed by Ayvacı et al. (2023). It is
thought that stress application damaged the membrane
structure and led to an increase in this content. On the
other hand, AzA treatment caused a decrease in the REL,
which was disrupted by membrane damage caused by
stress treatment. In parallel with our findings, Bubier (2004)
observed that overexpression of EARLI1 in Arabidopsis
transgenic plants produced a reduction in electrolyte
leakage under freezing-induced damage. In this way, AzA
could inhibit oxidative damage by producing a decrease in
REL and its content.

Under normal conditions, only 12 ppm AzA led to an
increase in the superoxide radical content compared to
that in the control group. Stress induces oxidative damage

Table 1: The effects of AzA on lengths, fresh and dry weights, relative water content (RWC) under the salt stress in soybean leaves.

                     Length (cm)                           Fresh weight (gr)                        Dry weight (gr) RWC (%)

  Root Shoot Root Shoot Root Shoot  Leave

C 18.4±1.15c 34.0±1.00 0.27±0.03 1.63±0.63 0.020±0.03 0.21±0.0 85.30±3.62
A1 25.2±4.04a 30.6±4.04 0.22±0.07 1.30±0.04 0.014±0.01 0.16±0.0 81.98±6.89
A2 21.2±1.10b 32.8±1.53 0.25±0.05 1.76±0.46 0.018±0.05 0.17±0.0 86.00±5.83
S 15.61±2.08 28.8±3.06b 0.11±0.05 1.17±0.21 0.010±0.00 0.14±0.06 79.55±4.11
S+A1 17.8±2.69 30.6±2.89a 0.19±0.06 1.30±0.10 0.014±0.00 0.15±0.02 82.26±3.01
S+A2 20.2±2.54 27.2±2.52 0.20±0.03 1.40±0.24 0.015±0.01 0.20±0.11 86.97±6.06
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by ROS accumulation in plants (Singh and Dhal, 2023)
and this situation could damage cell components (Mansoor
et al., 2023). In this study, as shown in Fig 2, AzA treatment
produced a decrease in superoxide radical content under
different stress conditions, but this reduction was greatest
under salt stress. In this study, AzA inhibited stress-induced
oxidative damage by facilitating a decrease in the
superoxide radical content. Moreover, variable results with
respect to AzA treatment under stress and treatment days
were found. It was recently showed that AzA and hexanoic
acid treatments led to a reduction in superoxide radical
and hydrogen peroxide contents in soybean plants under
biotic stress (Rodrigues et al., 2023). In this regard, this
study is the first to show that AzA can protect soybean leaves
from abiotic stress-triggered oxidative damage.

In this work, salt stress increased the proline content
(11.3%) compared to that in the control group (Fig 2). Under
non stress conditions, this finding can be explained by the
results from the previous report by Pitzschke et al. (2016)
who reported that the AZI1 protein is a glycoprotein that is
rich in hydroxyproline. Therefore, the results of the present
study suggest that exogenous AzA produced an increase

in proline content in soybean leaves. This finding shows
that AzA has a two-way effect on proline by either inducing
or producing a decrease in proline. S+AzA1 induced proline.
In this work, it can be argued that AzA could act as an
antioxidant to eliminate ROS without a requirement for
proline accumulation. These results positively correlated
with superoxide radical, MDA and REL contents under AzA.
Salt treatment caused an increase in SOD enzyme activity
(by 2.1-fold) when compared with that in the control groups.
SOD activity also negatively correlated with REL and MDA,
while it positively correlated with LA, CHL content and
hydroxyl radical scavenging capability (Fig 3). In the present
study, in addition to having an antioxidant role, AzA
scavenged radicals by facilitating an increase in SOD
enzyme activity in soybean leaves under abiotic stress.
Beside this, hexanoic acid treatment induced SOD enzyme
activity and did not cause changes in APX enzyme activity
under (A. solani) treatment in tomato plants (Rabiei et al.,
2022). Lastly, Haghpanah et al. (2024) showed that 1 mM
Aza induced POX and CAT activities during the initial stages
of the same infection. Overall,  in  the present  study, AzA1,2
protected soybean leaves by acting as an antioxidant without

Fig 2: The effects of AzA on A) Superoxide anion radicle (O2.-), B) Malondialdehyde (MDA), C) Hydrogen peroxide (H2O2), D)
Proline; E) OH.- scavening capacity under the salt stress in soybean leaves.

Control (C), AzA1; 12 ppm (A1), AzA2; 24 ppm (A2), NaCl 250 mM (S), NaCl+AzA1 (S+A1), NaCl+AzA2

(S+A2). Columns, marked with different letters represent groups with significantly different values
(P<0.05). Data represent mean±SD (n = 3).
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induction of  all antioxidant enzymes (except SOD).
In addition, AzA concentration and duration of stress are
very important. To our knowledge, this is the first study of
the effect of AzA on antioxidant enzymes under abiotic stress.
Moreover, different effects of AzA on PAL enzyme activities
in all treatments were detected. Specifically, under saline
conditions, while AzA1 led to a induction in PAL enzyme
activity. Similarly, it was reported that AzA increases lignin
formation in (S. lycopersicum) under biotic stress by
inducing PAL enzyme activity (Haghpanah et al., 2024)

(Fig 4). AzA may have led to a reduction in the activity of this
enzyme during the first days of stress. Therefore, AzA may
also act as an opposite defense system by facilitating a
reduction/induction in activities, which are altered under
stress conditions.

The increase in Chl, LA, PAL activity, the increase in
OH radical scavenging capacity, the decrease in MDA, PME,
REL and the increase in SOD enzyme activity with XTH and
EXP genes, which are cell wall-related genes, can be
interpreted as the stimulatory effect of applied AzA on cell

Fig 3: The effects of AzA on A) Superoxide dismutase (SOD), B) Peroxidase (POX) C) Ascorbate peroxidase (APX), D) Glutathione
S-Transferase (GST E) Catalase (CAT), F) Glutathione reductase (GR), G) Monodehydroascorbate reductase (MDHAR) activity,

H) Dehydroascorbate reductase (DHAR) activity under the salt stress in soybean leaves.

Control (C), AzA1; 12 ppm (A1), AzA2; 24 ppm (A2), NaCl 250 mM (S), NaCl+AzA1 (S+A1), NaCl+AzA2 (S+A2).
Columns, marked with different letters represent groups with significantly different values (P<0.05). Data

represent mean±SD (n = 3).
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wall stability under salt stress conditions, providing
protection. In the present study, Salt induced PME activity
in soybean leaves. Similarly, Pal et al. (2016) showed that
the expression of SIPME genes was upregulated under
drought stress in S. lycopersicum. In addition, under stress
treatments, AzA1 treatment led to a notable inhibition in
the activity of the PME enzyme (Fig 4). As emphasized
before, AzA can maintain cell wall homeostasis by
regulating membrane integrity and solute exchange. XTH
plays a role in regu lating cell wall structure and
morphology but also plays a crucial role in plant
adaptation to external stress (Ishida and Yokoyama, 2022).
In the present study, the GmXTH3 gene expression was
increased by 3.94-fold and 9.15-fold after exposure to the
because of the capability of AzA to trigger cell growth in
leaves by inducing XTHs.

GmWAK4 (soybean wall associated kinase) gene
expression was downregulated in the salt  treatment group
when compared with the control group (Fig 5). These
results are in agreement with the findings of XTH gene
expression and decreased oxidative damage in response

to AzA treatment. Similarly, in soybean, GmWAK1 gene
expression changed in response to salicylic acid and
produced a decrease in oxidative damage under pathogen
stress (Zhao et al., 2023). This finding suggests that AzA
could maintain Na+ accumulation in soybean leaves as
reported by (Meco et al., 2020), who detected WAK1 genes
in tomato.

TaEXPB23 (wheat expansin gene) is involved in the
regulation of salt stress tolerance in wheat (Yang et al.,
2012). In parallel with these previous reports, GmEXPA2
gene expression induced by 2.7-fold after S+AzA1
application compared to that with salt application. The
results reveal that these results were accompanied by
up-regulation of other genes whose expression was
similar to that determined in this study (GmXTH3 and
GmEXPA2) under the same treatment (S+AzA2, S+AzA1)
as shown in Fig 5. Overall, AzA has positive effects on cell
wall-related genes and PME activity and ameliorates these
effects, which is correlated with a reduction in MDA and
maintenance of ion homeostasis in soybean leaves to
protect against stress-induced damage.

Fig 4: The effects of AzA on A) Phenylalanine ammonia lyase (PAL) activity B) Pectin methylesterase (PME) activity.

Control (C), AzA1; 12 ppm (A1), AzA2; 24 ppm (A2), NaCl 250 mM (S), NaCl+AzA1

(S+A1), NaCl+AzA2 (S+A2).  Columns, marked with different letters represent groups
with significantly different values (P<0.05). Data represent mean±SD (n=3).
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CONCLUSION
AzA protected soybean leaves from salt stress by regulating
physiological, biochemical and molecular processes and
acting as an antioxidant to reduce ROS accumulation. It
also enhanced membrane stability by maintaining ion
homeostasis and upregulating cell wall-related genes.
Since this study was conducted under climate chamber
conditions at the seedling stage, further studies under
greenhouse and field conditions with different doses are
needed to confirm AzA’s potential for improving crop yield
and stress tolerance.

ACKNOWLEDGEMENT
This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Disclaimers

The views and conclusions expressed in this article are
solely those of the authors and do not necessarily represent
the views of their affiliated institutions. The authors are
responsible for the accuracy and completeness of the
information provided, but do not accept any liability for any
direct or indirect losses resulting from the use of this content.

The Ameliorate Effects of Azelaic Acid on Salt Stress Tolerance in Glycine max L.

Fig 5: The effects of AzA on gene expression analyses of A) GmXTH1, B) GmEXPA2, C) GmWALK4 under the salt stress in
soybean leaves.

Control (C), AzA1; 12 ppm (A1), AzA2; 24 ppm (A2), NaCl 250 mM (S), NaCl+AzA1

(S+A1), NaCl+AzA2 (S+A2).



  Volume 49 Issue 9 (September 2026) 1529

Conflict of interest
The authors declare that there are no conflicts of interest
regarding the publication of this article. No funding or
sponsorship influenced the design of the study, data
collection, analysis, decision to publish, or preparation of
the manuscript.

REFERENCES
Ahmad, A., Ismun, A., Taib, M., Ilias, M.A., Ismail, A., Othman, R.

and Zainudin, S. (2017). Effects of salinity stress on
carbohydrate metabolism in Cryptocoryne elliptica cultures.
J. Trop. Plant Physiol. 9: 1-13.

Álvarez-Rodríguez, S., Araniti, F., Teijeira, M., Reigosa, M.J. and
Sánchez-Moreiras, A.M. (2024) Azelaic acid can efficiently
compete for the auxin binding site TIR1, altering auxin
polar transport, gravitropic response and root growth
and architecture in Arabidopsis thaliana roots. Plant
Physiology and Biochemistry. 210: 108592.

Ayvacı, U., Koc, F.N., Çetinkaya, H. and Seçkin Dinler, B. (2023).
Treatment with auxin and paclobutrazol mediates ROS
regulation, antioxidant defence system and cell wall
response in salt treated soybean. Brazilian Journal of
Botany. 46: 1-24. https://doi.org/10.1007/s40415-023-
00922-8.

Bergmeyer, H.U. (1970). Measurement of catalase activity. Biochemica.
327(4): 255-8.

Bubier, J.A. (2004). Characterization of the low-temperature response
of EARLI1 in Arabidopsis. Marquette University Thesis.

Cetinkaya, H., Staykov, N., Gechev, T. and Dinler, B.S. (2025).
Investigation of physiological, metabolomics analysis and
HvSOS1 genes of priming with azelaic acid in barley
seeds under salt stress. Plant Physiology and Biochemistry.
110728.

Claussen, W. (2005). Proline as a measure of stress in tomato
plants. Plant Science. 168(1): 241-248. https://doi.org/
10.1016/j.plantsci.2004.07.039.

Dhansu, P., Kaushik, S., Kumar, R., Kumar, A., Mishra, D.S., Kaushik,
P. and Khadivi, A. (2026). Salinity responses and
tolerance mechanisms in sugarcane (Saccharum
officinarum L.): Recent updates and future perspectives.
Industrial Crops and Products. 239: 122556.

Foyer, C.H. and Halliwell, B. (1976). The presence of glutathione and
glutathione reductase in chloroplasts: A proposed role
in ascorbic acid metabolism. Planta. 133: 21-25. https://
doi.org/10.1007/BF00386001.

Fridovich, I. (1978). Superoxide radicals, superoxide dismutases
and the aerobic lifestyle. Photochemistry and Photobiology.
28(4 5): 733-741.

Habig, W.H., Pabst, M.J. and Jakoby, W.B. (1974). Glutathione S-
transferases: The first enzymatic step in mercapturic
acid formation. Journal of Biological Chemistry. 249:
7130-7139. https://doi.org/10.1016/S0021-9258(19)
42083-8.

Hagerman, A.E. and Austin, P.J. (1986). Continuous spectrophotometric
assay for plant pectin methyl esterase. Journal of
Agricultural and Food Chemistry. 34(3): 440-444. https://
doi.org/10.1021/jf00069a015.

Haghighi, M., Sheibanirad, A. (2018). Evaluating of azelaic acid on
tomato vegetative and photosynthetic parameters under
salinity stress. Journal of Horticultural Science. 32(2):
287-300. https://doi.org/10.22067/JHORTS4.V32I2.
64405.

Haghpanah, M., Jelodar, N.B., Zarrini, H.N., Pakdin-Parizi, A. and
Dehestani, A. (2024). New insights into azelaic acid-
induced resistance against Alternaria solani in tomato
plants. BMC Plant Biology. 24(1): 687.

Herzog, V. and Fahimi, H.D. (1973). A new sensitive colorimetric
assay for peroxidase using 3,32 -diaminobenzidine as
hydrogen donor. Analytical Biochemistry. 55: 554-562.
https://doi.org/10.1016/0003-2697(73)90144-9.

Hoagland, D.R. and Arnon, D.I. (1950). The water-culture method
for growing plants without soil. California Agricultural
Experiment Station, Circular. (2nd edition). 347: pp 32.

Hossain, M.A. and Asada, K. (1984). Inactivation of ascorbate
peroxidase in spinach chloroplasts on dark addition of
hydrogen peroxide: Its protection by ascorbate. Plant
and Cell Physiology. 25: 1285-1295. https://doi.org/10.
1093/oxfordjournals.pcp.a076837.

Ishida, K. and Yokoyama, R. (2022). Reconsidering the function of
the xyloglucan endotransglucosylase/hydrolase family.
Journal of Plant Research. 135(2): 145-156. https://
doi.org/10.1007/s10265-021-01361-w.

Ke, D. and Sun, G. (2004). The effect of reactive oxygen species
on ethylene production induced by osmotic stress in
etiolated mungbean seedling. Plant Growth Regulation.
44(3): 199-206.

Kim, J.W. and Minamikawa, T. (1997). Hydroxyl radical-scavenging
effects of spices and scavengers from brown mustard
(Brassica nigra) . Bioscience, Biotechnology and
Biochemistry. 61(1): 118-123.

Lichtenthaler, H.K. and Buschmann, C. (1987). Chlorophyll fluorescence
spectra of green bean leaves. Journal of Plant Physiology.
129(1-2): 137-147.

Madhava Rao, K.V. and Stresty, T.V.S. (2000). Antioxidative parameters
in the seedlings of  pigeonpea [Cajanus cajan (L.)
Millspaugh] in response to Zn and Ni stresses. Plant
Science. 157: 113-128.

Mansoor, S., Mir, M.A., Karunathilake, E.M.B.M., Rasool, A.,
Ştefanescu, D.M., Chung, Y.S. and Sun, H.J. (2023).
Strigolactones as promising biomolecule for oxidative
stress management: A comprehensive review. Plant
Physiology and Biochemistry. 206: 108282. https://
doi.org/10.1016/j.plaphy.2023.108282.

Meco, V., Egea, I., Ortíz-Atienza, A., Drevensek, S., Esch, E.,
Yuste-Lisbona, F.J. and Flores, F.B. (2020). The salt
sensitivity induced by disruption of SlWAK1 tomato gene
is linked to altered osmotic and metabolic homeostasis.
International Journal of Molecular Sciences. 21(17):
6308. https://doi.org/10.3390/ijms21176308.

Nadeem, M., Pham, T.H., Nieuwenhuis, A., Ali, W., Zaeem, M., Ashiq,
W. and Thomas, R. (2019). The soybean root membrane
lipids and forage quality data in response to field cultivation
on agricultural podzols in boreal climates. Data in Brief.
25: 104055.

Nakano, Y. and Asada, K. (1981). Hydrogen peroxide is scavenged
by ascorbate-specific peroxidase in spinach chloroplasts.
Plant and Cell Physiology. 22: 867-880. https://doi.org/
10.1093/oxfordjournals.pcp.a076232.

The Ameliorate Effects of Azelaic Acid on Salt Stress Tolerance in Glycine max L.



                                                                                                                                                    Legume Research- An International Journal1530

Pal, S., Zhao, J., Khan, A., Yadav, N.S., Batushansky, A., Barak, S.
and Rachmilevitch, S. (2016). Paclobutrazol induces
tolerance in tomato to deficit irrigation through diversified
effects on plant morphology, physiology and metabolism.
Scientific Reports. 6(1): 39321. https://doi.org/10.1038/
srep39321.

Pascholati, S.F., Nicholson, R.L. and Butler, L.G. (1986). Phenylalanine
ammonia-lyase activity and anthocyanin accumulation
in wounded maize mesocotyls. Journal of Phytopathology.
115: 165-172.

Pitzschke, A., Xue, H., Persak, H., Datta, S. and Seifert, G.J. (2016)
Post-translational modification and secretion of azelaic
acid induced 1 (AZI1), a hybrid proline-rich protein from
Arabidopsis. International Journal of Molecular Sciences.
17(1): 85.

Rabiei, Z., Hosseini, S., Dehestani, A., Pirdashti, H. and Beiki, F.
(2022). Exogenous hexanoic acid induced primary defense
responses in tomato (Solanum lycopersicum L.) plants
infected with Alternaria solani. Scientia Horticulturae.
295: 110841.

Rani, B. and Sharma, V.K. (2017). Rice and its physiological and
genetic basis of salt stress tolerance: A review. Agricultural
Reviews. 38(4): 290-296. doi: 10.18805/ag.R-1757.

Raoufi, A., Rahemi, M. and Akbari, M. (2020) Glycerol foliar application
improves salt tolerance in three pistachio rootstocks.
Journal of the Saudi Society of Agricultural Sciences.
19(6): 426-437.

Ren, X.W., Yu, D.W., Yang, S.P., Gai, J.Y. and Zhu, Y.L. (2018).
Effects of StP5CS gene overexpression on nodulation
and nitrogen fixation of vegetable soybean under salt
stress conditions. Legume Research-An International
Journal. 41(5): 675-680. doi: 10.18805/LR-386.

Rodrigues, F.C.T., Silveira, P.R., Cacique, I.S., Oliveira, L.M. and
Rodrigues, F.A. (2023). Azelaic and hexanoic acids inducing
resistance in soybean against Phakopsora pachyrhizi
infection. Plant Pathology. https://doi.org/10.1111/ppa.
13731.

Singh, A.K., Mondal, G.C., Kumar, S., Singh, T.B., Tewary, B.K. and
Sinha, A. (2008). Major ion chemistry, weathering processes
and water quality assessment in upper catchment of
Damodar River basin, India. Environmental Geology .
54(4): 745-758.

Singh, D. and Dhal, N.K. (2023). Chromium-induced oxidative stress
and adaptive response by plants: A physicochemical
review. Russian Journal of Plant Physiology. 70(3): 22.
https://doi.org/10.1134/S1021443722602014.

Smart, R.E. and Bingham, G.E. (1974). Rapid estimates of relative
water content. Plant Physiology. 53(2): 258-260. https://
doi.org/10.1104/pp.53.2.258.

Tenhaken, R. (2015). Cell wall remodeling under abiotic stress.
Frontiers in Plant Science. 5: 118089.

Velikova, V., Yordanov, I. and Edreva, J. (2000). Oxidative stress
and some antioxidant systems in acid rain-treated bean
plants: Protective role of exogenous polyamines. Plant
Science. 151(1): 59-66.

Yang, H., Han, Y., Li, A.X., Li, F.R., Zhao, M.R. and Wang, W.
(2012). Characterization of a wheat (Triticum aestivum
L.) expansin gene, TaEXPB23, involved in the abiotic
stress response and phytohormone regulation. Plant
Physiology and Biochemistry. 54: 49-58. https://doi.org/
10.1016/j.plaphy.2012.02.007.

Yilmaz, H. and Kulaz, H. (2019). The effects of plant growth
promoting rhizobacteria on antioxidant activity in chickpea
(Cicer arietinum L.) under salt stress. Legume Research.
42(1): 72-76. doi: 10.18805/LR-435.

Yu, K., Soares, J.M., Mandal, M.K., Wang, C., Chanda, B., Gifford,
A.N. and Kachroo, P. (2013). A feedback regulatory loop
between G3P and lipid transfer proteins DIR1 and AZI1
mediates azelaic-acid-induced systemic immunity. Cell
Reports. 3(4): 1266-1278.

Zhao, M., Li, N., Chen, S., Wu, J., He, S., Zhao, Y. and Zhang, S.
(2023). GmWAK1, a novel wall-associated protein kinase,
positively regulates response of soybean to Phytophthora
sojae infection. International Journal of Molecular
Sciences. 24(1): 798. https://doi.org/10.3390/ijms240
10798.

The Ameliorate Effects of Azelaic Acid on Salt Stress Tolerance in Glycine max L.


