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Abstract
Background The effect of azelaic acid (Aza) on the response of tomato plants to Alternaria solani was investigated in 
this study. After being treated with Aza, tomato plants were infected with A. solani, and their antioxidant, biochemical, 
and molecular responses were analyzed.

Results The results demonstrated that H2O2 and MDA accumulation increased in control plants after pathogen 
infection. Aza-treated plants exhibited a remarkable rise in peroxidase (POD) and catalase (CAT) activities during the 
initial stages of A. solani infection. Gene expression analysis revealed that both Aza treatment and pathogen infection 
altered the expression patterns of the SlNPR1, SlERF2, SlPR1, and SlPDF1.2 genes. The expression of SlPDF1.2, a marker 
gene for the jasmonic acid/ethylene (JA/ET) signaling pathway, showed a remarkable increase of 4.2-fold upon 
pathogen infection. In contrast, for the SlNPR1, a key gene in salicylic acid (SA) pathway, this increased expression was 
recorded with a delay at 96 hpi. Also, the phytohormone analysis showed significantly increased SA accumulation in 
plant tissues with disease development. It was also revealed that tissue accumulation of JA in Aza-treated plants was 
increased following pathogen infection, while it was not increased in plants without pathogen inoculation.

Conclusion The results suggest that the resistance induced by Aza is mainly a result of modulations in both SA 
and JA pathways following complex antioxidant and molecular defense responses in tomato plants during A. solani 
infection. These findings provide novel information regarding inducing mechanisms of azelaic acid which would add 
to the current body of knowledge of SAR induction in plants as result of Aza application.
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Background
Tomato (Solanum lycopersicum L.) is considered the 
most important horticultural crop in the world due 
to its high nutritional and economic value [1]. It is cul-
tivated in almost all regions of the world, encountering 
various biotic and abiotic stresses that can significantly 
affect growth and productivity [2]. Fungal pathogens are 
a common cause of several tomato diseases [3]. Early 
blight, caused by Alternaria solani, is a highly destruc-
tive disease that affects tomatoes and can reduce total 
yield by up to 80% [4]. Several control measures, includ-
ing cultural practices, resistant cultivars, and fungicide 
applications, have been implemented to inhibit pathogen 
damage in tomato crops [5]. While certain fungicides 
can effectively manage this necrotrophic pathogen, their 
application is limited due to the development of resis-
tance in the fungal population, as well as environmental 
and health concerns [4, 6]. The exploitation of plants’ nat-
ural defense systems has gained more attention recently 
as a promising approach for controlling and mitigating 
the adverse effects of diseases by addressing the infection 
and growth of pathogens [1, 7, 8].

Plants use a variety of defense mechanisms, such as 
systemic acquired resistance (SAR) and induced systemic 
resistance (ISR), to inhibit pathogens [9]. It has been 
revealed that certain natural and synthetic chemicals, 
commonly referred to as resistance inducers, can activate 
the plant’s immune system [10–12].

Resistance inducers enhance general resistance of 
plants to biotic and abiotic stresses by activating vari-
ous defense mechanisms [6]. Plant-induced resistance is 
strongly influenced by phytohormones, such as salicylic 
acid (SA) and jasmonic acid (JA) [13]. In addition, it was 
suggested that there are some key genes in SA and JA/
ET pathways that could be used for plant-pathogen inter-
action studies. There are several reports of exploiting 
expression data of NPR1 and PR1 genes for the SA path-
way and ERF2 and PDF1.2 (Defensin) for JA/ET pathway 
for elucidating plant response to different pathogens. 
On the other hand, pathogen infiltration activates sub-
sequent immune responses through a sudden increase 
in reactive oxygen species (ROS) production by the host 
plant defense machinery [14]. Some biochemical ele-
ments, such as microbe-associated molecular patterns 
(MAMPs) [15], can improve the plant immune system 
by activating related signaling pathways. Additionally, 
certain chemicals, such as dicarboxylic acids, can trigger 
plant defense mechanisms [16].

Azelaic acid (Aza) is a dicarboxylic acid with nine car-
bon atoms that has recently gained attention as a natural 
inducer of the plant defense system [17]. Azelaic acid is a 
derivative of oleic, linoleic, and saturated linolenic acid. 
However, the major enzymes involved in biosynthetic 
pathways are not well understood [18]. Jung et al. (2009) 

demonstrated that Aza induces SAR by increasing the 
biosynthesis of salicylic acid (SA) in Arabidopsis plant 
upon bacterial inoculation, resulting in a more robust 
and faster response to Pseudomonas syringae attack, 
accompanied by higher SA accumulation [19]. Studies 
conducted by Shah and Zeier (2013) have demonstrated 
that treatment with Aza leads to an increase in the lev-
els of endogenous SA and enhances the expression of 
the PR1 gene in plant tissues upon contact with patho-
gens [17]. Studies on tobacco plants have indicated that 
Aza has an inducing effect on the plant immune system 
by activating genes involved in SAR reactions mainly by 
increasing the synthesis of hydroxycinnamic acids and 
related compounds [20].

The use of inducers, such as azelaic acid, can stimulate 
innate resistance in plants and reduce the damage caused 
by diseases, without the negative effects of fungicides. 
However, there has been limited research conducted on 
the impact of azelaic acid on tomato diseases. There-
fore, this study aims to investigate the effect of azelaic 
acid on the physio-biochemical and molecular responses 
of a susceptible tomato genotype to A. solani infection. 
The findings of this study would shed light on the cur-
rent scientific knowledge regarding the role of Aza in 
SAR induction and plant defense mechanisms. Sophisti-
cated precise application of Aza as a promising resistance 
inducer would be an environment-friendly alternative to 
current plant disease controlling strategies.

Materials and methods
Plant growth and azelaic acid application
The experiments were conducted as a factorial experi-
ment based on a completely randomized design (CRD) 
with at least three replicates per treatment (at least 
six plants for each replication). The experiments were 
repeated three times. Karoon cultivar (Solanum lycoper-
sicum L.) seeds used throughout this study were kindly 
provided by Falat Iranian Zamin Co, Karaj, Iran. The 
seeds were sown and grown in 3-liter pots (19 cm) filled 
with a sterile soil mix consisting of equal volumes of peat, 
perlite, and coconut peat. The pots were incubated in a 
growth chamber under controlled conditions with a pho-
toperiod of 12 h of light (560 µmol/m2/s), 70% humidity, 
and a temperature range of 24–27  °C (day/night). They 
were regularly fertilized with Hoagland’s nutrient solu-
tion [21]. Thirty-five-day-old plants (vegetative stage) 
were sprayed with 1 mM Aza solution (dissolved in 5 
mM MES (2-(N-morpholino) ethanesulfonic acid) buffer) 
[19] until dripping off, while control plants were treated 
with 5 mM MES (15  ml for each plant). Forty-eight 
hours after treatment, the plants were inoculated with 
Alternaria solani spores (1.6 × 106) obtained from the 
microbial culture collection of Tabarestan Agricultural 
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Genetics and Biotechnology Research Institute (Acces-
sion No. GABIT-As01).

Pathogen growth, plant inoculation, and experimental 
treatments
A spore suspension of A. solani at a density of 1.6 × 106 
spores per ml was used to infect the plants. Initial patho-
genicity tests were performed and infection and disease 
development were confirmed [22]. The fungal mycelia 
were gently removed from the surface of five-day-old 
fungi PDA cultures (pH 6.5). The plates were exposed 
to 365 nm (black light) for eight hours to induce fungal 
sporulation. For further analysis, sample collection was 
conducted at 0, 12-, 24-, 48-, and 96 h post-inoculation 
(hpi). Four different treatments were included in the 
study as follows: Control (tomato plants without treat-
ment and inoculation), C+ (tomato plants inoculated 
with A. solani), Aza (tomato plants treated with azelaic 
acid), and Aza+ (tomato plants pretreated with azelaic 
acid and inoculated with A. solani).

Disease severity assay
Twenty-one days after inoculation, the percentage of dis-
ease symptoms on the randomly selected leaves was esti-
mated for all treatments using ImageJ software [23]. At 
least 30 plants were investigated for each treatment, and 
different degrees of disease severity were calculated in 
the range of zero to five, as outlined in Table 1 [24].

Growth parameters
Shoot fresh weight was measured 21 days after inocula-
tion. The shoots were placed in an oven at 72 °C for 72 h, 
and the dry weight was measured afterward.

Biochemical assays
Crude enzyme extraction
Crude enzyme extract of tomato leaves was prepared 
using 1.8 ml of extraction buffer (50 mM Tris-HCl solu-
tion with pH 8, Triton X-100 1%, 0.1% mercaptoetha-
nol), which was added to 200 mg of powdered leaf tissue 
[25]. The solution was centrifuged for 15 min at 15,000 g 
at 4  °C. The supernatant was used to estimate the total 

protein content and analyze the activity of different 
enzymes [26].

Total protein content
A 40 µl aliquot of enzyme extract was mixed with 960 µl 
of Bradford solution. The absorbance of the solution 
was then read at 595  nm to estimate the total protein 
content [27]. Bovine serum albumin (BSA) was used as 
the standard to create the standard curve (R2 = 0.988, 
Y = 0.0197X + 0.027). The data were then used to deter-
mine the activities of and superoxide dismutase (SOD), 
catalase (CAT), ascorbate peroxidase (APX), and peroxi-
dase (POD) precisely. All enzyme activity and metabolite 
accumulation assays were conducted using a UV-visible 
spectrophotometer device (PG Instruments, Model 
T92 + Double® Beam, England).

SOD activity assay
Superoxide dismutase activity was measured according 
to the method developed by Beauchamp and Fridovich 
(1971). The reaction mixture (5  ml) containing potas-
sium phosphate buffer (50 mM), EDTA (0.1 µM), methio-
nine (0.013 mM), riboflavin (2 µM), and 50 µl of protein 
extract was exposed to fairly intense light (300 µmol 
m-2 s-1) for 5 min [28]. One enzyme unit in this experi-
ment was estimated to be equivalent to a 50% reduction 
in NBT optical absorption at 560  nm compared to the 
control.

CAT activity assay
Catalase enzyme activity was measured using the 
method described by Aebi (1974). The reaction mixture 
(3  ml) contained sodium phosphate buffer (100 mM, 
pH 7), H2O2 (15 mM), and 50 µl of protein extract [29]. 
Decreasing H2O2 absorption at 240  nm was considered 
CAT enzyme activity, and the enzyme unit was estimated 
using the extinction coefficient (ε = 39.7 M-1cm-1). CAT 
activity was defined as unit per minute per milligram of 
protein.

APX activity assay
The reaction mixture consisted of 50 mM phosphate buf-
fer (pH = 7), 0.5 mM ascorbic acid, 0.15 mM hydrogen 
peroxide, and 100  µl of enzyme extract [30]. Reduced 
adsorption was measured for 2  min at 290  nm. The 
enzyme unit was estimated using the extinction coef-
ficient (ε = 2.8 mMol-1cm-1), APX enzyme activity was 
defined as unit per minute per milligram of protein.

POD activity assay
The guaiacol peroxidase assay was performed using a 
mixture of 50 mM phosphate buffer (pH 7), 8.26 mM 
guaiacol, 8.8 mM hydrogen peroxide, and 100  µl of 
enzyme extract [31]. Absorption changes at 470 nm were 

Table 1 Symptom ranking scale to assess tomato early blight 
disease
Rank Infection percentage and leaf state
0 Healthy green leaves without disease spots
1 Less than 5% of the leaf area had diseased spots
2 Between 6 and 20% of the leaf area had disease spots
3 Between 21 and 40% of the leaf area had disease spots
4 Between 41 and 60% of the leaf area had disease spots
5 More than 60% of the leaf surface was diseased and 

significantly damaged
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observed over two minutes. The enzyme unit was defined 
based on the extinction coefficient (ε = 25.5 mMol-1cm-1), 
and POD enzyme activity was defined as unit per minute 
per milligram of protein.

Lipid peroxidation and H2O2 assays
About 0.2 gr of powdered tissue was combined with 
5 ml of 2% TCA (trichloroacetic acid) and centrifuged at 
12,000 g for 15 min. The upper phase was used to calcu-
late the MDA and H2O2 contents, as described in the fol-
lowing Sects. [14, 32].

MDA was measured using the method described by 
Ohkawa et al. (1979) with some modifications [33]. One 
mL of supernatant was blended with four mL of 20% tri-
chloroacetic acid, which contained 0.5% thiobarbituric 
acid. The mixture was heated for 30  min at 95  °C and 
then rapidly cooled in an ice bath. After a 10-minute cen-
trifugation at 10,000  g, the concentration of MDA was 
determined by subtracting the non-specific absorption at 
600 nm from the absorption at 532 nm using the extinc-
tion coefficient of 156 mM-1 cm-1.

Hydrogen peroxide was measured using a spectropho-
tometer after reacting with KI. The reaction mixture con-
sisted of 500 µl of TCA (trichloroacetic acid) supernatant, 
500  µl of 0.1  M PBS (potassium phosphate buffer), and 
2  ml of potassium iodide (1  M KI). After one hour, the 
reaction was kept in the dark. The absorbance was mea-
sured at 390  nm [34]. The concentration was measured 
using a standard curve plotted within the range of 100-
25000 nmol H2O2 (Y = 0.4349X + 0.0771, R2 = 0.98).

Phytohormone analysis
High-performance liquid chromatography (HPLC) tech-
nique was used to measure the changes in salicylic acid 
(SA) and jasmonic acid (JA) levels in tomato leaves. 
Briefly, one gram of the leaves was powdered using liq-
uid nitrogen and then mixed with 20 ml of 80% methanol 
containing Diethyldithiocarbamate (3.5  M). The mixes 
were incubated in the dark for eight hours at 4  °C and 
then centrifuged at 12,000 g for 20 min at 4 °C. Solvents 

were evaporated using a speed vacuum system (SPD121P, 
ThermoSavant, Hastings, United Kingdom) at 25 °C and 
stored at -20 °C for further analysis. Phytohormone anal-
ysis was conducted using an HPLC system equipped with 
a Surveyor Autosampler, Surveyor LC pump (Thermo 
Finnigan, Waltham, MA, USA), and a reversed-phase 
column (ZORBAX 300SB-C18, 2.1 × 150  mm, 3.5 µM; 
Agilent, Santa Clara, CA, USA). Peaks were identified 
using analytical grade quality of Salicylic acid and dihy-
drojasmonic acid standards (Sigma-Aldrich (St. Louis, 
Missouri, USA)).

Gene expression analysis
RNA isolation and cDNA synthesis
Total RNA was extracted from the plant leaves using 
Threezol reagent (Riragene, Iran) according to the man-
ufacturer’s instructions. Subsequently, the extracted 
RNA was treated with DNaseI (Fermentas, Germany) to 
remove any DNA contaminations. Based on the manu-
facturer’s protocol, the RevertAid™ Reverse Transcriptase 
kit (Fermentas, Germany) was used to synthesize cDNA 
from 1.5 µg of total RNA.

qRT-PCR analysis
Specific primers for the SlNPR1, SlERF2, SlPR1, and 
SlPDF1.2 genes were used to amplify PCR products 
(Table 2), and Actin gene of S. lycopersicum was used as 
an internal reference. The Maxima SYBR Green/ROX 
qPCR Master Mix (Thermo Scientific) was used for qRT-
PCR reactions. The 15  µl reaction mixture contained 
1.0 µl of diluted cDNA sample, 0.3 µM of each forward 
and reverse primer, and 1× real-time SYBR Green mas-
ter mix. The cycling temperature conditions included 
an initial denaturation at 95 °C for 8 min, followed by 40 
cycles of 95  °C for 15 s and 60  °C for 30 s. Each sample 
was quantified in three biological and two technical rep-
licates. Livak and Schmittgen (2001) method (2−ΔΔCt) was 
used to quantify the relative gene expression [35].

Table 2 The primer sequences used for qPCR analysis of gene expression in A. solani-infected tomato plants pretreated with azelaic 
acid
Gene name Function Accession number Primer sequences Amplification size (bp) Reference
SlNPR1 Transcription factor NM_001247629.2 F- G G G A A A G A T A G C A G C A C G 144  [52]

R- T C C A C A C A A A C A C A C A C A T C
SlERF2 Transcription factor NM_001347076.1 F- A C A T T T G A A T T T C C C G C A C C G 135 Designed in this study

R- T G A A C G G C T T T T C T T C T C C G T
SlPR1 Pathogenesis-related gene NM_001247429.1 F- G G T A A C T G G A G A G G A C A A C G 170  [58]

R- G T C A C A T A A G C A T A G C C T G G
SlPDF1.2 Pathogenesis-related gene NM_001247943 F- C T G G A C C A A T G A G A A T T G T T G 112  [59]

R- A A T C C T T C G G T C C A C A T A C C
SlActin Housekeeping gene NM_001308447.1 F-  A A C A G A C A G G A C A C T C G C A C T 126  [60]

R-  T T A G C A C C T T C C A G C A G A T G T
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Statistical analysis
The experiments were conducted as a factorial experi-
ment (2 × 2, pathogen inoculation and non-inoculation 
× treatment and non-treatment) for each time course. 
Additionally, two technical replicates were performed 
for biochemical and molecular tests. The least significant 
difference (LSD) test was performed at a 1% probability 
level (P < 0.01) for the analysis of mean comparison of 
growth characters. The comparison of biochemical assays 
was performed using the Scott & Knott test (P < 0.05). All 
statistical analyses were carried out using the InfoStat 
version. 2018 [36].

Results
Disease intensity analysis
Disease symptom analysis revealed that azelaic acid 
treatment led to a significant decrease in the early blight 
disease index (DI). DI was reduced by 37.7% in the 
Aza + treatment compared to the C + plants. The disease 
index in the C + treatment (untreated plants) was about 
4.5, while it was 2.8 in the Aza + treatment (Fig. 1). This 
result indicates that the severity of early blight in the con-
trol plants (C+) was significantly higher than in the plants 

treated with azelaic acid (Aza+). In addition, the observa-
tions indicated that the disease spots were larger, and the 
damage caused by pathogen infection was more severe in 
the C + treatment than in the Aza + treatment. It can be 
concluded that the application of azelaic acid had a posi-
tive effect on the number of disease spots and the spread 
of disease on tomato leaves.

Plant fresh and dry weights
Pathogen infection decreased fresh and dry weights of 
the C + plants by 44% and 48%, respectively, compared to 
control plants. Although, Aza application decreased plant 
dry weight in the absence of pathogen inoculation (Aza 
treatment), the dry weight of Aza-treated plants did not 
decrease significantly after pathogen inoculation (Aza+), 
despite a 23% decrease in their fresh weight. It was 
revealed that Aza treatment has mitigated the adverse 
effects of the disease on plant growth traits (Fig. 2).

Antioxidant enzyme activity
SOD enzyme activity Superoxide dismutase (SOD) 
enzyme activity indicated that different treatments 
showed varying reactions to pathogen inoculation. Fol-

Fig. 1 Disease index of azelaic acid treated (Aza+) and untreated (Control) tomato plants under A. solani stress in greenhouse conditions 21 days inocula-
tion. At least 30 plants were investigated for each treatment. The significant level was measured based on the T-test p ≤ 0.01
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lowing pathogen inoculation in the C + treatment, the 
activity of the SOD enzyme gradually increased. It 
reached the maximum point (0.56 U/mg protein) at 48 hpi 
and then decreased at 96 hpi (0.43 U/mg protein), while 
its activity did not sharply increase in Aza and Aza + treat-
ments. In the Aza treatment, enzyme activity was sig-
nificantly increased 24- and 48 h post-inoculation, up to 
0.35 U/mg protein. In the Aza + treatment, although SOD 
enzyme activity was significantly increased, the trend of 
enzyme activity remained constant during sampling times 
and was approximately 50% (0.37 U/mg protein) higher 
than the control at 24 hpi (Fig. 3A).

CAT enzyme activity
CAT enzyme activity assay revealed a significant differ-
ence among the treatments. At C+, CAT enzyme activ-
ity reached the highest level after 48  h post-inoculation 
(0.13 U/mg protein. min), while at Aza+, the maximum 
activity was observed at 24 hpi (0.19 U/mg protein. min). 
However, the highest CAT activity in Aza treatment was 
recorded at 24 hpi. It seems that the plants treated with 
azelaic acid (Aza and Aza+) exhibit a common trend, but 
the intensity of CAT enzymatic activity varies signifi-
cantly (Fig. 3B).

APX enzyme activity APX enzyme activity significantly 
increased in the C + treatment at all sampling times (12 hpi, 
24 hpi, 48 hpi, and 96 hpi) compared to the control. The 
maximum level of APX enzyme activity was observed in 
the C + treatment at 24 hpi with 2.79 U/mg protein, which 
was 3.22 times higher than the control. In the Aza treat-
ment, the enzyme activity significantly increased at 12 hpi 
and 48 hpi compared to the control. In the Aza + treat-
ment, APX activity significantly increased at 12, 24, and 
48 hpi compared to the control (Fig. 3C).

POD enzyme activity Peroxidase enzyme activity assay 
results showed that, among all treatments, there was no 
significant difference before 12 hpi. However, the enzyme 
activity in the Aza + treatment was significantly increased 
at 24 hpi and 96 hpi, reaching 23.67 (490% higher than the 
control) and 15.06 U/mg protein.min respectively. Also, in 
the C + treatment, the enzyme activity was increased at 48 
hpi and reached a maximum of 64.5 U/mg protein. min at 
96 hpi. The treatment group showed a 16.88-fold increase 
compared to the control group at 96 hpi (Fig.  3D). The 
findings indicate that treatment with azelaic acid and 
pathogen infection enhanced the activity of the POD 
enzyme in tomato plants.

Metabolite analysis
H2O2 content
Analysis of tomato leaves showed that H2O2 accumu-
lation was significantly increased in the C + treatment 
at all-time courses except for 48 hpi. The highest level 
was observed at 96 hpi in the C + treatment, measur-
ing 10.18 nmol/gFW (approximately 157.7% higher 
than the control plants). In the Aza treatment, there 
was a significant enhancement in H2O2 accumulation 
at 48 hpi, reaching 5.68 nmol/gFW (an increase of 
74.76% compared to the control). In Aza + plants, the 
accumulation of H2O2 was significantly increased at 24 
hpi and 96 hpi, reaching 4.85 nmol/gFW (an increase 
of 53.48% compared to the control) and 6.03 nmol/
gFW (an increase of 52.65% compared to the control), 
respectively (Fig. 4A).

MDA content
MDA content was significantly increased in the C + at 
48 hpi (67.57 nmol/gFW, 138.5% increase compared 
to the control group). At 96 hpi, it reached the maxi-
mum level of 91.97 nmol/gFW. In Aza treatment, sig-
nificant accumulations of MDA were observed at 12 
hpi, 24 hpi, and 96 hpi with values of 50.3, 53.57, and 

Fig. 2 A comparison of fresh (FW) and dry (DW) weights of tomato plant shoot 21 days after inoculation with A. solani and pretreated with 1mM azelaic 
acid. Samples were allocated into four treatments as follows; Control (tomato seedlings received no treatment), C+ (tomato seedlings were inoculated 
with A. solani), Aza (tomato seedlings were treated with 1 mM azelaic acid), and Aza+ (tomato seedlings were treated with 1mM azelaic acid + inoculated 
with A. solani). Data show average values ± standard error (n = 6). The same letters are not significantly different according to the LSD test (P < 0.01)
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Fig. 4 A comparison of (A) H2O2 and (B) MDA contents over a 96-hour time course from 12 to 96 h after inoculation with A. solani and pretreated with 
1mM azelaic acid. Samples were allocated into four treatments as follows; Control (tomato seedlings received no treatment), C+ (tomato seedlings were 
inoculated with A. solani), Aza (tomato seedlings were treated with 1 mM azelaic acid), and Aza+ (tomato seedlings were treated with 1mM azelaic 
acid + inoculated with A. solani). Data show average values ± standard error (n = 18). The same letters are not significantly different according to the Scott 
& Knott test (P < 0.05)

 

Fig. 3 A comparison of (A) CAT, (B) SOD, (C) APX, and (D) POD enzyme activity over a 96-hour time course from 12 to 96 h after inoculation with A. solani 
and pretreated with 1mM azelaic acid. Samples were allocated into four treatments as follows; Control (tomato seedlings received no treatment), C+ 
(tomato seedlings were inoculated with A. solani), Aza (tomato seedlings were treated with 1 mM azelaic acid), and Aza+ (tomato seedlings were treated 
with 1mM azelaic acid + inoculated with A. solani). Data show average values ± standard error (n = 18). The same letters are not significantly different ac-
cording to the Scott & Knott test (P < 0.05)
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51.37, respectively. Like the Aza treatment, the MDA 
accumulation level in the Aza + treatment was signifi-
cantly altered at 12 hpi, 24 hpi, and 96 hpi, with values 
of 57.1, 67.1, and 62.33, respectively (Fig. 4B).

Phytohormone analysis
Jasmonic acid
Jasmonic acid analysis revealed that JA accumulation 
was increased in the C + treatment (around 7.92 ng/
gFW) at 48 hpi. However, no significant difference 
was observed for the same treatment at 12 hpi and 
96 hpi compared to the control. The level of jasmonic 
acid significantly increased by 67.7% (5.89 ng/gFW) in 
the Aza treatment compared to the control at 12 hpi. 
While the accumulation of JA in this treatment was 
not significantly different compared to the control at 
48 hpi, and 96 hpi. In the Aza + treatment, JA accumu-
lation increased steadily in all studied time courses. 
The highest level of JA in this treatment was recorded 
at 96 hpi for 11.48 ng/gFW (Fig.  5-A). Azelaic acid 
treatment appears to enhance the accumulation of jas-
monic acid during the early stages following a patho-
gen attack.

Salicylic acid
Salicylic acid analysis showed that there was no signifi-
cant difference among the treatments at 12 hpi and 48 
hpi. However, the highest level of SA (205.47 ng/gFW) 
was observed in C + at 96 hpi. In contrast, the amount 
of this hormone did not show a significant change in 
Aza and Aza + treatments (Fig. 5-B).

Gene expression analysis
SlNPR1
The qRT-PCR assay revealed no significant transcript 
level in the C + treatment at all studied time courses, 
except at 96 hpi, where it increased by 4.58 times com-
pared to the control. While in Aza treatment, the gene 
expression level significantly increased at 48 hpi and 
96 hpi, with a 1.42-fold and 2.6-fold change, respec-
tively. Based on the Aza + treatment, the expression 
of SlNPR1 was up-regulated 1.22 and 2.36 times more 
than the control at 12 hpi and 96 hpi, respectively 
(Fig. 6A).

SlERF2
Gene expression analysis showed that the expression 
of SIERF2 was different among the treatments (Fig. 5-
A). C + treatment showed increased expression in the 
SIERF2 transcript levels at 12hpi (1.45-fold change) 
and 96 hpi (1.47 times higher than the control). How-
ever, there was a significant increase (1.39 times higher 
than the control) in gene expression observed in the 
Aza treatment at 48 hpi. In the Aza + treatment, the 
expression of the SlERF2 gene was up-regulated at 12 
hpi, 48 hpi, and 96 hpi, showing 2.1, 1.4-, and 1.99-
times higher expression compared to the control, 
respectively (Fig. 5-B).

SlPR1
SIPR1 transcript was induced in both the Aza + and 
C + treatments at all-time courses studied. The maxi-
mum up-regulation of gene expression was observed in 
the C + treatment at 48 hpi, which was 12 times higher 
than the control. However, the highest level of SlPR1 

Fig. 5 A comparison of (A) Jasmonic acid and (B) salicylic acid contents over a 96-hour time course from 12 to 96 h after inoculation with A. solani and 
pretreated with 1mM azelaic acid. Samples were allocated into four treatments as follows; Control (tomato seedlings received no treatment), C+ (tomato 
seedlings were inoculated with A. solani), Aza (tomato seedlings were treated with 1 mM azelaic acid), and Aza+ (tomato seedlings were treated with 
1mM azelaic acid + inoculated with A. solani). Data show average values ± standard error (n = 18). The same letters are not significantly different according 
to the Scott & Knott test (P < 0.05)
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transcript in the Aza + treatment was observed at 24 
hpi, which was 10.85 times higher than the control. 
Related to the Aza treatment, a significant increase 
was observed at 24 hpi and 48 hpi, 1.9 and 2.3 times 
higher than the control, respectively (Fig. 6-C).

SlPDF1.2
The expression of SlPDF1.2 in C + treatment was sig-
nificantly increased (approximately two times higher 
than the control) at 12 hpi, while its expression was 
decreased below the control plants (1.28 times lower 
than the control) at 24 hpi and was remained con-
stant at 48 hpi. In the Aza treatment, the expression 
of SlPDF1.2 was significantly altered only at 48 hpi, 
showing a 1.8-fold increase compared to the control. 
In the Aza + treatment, gene expression was up-regu-
lated at 12 hpi and then down-regulated at 48 hpi. The 
levels of gene expression at 12 hpi and 48 hpi were 
4.26-fold and − 3-fold higher than the control, respec-
tively (Fig. 6-D).

Discussion
In this study, we investigated the impact of exogenous 
azelaic acid on tomato plants infected with A. solani 
using various assays. Our results indicate that azelaic 
acid generally enhances defense reactions in A. solani-
infected tomato plants, resulting in a significantly 
reduced disease index. Azelaic acid treatment induced 
distinct defense responses in tomato plants infected 
with A. solani compared to the control plants. While 
fungal infection was the main cause of changes in 
growth parameters, i.e., plant’s fresh and dry weights, 
azelaic acid treatment alleviated some of the negative 
effects caused by the pathogen infection. After being 
infected by pathogens, plants undergo significant phys-
iological changes that ultimately lead to a decrease in 
biomass production and growth rate. There are several 
reports of a negative correlation between pathogen 
damage and the fresh and dry weights of plants [10].

The activity of ROS-scavenging enzymes in plant tis-
sues generally changes during a pathogen attack [37]. 

Fig. 6 Relative gene expression profile of (A), SlNPR1 (B), SlERF2 (C), SlPR1 and (D) SlPDF1.2 gene over a 96-hour time course from 12 to 96 h after inocu-
lation with A. solani and pretreated with 1mM azelaic acid. Samples were allocated into four treatments as follows; Control (tomato seedlings received 
no treatment), C+ (tomato seedlings were inoculated with A. solani), Aza (tomato seedlings were treated with 1 mM azelaic acid), and Aza+ (tomato 
seedlings were treated with 1mM azelaic acid + inoculated with A. solani). Data show average values ± standard error (n = 18). The same letters are not 
significantly different according to the T-test (* P < 0.05, ** P < 0.05)
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The enhanced activity of antioxidant enzymes such as 
APX, CAT, and POD is a result of the accumulation of 
H2O2 in plant tissues. Rabiei et al. (2020) observed that 
the activity of antioxidant enzymes (APX and POD) 
and SOD gene expression in tomato plants increased 
after infection with A. solani. This increase was accom-
panied by an accumulation of H2O2. [16]. While it is 
believed that an increased antioxidant enzyme activity 
can improve a plant’s ability to defend against patho-
gens [38], it also increases in other stress conditions. 
In the current study, all studied antioxidant enzymes 
(SOD, APX, and POD), except for CAT, as well as 
H2O2 accumulation showed significantly higher activi-
ties in the C + plants compared to the Aza + plants. The 
significant difference in the activity of POD, APX, and 
SOD enzymes, as well as the accumulation of H2O2 in 
the C + treatment compared to Aza+, seems to have 
been resulted from more intense oxidative stress in 
C + treatment. Previous studies indicated that a bal-
ance of antioxidant enzymes such as SOD, APX, and 
POD is crucial for maintaining stable levels of H2O2 
and O− 2, and for preventing damage caused by oxida-
tive stress [16, 39].

Some catalase enzyme isoforms play important roles 
in plant resistance against necrotrophic pathogens by 
altering phytohormones balance. Zhang et al. (2021) 
illustrated that JA synthesis is induced by CAT2, which 
leads to increased resistance against necrotrophic 
Botrytis cinerea. In contrast, SA suppresses JA biosyn-
thesis through inhibition of CAT2 activity [40]. In the 
present study, CAT enzyme activity was higher in the 
Aza + plants compared to C + plants.

Although cell death is one of the most efficient 
plant defense responses against pathogen infestation 
[41], this mechanism may also accelerate necrosis, 
which can make it easier for necrotrophic pathogens 
to infect plants. Studies have shown that after infil-
tration by necrotrophic pathogens, such as A. solani, 
the accumulation of hydrogen peroxide in host plant 
tissues increases, eventually leading to cell death 
[42, 43]. In this regard, Perchepied and et al. (2010) 
observed that some compounds such as oxalic acid, a 
key pathogenicity element, are elicitors of ROS pro-
duction and programmed cell death in plants. They 
stated that plant infection by necrotrophic patho-
gens is facilitated by hypersensitive programmed cell 
death [44]. The accumulation of hydrogen peroxide in 
plant tissues may lead to cell death and several anti-
oxidant enzymes have been evolved to prevent exces-
sive accumulation of H2O2. Catalase, as one of the 
major antioxidant enzymes, converts H2O2 into H2O 
and O2 within the cell, thereby reducing the damage 
caused by H2O2 accumulation [45, 46]. The findings 
of the present study indicate that the accumulation of 

H2O2 increased over time in the C + treatment, while 
its content remained relatively low in Aza + treatment. 
Nafisa et al. (2020) reported that higher catalase activ-
ity is one of the most effective defense mechanisms in 
tomato plants against A. solani. In their study, 29 dif-
ferent tomato genotypes were evaluated and it was 
revealed that CAT enzyme activity was higher in the 
resistant cultivars compared to the susceptible ones 
[4].

MDA formation is a reliable indicator of peroxida-
tion rate and can be used to predict the degradation 
ratio of cell membranes during exposure to ROS stress. 
It has been reported that pathogen infiltration and 
damage to plant tissues can lead to increased rates 
of lipid peroxidation [47]. In our study, we observed 
the highest MDA accumulation in the C + treatment 
after 96  h post-inoculation (hpi). This accumula-
tion rate was approximately 32.2% higher than that of 
Aza + treatment at the same time.

In this study, the levels of MDA and DI were lower 
in the plants treated with azelaic acid compared to 
untreated plants infected with the pathogen. It seems 
that azelaic acid primarily reduced plant tissue dam-
age via reduced H2O2 production upon pathogen 
attack. Similar results were reported by Noorbakhsh 
and Taheri (2016), who reported that nitric oxide (NO) 
application decreased the MDA content in tomato 
plants infected with Rhizoctonia solani mainly by 
reducing ROS levels [8].

It has been suggested that azelaic acid acts as a prim-
ing agent, enhancing the plant’s defense response 
upon pathogen attack [19]. In the current study, the 
transcript level of SlNPR1 increased during the early 
stages of pathogen infection (12 hpi) in the Aza + treat-
ment, while its expression was elevated 48  h after 
pathogen attack in the C + treatment. Several studies 
have indicated that NPR1 regulates various defense 
mechanisms in plants [48–50]. While NPR1 is recog-
nized as a crucial element in regulating SA, Lai et al. 
(2018) demonstrated that NPR1 expression depends 
on NPR1-inducing mechanisms that are independent 
of SA in response to stress. It was also revealed that 
these mechanisms are also utilized by a separate stress 
signaling pathway with distinct functions [50]. In the 
present study, although SA accumulation was not sig-
nificantly changed in the Aza + treatment compared to 
the control, its content was increased in the C + treat-
ment during the late stage of the pathogen attack (96 
hpi). Generally, SA accumulation may lead to plant cell 
death as a defense mechanism during plant-pathogen 
interactions, which is particularly effective against bio-
trophic pathogens [51].

In contrast, Rahman et al. (2012) demonstrated that 
a necrotrophic pathogen, like A. solani, enhances the 
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sensitivity of tomato plants by increasing the accumu-
lation of SA and overexpression of NPR1 gene [52]. 
The salicylic acid-related pathway serves as the pri-
mary defense mechanism against biotrophic patho-
gens. On the other hand, based on previous studies, 
azelaic acid is believed to trigger increased SA accu-
mulation in plant tissues. The present study did not 
find a significant increase in SA accumulation with 
Aza + and Aza treatments. Jung et al. (2009) observed 
that azelaic acid treatment increased SA accumulation 
in in distant leaves of Arabidopsis plants upon inocu-
lation with P. syringae pv. maculicola strain PmaDG3. 
Their findings revealed that exogenous application of 
azelaic acid per se could not enhance SA accumulation 
level [19]. It could support our finding in which SA did 
not significantly change upon Aza treatment. However, 
Yu et al. (2013) did not observe the priming impact of 
azelaic acid on SA accumulation in Arabidopsis plants. 
They reported that a higher accumulation of SA after 
Aza application requires increased levels of G3P (a 
phosphorylated sugar derivative of glycerol-3-phos-
phate) and high concentrations of reactive oxygen spe-
cies (ROS) [18]. As previously mentioned in our study, 
compared to C + treatment, Aza + treatment exhibited 
a reduction of 32.2% in the rate of ROS-derived dam-
age, as determined by the MDA index. It seems that 
this could be the reason for the lack of a significant 
increase in SA in Aza + treatment.

The impact of inducers on plant defense system can 
affected by several important factors such as plant spe-
cies, type of inducer, and pathogen. For example, the 
effect of azelaic acid on on the defense responses of 
Arabidopsis plants was reported by Jung et al. (2009) 
and Yu et al. (2013), while an study conducted by Nagy 
et al. (2017) showed that treatment with azelaic acid 
did not induce tobacco plants defense system against 
viral and bacterial pathogens. Their study indicated 
that, although previous studies suggested azelaic acid 
as a signal transduction element for SAR in Arabi-
dopsis, its role cannot be confirmed in tobacco plants 
[53]. Therefore, the exact effect of a substance such as 
azelaic acid would be prone to alterations in different 
experiments involving different plants and pathogens.

During pathogen stress, the crosstalk between sali-
cylic acid (SA) and jasmonic acid (JA) is crucial in 
plant defense responses. It is generally accepted that 
SA-mediated defense response plays a central role in 
local and systemic-acquired resistance (SAR) against 
biotrophic pathogens. In contrast, the ET/JA-mediated 
response contributes to defense against necrotrophic 
pathogens. These two pathways are mutually antago-
nistic, meaning they have opposing effects on plant 
defense [54]. In the present study, the comparison of 
hormonal changes in C + treatment showed that at 48 

hpi, JA concentration was increased significantly while 
SA content did not change significantly compared to 
the control. Meanwhile, as SA increases at 96 hpi, JA 
levels decrease. On the other hand, in the Aza + treat-
ment, no significant difference was observed in SA 
accumulation, while, JA showed a constant increase in 
all the studied times.

Classically, the jasmonic acid-related defense sys-
tem is the primary resistance pathway associated with 
necrotrophic pathogens [55]. However, some studies 
have suggested that resistance against necrotrophic 
pathogens, such as A. solani, also requires activation of 
SA signaling pathway [52, 56]. Liu et al. (2016) demon-
strated that SA and JA hormones play important roles 
in plant responses to necrotrophic pathogens. They 
mentioned that as plants are often invaded by both 
necrotrophic and biotrophic pathogens, it is crucial to 
elevate the levels of both SA and JA [57]. In the pres-
ent study, the expression of the PDF1.2 gene, a marker 
for JA signaling, and the accumulation of JA in tis-
sues were increased during the early stages of patho-
gen attack (12 hpi) in Aza + treatment. However, in 
C + treatment, the expression of PDF1.2 was up-regu-
lated at 24 hpi, resulting in increased JA accumulation 
at 48 hpi. Djami-Tchatchou et al. (2017) demonstrated 
that treatment with azelaic acid induced the expres-
sion of the PDF1.2 gene in tobacco plants [20]. Our 
findings suggest that azelaic acid effects in mitigating 
A. solani damage may act by modulating both the SA 
and JA defense-related pathways.

Conclusion
The results suggest that azelaic acid application can 
mitigate the damage caused by A. solani as a necrotro-
phic pathogen in tomato plants. Surprisingly, SA accu-
mulation was not significantly changed upon azelaic 
acid treatment in pathogen-infected plants. Further-
more, biochemical and molecular analyses imply that 
azelaic acid exerts its effects by modulating the ROS 
pathway, primarily by enhancing catalase enzyme 
activity leading to a reduced pathogen infection rate. 
Interestingly, azelaic acid not only increased the 
expression of the NPR1 gene, which serves as a marker 
for SA signaling pathway, but also caused a significant 
increase in PDF1.2 gene expression, a marker for the 
jasmonic acid (JA)/ethylene (ET) pathway, accompa-
nied by higher accumulation of JA in plant tissues. It 
seems that azelaic acid-induced resistance may be a 
result of a complex interplay of antioxidant, phytohor-
monal, and molecular mechanisms in tomato plants 
during A. solani infection (Fig. 7).
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