
1228

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024

1229-1242 Effect of Co2 on Growth Parameters and Lipid Production in Dunaliella sp. ABRIINW-I1 

(Chlorophyceae) Isolated from Urmia Lake (West Azerbaijan, Iran)
Jamileh Panahy Mirzahasanlou, and Mohammad Amin Hejazi

1243-1261 Algal Diversity in Biological Soil Crusts of Qom Province (Qom, Iran): Insights into 

Microflora Composition and Environmental Impact

Zahara Bagheri Bafian, Forough Salehipour_Bavarsad, Hossein Riahi, Zeinab Shariatmadari

1262-1276 Hormonal and Enzymatic Responses and Seed Vigor of Coated Maize (Zea Mays L.) Seeds 

with Calcium Alginate in Diesel-Contaminated Soils
Mahboobe Dehyadegari, Mohamad Reza Ghalamboran, Francois Bernard

1277-1297 Elicitor-Induced Defense Responses in Tomato Plants Against Xanthomonas gardneri

Reza Maleki-nejad, Hamid Najafi-Zarrini, Ghoalamali Ranjbar  , Ali Dehestani, Heshmatollah 

Rahimian

1298-1310 Investigation of viruses infecting Lycopersicum esculentum in Iran and Molecular Analysis of 
Cucumber Mosaic Virus
Mehdi Safaeizadeh , Abbas Saidi

1311-1325 The Genus Ganoderma in Iran: A Comprehensive Survey of Taxonomic Studies and Its 

Impact on Forest Trees
Somayeh Keypour, Mohammad Reza Asef, Hossein Riahi

plant, Algae, and Environment
Vol. 8, Issue 1, 2024

Table of Contents



1229

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024

Copyright: © 2023 by the authors. Submitted for possible open access publication under the terms 
and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/
licenses/by/4.0/).

1-Department of Biology, Faculty of Basic Science, Gonbad Kavous University, Gonbad Kavous, Iran. 
2-Department of Food Biotechnology, Branch for Northwest and West Region, Agricultural Education and Extension 
Organization (AREEO), Agricultural Biotechnology Research Institute of Iran, Tabriz, Iran. 
* Corresponding authors’ email address: panahi@gonbad.ac.ir; aminhejazi@abrii.ac.ir
Doi: 10.48308/jpr.2024.235319.1074

Effect of Co2 on Growth Parameters and Lipid Production in Dunaliella sp. 
ABRIINW-I1 (Chlorophyceae) Isolated from Urmia Lake (West Azerbaijan, 
Iran)

Jamileh Panahy Mirzahasanlou1*  and Mohammad Amin Hejazi2*
Received: 2023-12-17      Accepted: 2024-02-17

Abstract
Today, using CO2 in microalgae cultures has been increasing for different purposes. Microalgae 

have the potential to produce high-value products along with CO2 fixation. Dunaliella is a two-
flagellate green microalga. The relatively good quality protein and fatty acid, besides lacking an 

indigestible cell wall make this alga an exceptional food in aquaculture and poultry fostering. 
In addition, there are many indigenous strains of algae with the advantage of adaptation to the regional 
climate condition. The main objective of this study was to evaluate the CO2 effect on the growth 
pattern and biochemical composition of Dunaliella sp. ABRIINW-I1 is native to Urmia Lake. 
Results showed that using CO2 in the culture not only affects the biomass concentration (1.06 
g/l AFDW vs 0.54 g/l in the control experiment) and growth period (reaching the stationary 
phase in 7 days rather than 14 days in the control experiment); but also influences the chemical 
composition. It seems that during the cultivation time, the lipid content increased in the cost of 
carbohydrates (33.1%DW). Fatty acid analysis revealed an optimal combination of saturated 
and unsaturated acids with the dominance of C16 and C18 fatty acids. It seems that CO2 

injection had no significant effect on the type of FA. The nutritional values of the studied strain 
were validated in this study, particularly when treated with CO2. The results demonstrated that 
utilizing CO2 in an algal culture could lead to decreased cost and energy requirements.

Keywords: Biomass, Fatty acid, Green alga, Growth period, Photobioreactor

Introduction
Dunaliella (Chlorophyceae, 

Chlorophyta), is a two-flagellate green 
microalga which morphologically 
characterized by lacking a rigid cell wall 
(Ben-Amotz and Avron, 1987). Various 

species of this genus can be isolated from 
marine and Salt Lake environments, ranging 
in salinity from 0.5% to the saturation extent 
(approximately 35 %). This remarkable 
adaptability to high salt concentration makes 
it the most tolerant eukaryote known (Avron, 
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1992; Shariati and Lilai, 1994). In addition 
to the use of Dunaliella in mass production 
of pigment, factors like the relatively good 
quality of protein and fatty acid, lack of an 
indigestible cell wall, presence of high levels 
of β carotene (vitamin A), and being healthy, 
making it an exceptional food in aquaculture 
and poultry fostering (Hoseini Tafreshi and 
Shariati, 2009). 
CO2 is the major atmospheric gas 
that contributes to Global warming 
(Bilanovic et al., 2009), which is emitted 
from anthropogenic activities. Several 
technologies have been employed to remove 
the additional CO2 from the atmosphere to 
decrease the troubles of CO2 acquisition. 
Abiotic techniques such as physiochemical 
absorbents, and injection into deep oceans 
and geological formations expose critical 
challenges; whereas, biological mitigation 
proves to be both economically feasible and 
environmentally sustainable in the long term 
(Kumar et al. 2010). Studies confirmed the 
microalgal potential for CO2 sequestration. 
(Bilanovic et al., 2009; Kassim and Meng, 
2017; Nayak et al., 2016; Raeesossadati et al., 
2014; Razzak et al., 2013; Wang et al., 2008; 
Zeng et al., 2011). 
Microalgae have the potential to produce 
high-value products such as biofuels 
along with CO2 fixation. The utilization of 
CO2 in microalgae cultures for efficiency 
enhancement has been increased (Anjos et al., 
2013; Bilanovic et al., 2009; De Morais and 
Costa, 2007; Knudsen et al., 2009; Lam et al., 
2012; Li et al., 2011; Nakanishi et al., 2014; 
Rinanti et al., 2014; Yeh and Chang, 2011; 
You et al., 2010). Furthermore, carbon dioxide 
(CO2) can be utilized to effectively regulate 

and maintain the pH levels in the culture, 
eliminating the requirement for costly buffers 
(Qiu et al., 2017). In this regard, studies on 
CO2 utilization in Dunaliella cultures showed 
that CO2 application influences the quantity 
along with the quality of various products 
(Moghimifam et al., 2020a). On the other 
hand, various strains of Dunaliella exhibited 
varying capabilities in product accumulation 
(Hosseinzadeh Gharajeh et al., 2020; Xu et 
al., 2018); their responses to the CO2 level 
were also different (Moghimifam et al., 
2020b). Numerous indigenous strains exist 
as a result of diverse salt lakes and marshes. 
These native strains possess the advantage 
of adaptation to the local climate condition; 
nevertheless, the growth potential and yield 
production of the majority of them remain 
uncertain.
Due to the high lipid content, microalgae 
are one of the possible sources for biodiesel 
production (Benhima et al., 2018). Lipid 
production in microalgae is affected by 
growth conditions (Chavoshi and Shariati, 
2019; Schenk et al., 2009) like carbon 
sources (De Swaaf et al., 2003) and salt 
concentrations (Hopkins et al., 2019; Rizwan 
et al., 2017; Takagi et al., 2006). Studies 
conducted on Dunaliella have revealed a 
relatively high growth rate and a substantial 
lipid content, making it a promising candidate 
for the production of biofuel (Rasoul-Amini 
et al., 2014; Tang et al., 2011). Shuping et 
al. (2010) represented the bio-oil product 
of D. tertiolecta as a possible eco-friendly 
green biofuel. Furthermore, Dunaliella 
spp. possesses the advantage of growing 
in brackish to saltwater and wastewater 
environments, exhibiting remarkable salt 
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tolerance and effortless lipid extraction 
(Tang et al., 2011). In their study, Rismani 
and Shariati (2017) found that the optimum 
growth rate of D. salina occurred at a 1.5 
M concentration of NaCl. They suggested 
this species could be utilized for biodiesel 
and Omega-3 productions, as they observed 
an increase in total lipid and omega-3 fatty 
acids production under salt stress conditions. 
In comparison with the other two indigenous 
isolates, Hosseinzadeh Gharajeh et al. (2020) 
noted that Dunaliella sp. ABRIINW-I1 

exhibited a significant increase in a uniform 
culture containing 1M NaCl.
In this research, the growth pattern and lipid 
production of Dunaliella sp. ABRIINW-I1, 
native to Urmia Lake (northwest Iran) was 
investigated. This study aimed to investigate 
the effects of CO2 on biomass yield, pigment 
content, and fatty acid profile of native 

Dunaliella strain at 0.5 M NaCl.

Material and methods
Isolate and growth conditions

The native isolate, Dunaliella sp. 
ABRIINW-I1 was obtained from the 
Agricultural Biotechnology Research Institute 
of Iran (ABRII), Northwest Branch. This 
isolate was originally derived from Urmia 
Lake, in northwest Iran. Urmia Lake is the 
world’s second hypersaline lake, with a salinity 
range between 140-220 g/L, exceeding 380 
g/L in recent years due to the drastic reduction 
of surface area (Sharifi et al., 2018).
Flask cultivation
Dunaliella sp. ABRIINW-I1 was cultured 
in 250 ml Erlenmeyer flasks using a sterile 
medium.  Modified Johnson medium with 
1.5 M NaCl (Hejazi and Wijffels, 2003) was 
used for culture. The cultures were kept in 
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a phytotron at a temperature of 25 °C, 100 
μmol photons/s/m, and a 16:8 h light: dark 
photoperiod.
PBR Cultivation
Dunaliella sp. ABRIINW-I1 which has been 
cultured for 15 days, inoculated into a water 
jacket glass vessel photobioreactor (PBR) 
(Fermentor bioreactor- BioFlo 110) with a 
working volume of 10 L. The vessel was 
illuminated by four artificial light sources 
that remained constant. The culture is 
continuously aerated by filtered air (Castilla 
Casadiego et al., 2016). CO2 was injected 
discontinuously using a mass flow controller 
(MFC) to regulate the flow rate of CO2 and 
controlled by a controller to maintain the 
culture pH at 7.5. The experimental setup 
is shown in Figure 1. The initial optical 
density (OD) was approximately 0.2 at 730 
nm and the culture growth was monitored 
daily. Optical density and pigments were 
measured throughout the cultivation period 
while sampling for additional biochemical 
analysis was conducted every week.
A control experiment was also run where 
CO2 injection was not performed. The pH 
level was maintained at 7.5 by initially 
adding of Tris-Base (11.12 g.L-1).
Biomass concentration
The optical density was measured at 730 nm 
using a UV/VIS spectrophotometer daily 
(Perkin Elmer, Lambda 35). The relationship 
between OD730 and biomass was determined 
experimentally. The biomass concentration 
was measured in dry weight (DW) and as 
ash-free dry weight (AFDW) according to 
Hosseinzadeh Gharajeh et al. (2020) and 
calculated through the following equations:
DW(g.L-1) = OD730× 0.8, R2 = 0.95             (1)

AFDW(g.L-1) = OD730× 0.41,R2 = 0.95          (2)
Pigment contents
Chlorophylls and carotenoid content of the 
culture were measured by spectrophotometer 
every day. The algal sample (3 to 5 ml) was 
centrifuged at 5000 rpm for 5 minutes. 
After removal of the supernatant, 3 to 5 
ml of 100% pure acetone was added and 
homogenized using a vortex mixer. Then, 
the mixer recentrifuged at 5000 rpm for 
5 minutes. The supernatant was used to 
scan the absorbance by spectrophotometer 
(Perkin Elmer, Lambda 35-UV-VIS), and 
the content of the pigment was calculated 
using the following formula (Lichtenthaler 
and Buschmann, 2001):
Chla (μg.mL-1) = 11.24 × A662- 2.04 × A645 
Chlb (μg.mL-1) = 20.13 ×A 645- 4.19 × A662

Cart (μg.mL-1) = (1000×A470-1.9×Chla-
63.14×Chlb) / 214
TChl (μg.mL-1) = Chla + Chlb

where A is the absorption value in the 
specific wavelength, Chla, Chlb, and Cart 
are chlorophyll a, chlorophyll b, and 
carotenoids respectively. Pigment contents 
were expressed as %DW.
Carbohydrate content
Carbohydrates were determined by the 
phenol-sulphuric acid method (Hosseinzadeh 
Gharajeh et al., 2020). Measurements were 
carried out by spectrophotometer (Perkin 
Elmer, Lambda 35-UV-VIS) at 485 nm 
using glucose as standard.
Lipid content and fatty acids profile
The modified method of Bligh and Dyer 
(Yang et al., 2014) was used for the 
extraction of lipid content. The lipid fatty 
acid methyl esters (FAME) were prepared 
by the esterification method to analyze the 
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fatty acid composition (Cheng et al., 2015). 
The preparation containing FAME and 
hexane was analyzed using GC analysis. The 
analysis was conducted on a Bruker capillary 
gas chromatograph (model Scion 456 GC). 
For the analysis, an Rt-2330 polar fused 
silica capillary column (with dimensions 
of 105 m X 0.250 mm and a film thickness 
of 0.20 µm) was utilized. The temperature 
profile was as follows: the oven temperature 
was set at 100°C and then raised to 140°C 
at a rate of 3°C per minute. Subsequently, it 
further increased to 170°C at a rate of 0.5°C 
per minute. Finally, it was raised to 220°C at 
a rate of 4°C per minute for 30 minutes. The 
carrier gas used was helium, flowing at a 
rate of 1 ml/m. The injector temperature was 
set at 250°C, and the detector which was an 
FID was also set at 250°C.
Statistical Analysis
Statistical analyses were performed using 
SPSS 16. Drawing graphs was performed 
by Microsoft Excel 2016.

Results 
Biomass concentration

The influence of CO2 on the biomass 
concentration and growth rate of native 
Dunaliella sp. ABRIINW-I1 was studied. 
Higher dry weight (2.07 g/l) accounted 
for treatment with CO2 after 6- days 
of cultivation, whereas in the control 
experiment, maximum dry weight was 
observed after 11 days of cultivation and the 
value was also low (1.05 g/l). The maximum 
biomass concentration (AFDW: 1.06 g/l) 
was also obtained in CO2 treatment on the 
6th day, while in the control experiment the 
maximum biomass concentration was 0.54 
g/l (AFDW), which was obtained on the 
11th day (Fig. 2). Biomass Productivity in 
treatment with CO2 was calculated 0.17 g/l/
day while in the control experiment was 0.04 
g/l/day.
Pigments content
the content of chlorophylls (a, b, total) 
and total carotenoids as % DW are 
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shown in Table 1. In total, the maximum 
pigment content (sum of chlorophylls and 
carotenoids) was obtained at day 14 in the 
control experiment (2.97 % DW), whereas, 
in the presence of CO2, this amount was 
2.29 % DW at the end of the growth period 
(7th day). This difference is primarily due 
to the higher biomass concentration in 
CO2 treatment. Results of the t-test showed 
significant differences in chlorophyll a 
and total chlorophyll in biomass between 
two treatments (p< 0.05) and the amounts 
of chlorophyll a and total chlorophyll in 
biomass were significantly higher in CO2 

treatment. However, chlorophyll b and 
carotenoid content in biomass showed 
no significant difference between the two 
experiments (p> 0.05). 
Lipid and carbohydrate contents 
The Dunaliella sp. ABRIINW-I1 biomass 
was harvested at weekly intervals to 
determine the total lipid and carbohydrate 
contents. The growth rate in the CO2 
treatment decreased after 6 days, leading 
to the termination of the experiment in the 
first week. On the other hand, the control 

experiment continued for two weeks. After 
7 days of cultivation in the CO2 treatment, 
the lipid and carbohydrate contents were 
33.1% and 1.4% (DW) respectively, while 
in the control experiment, the lipid content 
was 21.45% (DW) and carbohydrate was 
2.6% (DW) after 14 days of cultivation 
(Figure 3). The carbohydrate content 
showed a significant difference between the 
two treatments (p < 0.05), with the control 
experiment having a higher content due to 
the longer growth period.

Fatty acid profile 
Table 2 shows the fatty acid composition 
of Dunaliella sp. ABRIINW-I1 in two 
experiments. Fatty acid profile mainly 
composed of palmitic acid (C16:0), stearic 
acid (C18:0), linoleic acid (C18:2), and 
Alpha linolenic acid (C18:3), which were 
dominant in both experiments. 

Discussion
In this study, the effects of CO2 on growth 

parameters, pigment and carbohydrate 
contents, lipid content, and FA profile of 
Dunaliella sp. ABRIINW-I1 native to Urmia 
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Lake was evaluated. Results revealed that 
CO2 injection could increase the growth and 
biomass of the studied isolate in addition to 
decreasing the growth duration. The biomass 
production obtained in CO2 treatment was 
4.25 fold as much for the control experiment. 
Other researchers that had studied the 
CO2 effect achieved optimum growth of 
Dunaliella taxa in the concentration of 1-6% 
CO2 (Kim et al., 2012; Suzuki et al., 1995; 
Tang et al., 2011).
Algae are characterized by a wide 
range of pigments such as chlorophylls, 
and carotenoids. Chlorophyll a; type 
of chlorophyll, plays a key role in 
photosynthesis. Other pigments are accessory 
pigments, acting as photoprotective 
agents and preventing harmful radicals. 

In total, chlorophyll amount was reported 
approximately 0.5-1.5% dry weight 
in microalgae (Becker, 1994). In both 
experiments, it was anticipated that the 
amount of chlorophyll a would be higher 
than that of chlorophyll b, and the results 
confirmed this expectation. Hosseinzadeh 
Gharajeh et al. (2020) reported similar 
results. One of the significant characteristics 
of Dunaliella salina is the high potential to 
accumulate enhanced levels of carotenoids 
particularly β carotene when subjected to 
specific stressors such as nutrient limitation, 
high salinity, and light stress (Saha et al., 
2018). However, in our experiments, where 
these stressors were absent, the carotenoid 
content did not exhibit a significant increase.
Carbohydrates are the primary 
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organic products during the process of 
photosynthesis. It appears that during the 
cultivation progresses, there is an increase in 
lipid content at the expense of carbohydrates. 
According to Hosseinzadeh Gharajeh et al. 
(2020), after comparing three isolates of 
Dunaliella it was determined that the cells 
tend to reserve the carbon and energy in the 
form of lipids rather than carbohydrates. On 
the other hand, the utilization of CO2 resulted 
in the high lipid content within a brief period. 
In this regard, the daily lipid productivity 
exhibited approximately a five-fold surge 
when treated with CO2. Some researchers 
have linked the heightened lipid content in 
the presence of CO2 to the mechanism of 
lipid synthesis, thereby enhancing the lipid 
content of microalgae in the presence of 
inorganic carbon (Kassim and Meng 2017; 
White et al. 2013).
Analysis of the FA showed that the Dunaliella 
sp. ABRIINW-I1 mostly accumulated the 
C16 and C18 fatty acids, which generally 
are dominant in algal cells (Elsey et al. 
2007; Lang et al. 2011; Talebi et al. 2013). 
There was no significant difference in the 
type of FAs between the two treatments. 
The main components of the FA profile 
were n3-ALA, saturated FAs (C16:0 and 
C18:0), and n6- linoleic acid. Similar results 
were observed by Hosseinzadeh Gharajeh 
et al. (2020). Herrero and colleagues (2006) 
identified palmitic acid and ALA as the 
primary fatty acids in D. salina. In contrast 
to their findings, oleic acid was not found in 
high concentrations in this particular study. 
Previous studies have linked the increase 
of oleic acid in various algal cells to the 
deficiency in N and P in culture medium 

(Ho et al., 2010; Hu and Gao, 2006; Ji et 
al., 2013; Msanne et al., 2012). In our work, 
these nutrients were sufficiently added to 
the culture as KNO3 and KH2PO4, and the 
nutrient defect was not the case. 
Yecong and colleagues (2011) revealed that 
the growth phase could also affect the lipid 
content and FAMEs. The findings from the 
control experiment indicated that during the 
initial week, the amount of the SAFAs was 
high. However, as the growth progressed, 
the SAFAs decreased, while the amount 
of the USFAs increased. Consequently, at 
the stationary phase, the fatty acid profiles 
in both treatment groups exhibited no 
significant difference. Additionally, lipid 
content altered throughout the growth phase. 
Among the PUFAs, n3 and n6 fatty acids are 
essential for humans and all other mammals. 
The n6/n3 balance plays a crucial role in 
decreasing the risk of coronary heart disease 
(Simopoulos, 2008). Although in our study 
this ratio did not match the international 
standards (Ma et al., 2016), the n3/n6 ratio, 
which is a valuable indicator for assessing 
exceeded nutritional value of oily foods, 
exceeded certain fish species. This was 
supported by Cakmak et al. (2014) in their 
work on the biochemical composition of 
Dunaliella salina, where they found that 
the extracted oils had a higher nutritional 
value compared to some fishes. Studies on 
FA composition in some fishes characterized 
the ratio of 1.03-2.8 for the n3/n6 ratio 
(Cakmak et al., 2012; Donmez, 2009; Guler 
et al., 2007). 
In total, various parameters including 
salinity, light intensity, duration, 
temperature, medium type, and nitrate 
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concentration could influence the growth, 
pigment, lipid, and carbohydrate contents 
of algae (Al-Adali et al., 2012). The 
halotolerant Dunaliella salina is the known 
commercial microalgae with various 
strains of Dunaliella growing in saltwater 
ecosystems of Iran. The main aim of this 
work was to investigate the effects of CO2 

injection on the growth and biochemistry of 
native Dunaliella sp. ABRIINW-I1. Results 
revealed that utilizing CO2 in a culture not 
only affects the biomass concentration and 
growth period but also affects the chemical 
composition. Furthermore, fatty acid 
analysis revealed an optimal combination 
of saturated and unsaturated acids with the 
dominance of C16 and C18 fatty acids. 
Fatty acid methyl esters play a crucial role 
in the biodiesel properties of algal biomass. 
In addition, lipids have great importance at 
various growth stages of many aquaculture 
animals. Our results confirmed the nutritional 
values of the studied strain particularly 
when treated with CO2. The introduction of 
CO2 had no significant impact on the type 
of fatty acids. The results demonstrated 
that throughout the microalgae cultivation 
of microalgae, CO2 sequestration, biofuel, 
and food production could be combined. 
Additionally, the utilization of CO2 in algal 
cultivation could lead to a decrease in costs 
and energy requirements. 
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Abstract
Biological soil crusts (BSCs) result from the close association between soil particles 

and various microorganisms, including cyanobacteria, green microalgae, and free-
living fungi. In this study, we investigated the BSC microflora in soil samples collected 
from four sites in Qom Province, a semi-arid region in Iran. The study stations included 
agricultural areas, farms irrigated with saline water, and the edge of Hoz-e-Soltan 
Lake, a saline water lake. To study algal communities, all soil samples were cultivated 
in four different culture media including BG11, BG11 with 1.5 M NaCl, nitrate-free 
BG11 medium (BG110), and BG110 with 1.5 M NaCl. We isolated and identified 37 
morphospecies of algae. Cyanobacteria, such as Phormidium and Pseudanabaena, were 
dominant genera at most stations. Additionally, green algae and diatoms were present in 
the studied sites. Our results revealed that algal diversity in BSCs depends on soil physio-
chemical characteristics of the soil. For example, Phormidium was the dominant genus 
in all agricultural soils, while in saline soils, the genus Dunaliella was reported as the 
dominant taxon. Therefore, salinity plays a crucial role in shaping species distribution 
and diversity in these ecosystems.

Keywords: Biological soil crusts, Biodiversity, Salinity, Arid land, Phormidium, Qom Province 

Introduction
Biological soil crusts (BSCs), which 

develop in the upper few centimeters 
of the soil, are a diverse community 
of photoautotrophic and heterotrophic 
organisms (García-Carmona et al., 
2023). These BSCs can be considered as 

the result of a close association between 
soil constituent particles and various 
organisms, including cyanobacteria, 
microalgae, micro-fungi, lichens, and 
bryophytes. The biological soil crust 
and its various components have the 
ability to greatly impact the physical and 

https://orcid.org/0000-0003-4218-1607
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chemical properties of soil. In addition, 
BSCs play a vital role in maintaining 
soil stability and exert a notable impact 
on multiple soil factors, particularly 
in dryland regions (Eldridge et al., 
2020). Microorganisms within BSCs 
are key factors in binding soil particles 
together, forming a living layer on the 
ground surface through their presence, 
interactions, and biological activities 
(Belnap et al., 2001). Thus, changes in 
this crucial soil layer can profoundly 
affect overall environmental health 
and may contribute to desertification 
(Nguyen et al., 2022).
Previous studies have demonstrated 
that some microorganisms found in the 
soil’s upper layer exhibit remarkable 
resistance to harsh environmental 
conditions such as dryness, salinity, 
and high temperature (Li et al. 2021). 
These groups of microorganisms, 
called extremophiles, have developed 
unique adaptations to survive extreme 
environmental conditions. Among these 
organisms, extremophilic microalgae 
play a significant role in soil stabilization 
and hold potential for applications in 
biotechnological industries (Varshney et 
al., 2015). 
Cyanobacteria and green algae are 
pivotal in the formation of soil biological 
communities among the diverse 
group of microalgae. Cyanobacteria, 
as pioneer group of photosynthetic 
microorganisms, are found worldwide 

in various environments, including 
freshwater, saltwater, and arid regions 
(Rahim et al., 2023; Willis and 
Woodhouse, 2020). Furthermore, their 
versatility allows them to adapt to a 
wide range of conditions (Rahim et al., 
2023). Cyanobacteria cells are typically 
protected by a polysaccharide sheath 
(EPS), which effectively safeguards them 
from damage that prevent desiccation. 
This sheath possesses a great ability to 
store water and prevent the cells from 
drying out (Malam Issa et al., 2007). 
Therefore, EPS plays an important role 
in connecting soil particles, promoting 
the cohesion of biocrust inhabitants, and 
acting as a water-holding biomolecule 
under drought (Sommer et al. 2020).
The study of microalgae in BSCs, 
particularly in arid lands, has consistently 
been a notable and interesting field 
within algal and environmental research 
over the past few decades (Chamizo 
et al., 2016; Miralles et al., 2020; Li et 
al., 2021). BSCs improve soil stability, 
regulate soil moisture, and contribute 
to carbon and nitrogen cycles in arid 
environments (Li et al., 2021). They 
impact soil properties such as organic 
carbon (OC) and pH through their 
physiological activities (Miralles et al., 
2020). Additionally, BSCs enhance soil 
quality, promote vegetation recovery in 
semi-arid regions (Gao et al., 2016), and 
reduce water evaporation from the soil 
(Chamizo et al., 2016).
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Extreme environments, such as drylands, 
are characterized by severe conditions 
associated with non-optimal values of 
various physical and geochemical factors, 
including temperature, radiation, salinity, 
and pH (Rothschild & Mancinelli, 2001). 
Although these areas were once believed 
to be lifeless, they are now recognized 
as rich ecosystems supporting highly 
adapted species (Malavasi et al., 2020). 
Extremophile microalgae have been the 
focus of numerous studies worldwide due 
to their economic advantages (Varshney 
et al. 2015; Malavasi et al., 2020). 
Moreover, researchers in Iran have 
explored extreme habitats extensively, 
including saline lakes, hot springs, and 
areas with high radiation backgrounds 
(Safarpour et al., 2018; Heidari et al., 
2020; Salehipour-Bavarsad et al., 2021). 
Several studies have been carried 
out on the algal flora of terrestrial 
ecosystems in Iran; however, these 
reports are considered insufficient, 
particularly in high-stress areas. In 2009, 
Moghtaderi et al. conducted a study on 
cyanobacteria in the soil desert crust 
of Chadormalu in the Bafgh region 
(Yazd province, Iran). Hokmollahi et al. 
(2016) also described the cyanobacteria 
found in the soils of Yazd province, 
Iran, using morphological, molecular, 
and physiological characteristics. 
Additionally, in recent years, there 
have been reports on the morphological 
and molecular studies conducted 

on the algal flora of Kavir National 
Park (Etemadi-Khah et al., 2017). In 
another study, Irankhahi et al. (2022) 
studied the diversity and distribution 
of heterocystous cyanobacteria across 
solar radiation gradient in terrestrial 
habitats of Iran. The findings indicate 
that ecological factors, including solar 
radiation, relative humidity, and soil 
salinity, have an impact on the diversity 
and distribution of cyanobacteria in 
terrestrial ecosystems. Nostoc was 
reported to be the prevailing genus 
across all stations among the identified 
taxa, particularly in areas with elevated 
solar radiation, such as Qom Province. 
Recent research has explored microalgae 
inhabiting terrestrial habitats in Qom 
Province. Studies have documented 
nitrogen-fixing cyanobacteria such as 
different species of Nostoc (Davari et 
al. 2018; Irankhahi et al., 2022.), and 
Trichoromus (Davari et al. 2018). In 
addition, some species of Oscillatoria 
as non-nitrogen-fixing cyanobacteria 
was reported from this region (Davari 
et al. 2018). Furthermore, halophile 
taxa such as Dunaliella species have 
been identified in the arid lands of this 
province (Salehipour-Bavarsad et al., 
2022).
In this study, we identified extremophilic 
microalgae that form BSCs in semi-
arid and saline soils. The study also aims 
to assess the biodiversity of microalgae 
at the sampling sites, and determine 
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their distribution based on the prevailing 
environmental conditions.

Material and methods
Study area and sampling sites

Qom Province, covering an area of 
11238000 square kilometers, is located in 
the central plateau of Iran (Rahmati Zadeh 
et al., 2014). This Province is in proximity to 
Iran’s central desert, and boasts several salt 
lakes at its entrance, including the Salt Lake 
and the Hoz Sultan Lake (Ebrahimivand et 
al., 2023). This province is affected by the 
natural factors that dominate the desert 
areas. Studies show that over 70% of 
the province consists of desert and semi-
desert areas, with approximately 91% of 
the region experiencing an ultra-arid and 
dry desert climate (Rahmati Zadeh et al., 
2014). This province is affected by the 
natural factors that dominate the desert 
areas. Studies show that over 70% of 
the province consists of desert and semi-
desert areas, with approximately 91% of 
the region experiencing an ultra-arid and 

dry desert climate (Rahmati Zadeh et al., 
2014), and these conditions have made 
many areas of this province unsuitable 
for agricultural activities. 
In August 2023, soil samples were 
collected from four distinct locations 
within Qom Province, Iran, following the 
methodology outlined by Rangaswamy 
(1996). The first sampling site was an 
operational agricultural plot cultivating 
Medicago sativa (alfalfa). The next two 
sampling sites were barren lands that 
were previously used as farmlands, but 
were irrigated with highly saline water 
for many years and became unsuitable 
for agricultural purposes (Fig. 2). The 
fourth site was the dried lakebed of Hoz-
e-Soltan Lake, and soil samples were 
taken from the playa area. In addition 
to the soil samples, various vegetation 
samples were also collected from this 
site for further examination to explore 
potential coexistence patterns (Figure 1, 
Table 1).



1247

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024

Isolation and cultivation of algae
Approximately four grams of each soil 
sample were individually cultivated in 
glass containers using four different 
culture media: BG11, BG11 supplemented 
with a 1.5 M NaCl concentration (BG11: 
1.5 M), nitrate-free BG11 medium 
(BG110), and BG110 supplemented with 
a 1.5 M NaCl concentration (BG110: 
1.5 M). Employing diverse algal 
culture conditions can provides deeper 
insights into the biodiversity of algae 
in the region and their environmental 
requirements. BG11 serves as a common 
culture medium, facilitating the growth 
of a diverse group of algal species. 
Cultivating soil samples in BG110 
assists in the identifying taxa that 
exhibit resistance to nitrogen deficiency, 
particularly in favor of heterocystous 
cyanobacteria. BG11: 1.5 M enables 
the identification of algal species 
thriving in saline conditions. Lastly, 
the essential role of BG110: 1.5 M lies 
in distinguishing algae that are resilient 

to both nitrogen deficiency and saline 
conditions. Anderson’s methodology 
(2005) was used to isolate species capable 
of thriving in saline environments. The 
cool white fluorescent lamps emitting 
about 74 µmol photons m-2 s-1 were used 
to provide a photoperiod consisting of 16 
hours of light and 8 hours of darkness for 
the algal cultures, which were kept under 
controlled conditions at a temperature 
of 25 ± 2°C. After approximately two 
weeks, the presence of algal colonies 
Identification of microalgal taxa
To identify different algal taxa, a 
morphometric study was conducted 
using light microscopy (Olympus, BH-2 
model). Semipermanent slides of the 
colonies were prepared for identification 
of taxa. Various references were used 
to identify algae, including Prescott 
(1970) for identify green algae species; 
Komárek and Anagnostidis (1986, 2005) 
and Komárek (2014) for identification 
of cyanobacteria; and Eileen J. Cox 
(1996) for identification of diatoms. 
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Various morphological characteristics, 
including color, shape, size of colonies 
and thallus, presence or absence of 
mucilaginous sheath, and the shape of 
apical cells, vegetative cells, and special 
cells in filamentous taxa, were utilized 
for identification.
Identification of vegetations
The book Flora Iranica (Rechinger, 
2005) was used to identify the collected 
vegetations.
Soil analysis 
Various techniques were utilized to 
measure physicochemical properties of 
the soil samples including concentration 
of organic carbon, nitrogen, pH, and 
electrical conductivity (EC). The soil 
samples were directly measured for pH 
using water extracts (1:5 w/v) by the 
electrometric method. EC was measured 
using platinum electrodes. Furthermore, 

the nitrogen concentration was measured 
using the Macro Kjeldahl (Juo, 1978), 
and the organic carbon concentration 
was determined using the Walkley-Black 
method (Sikora and Moore, 2014).
Statistical analysis
To investigate the linear relationship 
between two variables, i.e. EC as a soil 
physicochemical parameter and the 
number of algae identified from collected 
soil crusts, Pearson’s correlation 
coefficient was calculated using IBM 
SPSS Statistics (version 26). In addition, 
Microsoft Excel 2019 was used to draw 
the graphs.

Results
Climate and vegetation of the study area

This study focused on investigating 
algal communities in BSCs of Qom 
province, particularly the uncultivable 
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areas which are irrigated with salt water. 
Qom Province encounters a semi-arid 
climate, characterized by very hot 
summers and extremely cold winters. 
The average annual precipitation in 
Qom province is 151.6 mm, with the 
highest average monthly and annual 
precipitation recorded at 49.6 mm and 
7.99 mm, respectively. The annual 
mean temperatures of 19.89 °C, with 
the highest mean monthly temperature 
reaching 39.5 °C, and the lowest mean 
monthly temperature dropping to -1°C. 
The vegetation in the studied sites is 
described as follows: in Site 1, cultivated 
Medicago sativa L. was predominant 
vegetation, the main vegetation of site 
2 was Alhagi maurorum Medik and 

Prosopis farcta (Banks & Sol.) J. F. 
Macbr, while Site 3 was predominantly 
covered by Alhagi. Moreover, Site 4 was 
a barren land without any vegetation 
coverage (Fig 2).  
Physicochemical parameters of soil
The physicochemical properties of 
collected soil samples were measured 
and represents in Table 1. According to 
the Table, it can be perceived that the pH 
of almost all of the samples fell within 
the normal range of 6.5-8. However, 
the treated soil in Site 1 exhibited 
slightly alkaline properties. In addition, 
all collected soil samples showed high 
salinity levels based on their EC, which 
is an indicator of salt concentrations 
and soil mineralization (Fig 3). The EC 
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values for all soil samples exceeded 4 
dS/m. The lowest amount of EC was 
observed in Site 1 at 22.8 dS/m, while 
the highest EC value was recorded in 
Sites 2 and 4 with 43.1 and 160 dS/m. 
Furthermore, the total nitrogen and total 
organic carbon (TOC) of soil samples 
were measured, and the range of these 
parameters was about 0.08 – 0.20 % 
for total nitrogen, and 0.58-2.20% for 
TOC, respectively. The lowest amount of 
nitrogen and TOC were recorded in Site 
4 (0.08%) for nitrogen and 0.58% for 
TOC), and the highest amount was seen 
in Site 2 with 0.20 percentage of total 
nitrogen content and 2.20 percentage in 
TOC (Fig 4).
Algal diversity
In the present study, a total of 37 
microalgal taxa were identified (Table 
2, Fig. 5). These taxa included 33 
cyanobacterial taxa, three taxa from 
Chlorophyta, and one diatom species. 

It should be noted that the genus 
Phormidium appeared most frequently 
and species diversity among the identified 
taxa, with a presence rate of 43% (Fig 
6). Pseudanabaena ranked second with 
seven species. Further, two species of 
the genus Planktolyngbya were observed 
among identified taxa. Additionally, some 
genera were present with only one species 
among the identified taxa including 
Jaaginema pseudogeminatum (G.Schmid) 
Anagnostidis and Komárek, Kamptonema 
animale (Gomont) Strunecký, Komárek 
and J. Smarda, Leptolyngbya foveolarum 
(Gomont) Anagnostidis and Komárek, 
Oscillatoria rupicola (Hansgirg) Hansgirg 
ex Forti, Potamolinea aerugineocaerulea 
(Gomont) M.D.Martins and L.H.Z.Branco, 
Schizothrix lenormandiana Gomont, and 
Stenomitos frigidus (F.E.Fritsch) Miscoe 
and J.R.Johansen. Despite the variety of 
cyanobacteria taxa, the only nitrogen-fixing 
cyanobacteria identified in this study was 
Nodularia harveyana Thuret ex Bornet and 
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Flahault.
Site 1 showed the greatest number 
of Phormidium species totaling nine 
species. Additionally, Sites 2 and 3 
recorded five and six Phormidium 
species, respectively. Conversely, in the 
final site, there were not any Phormidium 
species (Table 2).  
Additionally, three genera of green 
microalgae were observed from one 
class, one order, and three families. 
These microalgae included Dunaliella 
Teodoresco, Limnomonas Tesson & 
Pröschold, and several Chlorococcum 

species.
Accurately classifying different species 
of Chlorococcum genus presents a 
challenge, thus requiring the use of 
molecular investigations. Moreover, 
Hantzschia sp. was the only diatom 
identified in this study; the presence of 
this species was notably observed in areas 
irrigated with saline water, particularly at 
Sites 2 and 3.
In the present study, BSCs samples 
collected from agricultural sites 
showed the highest algal diversity. This 
phenomenon could be attributed to 
agricultural practices and the utilization 
of varied water sources for irrigation 
over time. In Sites 1, 2, and 3, the number 
of observed microalgae genera was 20, 
16 and 18, respectively. However, in 
the playa collected from Site 4, only 
two species were identified, including 
Dunaliella sp. and Pseudanabaena 

minima (G.S.An) Anagnostidis.
Data analysis
The correlation between soil properties 
and the number of algal species in each 
site was calculated using the Pearson 
correlation coefficient. The findings 
indicate a significant correlation between 
EC and the number of algal species at 
the 0.01 level. However, no significant 
correlation was observed between pH 
level and the number of algae, considering 
that the range of the mentioned parameter 
fell between 7.67 and 8.08.

Discussion
The diversity of microalgae within 
BSCs is intricately influenced by several 
environmental factors, encompassing 
both natural processes and human-
induced activities across diverse 
temporal and spatial scales (Büdel et al., 
2016; Hakkoum et al., 2021). Among 
these factors, soil physicochemical 
properties are decisive determinants that 
shape the composition and distribution 
of microalgal communities within 
terrestrial ecosystems (Hakkoum et 
al., 2021). Accordingly, our findings 
suggest that the relationship between 
ecological parameters and algal diversity 
is notably complex; nonetheless, certain 
generalizations can be inferred regarding 
pH and EC levels. 
Cyanobacteria exhibit a remarkable 
capacity to thrive in extreme 
environments, including habitats 
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with high radiation, low water 
availability, and elevated temperatures 
- characteristics that set them apart 
from many other biological species. 
Their autotrophic nature and ability to 
maintain high metabolic functions with 
limited moisture requirements enhance 
their capacity to colonize a diverse 
range of ecosystems, particularly arid 
environments (Perera et al., 2018). 
Moreover, not only do the mentioned 
features help these microorganisms to 
survive in saline environments, but also 
they use mechanisms to survive in ionic 
stress (Belnap, 2003). Additionally, some 
cyanobacteria species show specific 
alternations in their morphological and 
physiological features while adapting to 
harsh conditions (Perera et al., 2018).
Site 1 (cultivated land) emerged as the 
area with the highest algal diversity 
among the sampling sites. It displayed 
an elevated pH level (8.08) and lower 
EC value (22.8) in comparison to 
the other sites, indicating distinctive 
environmental conditions that likely 
exert an influence on the microalgal 
community structure in that specific 
area. In addition, in alignment with the 
observations of Kirkwood and Henley 
(2006), our study highlights a significant 
relationship between salinity levels and 
the diversity of algal species. Higher 
salinity concentrations (indicated here 
by high EC values) were associated 
with a reduced presence of algal species, 

revealing that excessive salinity could 
potentially restrict the diversity of 
microalgae in soil ecosystems. This 
emphasizes the direct influence of 
salinity on the overall diversity of 
microalgae in these environments. 
Therefore, the research findings enrich 
our understanding of how environmental 
factors shape microalgal diversity in soil 
ecosystems and emphasize the critical 
role of soil physicochemical properties 
in driving these ecological dynamics. 
As stated, Site 1 is a cultivated area for 
Medicago sativa with the highest algal 
diversity. However, it is worth noting that 
Dunaliella, as a halotolerant microalga, is 
not present in this location. The absence 
of Dunaliella in Site 1, and its presence 
in those three uncultivated sites indicates 
unfavorable conditions of the other 
three stations for plant cultivation, as 
the studied strains of Dunaliella showed 
robust growth in BG11:1.5 M NaCl. Soil 
salinity is a critical factor that limits plant 
productivity and quality. Various growth 
parameters and yield components decline 
under salinity stress across numerous 
plant species (Shahbaz and Ashraf, 2013; 
Ansari et al., 2019). Salinity stress exerts 
negative effects on photosynthesis, gas 
exchange, and overall plant growth, 
attributed to osmotic and ionic stress 
(Chaves et al., 2009; Ansari at al., 
2019). Similar to many other plants, the 
yield of M. sativa decreases at salinity 
levels exceeding 2 dS m−1, although it 
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is considered moderately saline-tolerant 
among leguminous crops (Maas and 
Hoffman, 1977). M. sativa, a perennial 
plant extensively cultivated as forage in 
large irrigated areas worldwide, holds 
significant economic and agronomic 
value due to its high-quality forage and 
nitrogen-fixing capabilities (Anower et 
al., 2013).
The presence and wide distribution of 
Phormidium species in collected BSCs 
suggest that this genus plays a significant 
role in agricultural soils (Alghanmi et 
al., 2019). Research has shown that 
certain Phormidium species, such as 
P. breve, exhibit tolerance to salinity, 
as demonstrated by Tashlykova and 
Afonina (2022). Similarly, Sepehr et al. 
(2019) have reported that P. uncinatum 
is capable of surviving and adapting to 
saline conditions. Other similar reports 
also emphasize the resistance of this 
genus to salinity and their presence in 
harsh environments (Etemadi-Khah et 
al., 2017; Zafar et al., 2022). Overall, the 
presence of Phormidium in agricultural 
soils can be beneficial for soil fertility, 
plant growth, and potentially for disease 
control (Rezaee et al., 2019; Younesi 
et al., 2019; Neyshabouri et al., 2021; 
Righini et al., 2022). There are also 
reports on the efficient role of this genus 
in desalination processes (Zafar et al., 
2022).
Our findings also show that 
Pseudanabaena minima was the 

dominant species among the other taxa, 
suggesting its potential as a saline-
resistant species. Notably, previous 
research by Ahlesaadat et al. in 2017 also 
showed the presence of P. minima across 
a range of EC levels in agricultural 
fields. It should be noted that there is 
limited information on Pseudanabaena 
spp. in the scientific literature, including 
their physiology, molecular, and 
metabolic characteristics (Foster et al., 
2020). Although these cyanobacteria 
are associated with blooming events in 
various environments and are widely 
present in aquatic and terrestrial habitats, 
this genus is frequently disregarded. 
Interestingly, one of the reports shed 
light on bioremediation potential of 
the Pseudanabaena galeata strain. 
Ouhsassi et al. (2020) demonstrated that 
these filamentous cyanobacteria may 
effectively remove contaminants from 
industrial effluents during wastewater 
treatment processes. 
While there is currently no documented 
evidence of Oscillatoria rupicola 
existing in saline water or being able to 
tolerate saline environments, we have 
observed its presence in soils with high 
salinity levels at Sites 2 and 3. The finding 
indicates that this species of Oscillatoria 
survives in saline environments. Plus, 
the genus Planktolyngbya which was 
reported from Site 2 showed a high salinity 
tolerance compared to other taxa isolated 
from agricultural fields. This resilience 
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aligns with findings by Andreote et al. in 
2014, who also noted the salinity tolerance 
of this genus.
Furthermore, Leptolyngbya is known as a 
halophile genus (Verma and Bhattacharjee, 
2015), which serves as supporting evidence 
for the presence of its species in our research. 
In addition to the widespread observation 
of L. foveolarum in Sites 1 and 3, it was 
also found to be the predominant species 
cultured in BG11 medium with a 1.5 M 
saline concentration. 
Previous studies have reported Kamptonema 
as a genus with saline tolerance (Hokmolahi, 
et al., 2017). In our research, one species of 
this genus was identified, with Kamptonema 
animale being found in the highest salinity 
soil among the agricultural fields.
Despite the presence of nitrogen-fixing 
species Nodularia harveyana in sites 1 and 
3, the nitrogen content in the first site was 
only 0.09, which was one of the lowest 
among the soil samples studied; this can be 
the result for the method used in the tillage 
system (Szostek et al., 2022). Based on 
the findings of Samylina et al. (2024), N. 
harveyana, when observed in saline soils, 
i.e., Site 3 in the current investigation, has 
exhibited the capacity to withstand certain 
degrees of salinity. Consequently, it can be 
regarded as a species possessing a degree of 
salt tolerance.
Moreover, Hantzschia species exhibit a 
broad distribution encompassing both 
freshwater and marine environments, as well 
as terrestrial habitats (Joh, 2014). Notably, 
in the present study, Hantzschia was the sole 
diatom observed in saline agricultural soils 
at Sites 2 and 3. Given that these regions had 

experienced past associations with saline 
water, it can be inferred that this particular 
diatom has persisted since those earlier 
periods.
Similar to the mentioned genus, Dunaliella 
was also transferred to the agricultural 
fields while they were aggregating with 
saline water (Sites 2 and 3); more over this 
microalga was the dominant species in the 
soil samples collected from Site 4. Our 
findings were also proved by other studies 
representing the presence of Dunaliella 
species in saline soils (Salehipour -Bavarsad 
et al., 2022).   
Even though the higher number of 
microorganisms results in higher amounts of 
TOC in soils (Roncero-Ramos et al., 2020; 
Hakkoum et al., 2021), it has been proved 
that different method of tillage systems in 
agriculture has effects on the TOC of the 
soils (Szostek et al., 2022). Therefore, the 
low amounts of TOC in the BSCs collected 
from site 1 can be the result of the tillage 
system before planting. Thus, compared to 
site 4 with the weakest BSC, sites 2 and 3 
have more TOC concentrations; so that we 
can argue the BSCs in site 4 are the weak 
soil crusts, based on the amounts of TOC, 
EC, and the fewer number of algal species in 
the soil. Moreover, it can be mentioned that 
the high amounts of organic carbon in sites 
2 and 3 compared with site 1, is the result of 
being unused through past years.
The comparison of four different BSCs 
that were affected by natural stress factors 
such as salinity and drought, as well as 
human-made factors like tillage methods for 
preparing agricultural lands and irrigating 
soil with high saline water, showed us that 
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these factors have a noteworthy effect on the 
biological soil crusts; also, previous research 
by Lan et al. (2010) showed the harmful 
effects of salinity and dry conditions on 
BSCs.
In conclusion, this study has identified 
numerous algae species that are tolerant 
to high salinity levels. However, further 
research is needed to explore the salinity 
resistance and other attributes of these 
microorganisms in order to determine their 
potential for restoring biocrusts in arid and 
saline environments.
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Abstract
The most important problem of oil industries and refineries is the leakage and spraying of 

oil compounds and products through transportation systems on agricultural soils. Penetration 
of petroleum compounds in the soil causes the fertility of the agricultural soil to decrease 
drastically. The seeds of agricultural and garden plants either do not grow at all or do not 
grow optimally in soils contaminated with petroleum compounds. Seed coating is one of 
the ways to enhance the plants’ seed germination in contaminated soils with diesel. The use 
of natural materials is preferable to chemicals to prevent the aggravation of environmental 
pollutants. The main aim of this study was to evaluate the effect of calcium alginate as a coating 
layer on maize seed for germination in contaminated soil with diesel. This experiment was 
organized in a two-way ANOVA (4 × 4) in which factor A consisted of four levels of diesel-
contaminated soil (0, 2, 4, 6%), and factor B consisted of calcium alginate concentrations (0, 1, 
2, 3%). Experimental treatments’ effects were studied in a completely randomized design with 
four replications. Experimental variables included some components of vegetative growth, 
hormones, and enzymes. The most important results showed that seeds coated with calcium 
alginate concentrations (1, 2, 3%) under diesel-contaminated soils increased germination 
percentage, shoot and root lengths, and shoot fresh weight while decreasing the activity of 
antioxidant enzymes including catalase, superoxide dismutase, as well as malondialdehyde 
production. Also, the results showed that 2 and 3% of calcium alginate concentrations produced 
the highest amount of Gibberellin A3 hormone, while these concentrations produced the lowest 
amount of abscisic acid hormone in the coated seeds under diesel-contaminated soils.

Keywords: Maize, Enzymes, Diesel, Phytohormones, Seed Coating
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soils, they lose the ability to produce 
and grow plants. The relatively high 
hydrophobicity of petroleum hydrocarbons 
causes the accumulation of these pollutants 
in the soil and their deposition relative to 
the aquatic environment, Koshlaf and Ball 
(2017). Therefore, it is necessary to create 
appropriate solutions to eliminate or reduce 
the effects of soil oil pollutants.
Diesel is one of the reserves in nature with 
very poor solubility in water, the presence 
of which in the soil leads to pollution and 
toxicity. Under natural conditions, the 
downward movement of diesel is prevented 
due to adsorption by organic matter on 
the soil surface, so contamination remains 
superficially in the soil and root system of 
most plant species (Yakovleva et al., 2017).
The technique of seed coating dates back 
to 1928 and was first used by Allen and 
Stevenson to increase 1000-seed weight and 
uniform seed distribution in aerial seeding. 
However the general concept of the word 
seed coating was first used by Sweet Anion, 
and the technique developed very rapidly 
in Western countries, including the United 
States and Germany (Song et al., 2014).
The British company Germains was 
established in the 1930s to cover grain seeds 
and began commercial use in the 1960s 
for precision arable farming in Europe 
(Gorim, 2014). This technology involves the 
application of a very thin layer permeable to 
the seed, which increases seed yield, improves 
germination, and ultimately increases yield 
without harming the environment. This layer 
can contain fungicides, insecticides plant 
growth regulators, and fertilizers, Rocha, 
Ma et al. (2019). Then the use of bacteria in 

seed coats as biological coatings that were 
first used in China on rice, wheat, maize, 
and other grains was developed in other 
countries (Song et al., 2014; Kimmelshue et 
al., 2019). 
The results of previous research show that if 
the seed coating is of hydrophilic polymers, 
it can protect the seed against drought stress 
and increase the rate of water absorption (Su 
et al., 2017).
The seeds of some plants are naturally 
round and large, which makes them easy 
to grow, but the seeds of some other plants 
are shapeless, very small, or have different 
sizes, which disrupts their cultivation in 
mechanized agriculture the use of seed 
coating technology solves this problem, 
while hydrophobic polymers reduce water 
absorption (Afzal et al., 2020).
On the other hand, several areas around most 
oil refineries have been left unused due to 
contamination with petroleum compounds, 
while these areas can be cultivated through 
biological treatment of contaminated soils 
and the use of resistant plants such as maize. 
Indeed, the economic importance of maize 
products and their physiological capabilities 
and resistance to environmental stresses 
such as stresses caused by oil pollutants 
can be used as a suitable candidate in soils 
contaminated with petroleum compounds 
(Ghalamboran et al., 2020). 
One of the most important problems of 
planting plants in soils contaminated with 
petroleum compounds (such as diesel) is 
a sharp decrease in seed vigor rate and 
percentage. That is, due to the inhibitory 
effects of petroleum compounds such as 
toxicity, and hypoxia in the seed growth 
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medium, the seed vigor process is reduced 
and may be stopped (Dib and Sadoudi, 
(2020).
In recent decades, the seed coating 
technique has been used to increase seed 
resistance under stress conditions. However, 
according to reports from companies and 
seed industries, different coatings are used 
for maize seeds, that are not of natural origin 
(e.g., polyacrylamide + Carboxymethyl 
cellulose (CMC) for film former, ethylene 
glycol for antifreeze, gelatin for thickener, 
and Lauryl Alcohol Ethoxylate (LEA-9) as 
a nonionic surfactant in the composition 
of seed coatings) and the entry of these 
compounds into the soil, in the long run, can 
cause damage to the environment and shoot 
growth (Pedrini et al., 2017). Therefore, it is 
necessary to use biocompatible, degradable, 
available, and affordable compounds for 
seed coating. In addition, the material used 
in the seed coating must have high water 
absorption and retention power so that the 
increase in the thickness of the seed shell 
by the coating layer does not reduce the 
absorption and penetration of water inside 
the seed.
Calcium alginate is one of the biocompatible 
polymer compounds, which has the above 
advantages. The biggest advantage of 
alginates is their liquid–gel behavior in 
aqueous solutions. When monovalent 
ions (e.g., sodium in sodium alginate) are 
exchanged for divalent ions (particularly 
calcium), the reaction proceeds almost 
immediately, changing from a viscosity 
low-viscosity solution to a gel structure.
Previous results showed that the use of 
calcium alginate enhanced the activities of 

several enzymes beneficial for germination 
like proteases (cysteine proteases (CPs), 
followed by serine proteases (SPs) 
and aspartic proteases (APs)), and the 
germination process improves (Hu et al., 
2004). Furthermore, the use of calcium 
alginate as a biodegradable compound to 
coat maize seeds, consequently, the coated 
seeds easily germinated, and if remaining 
residual layer in the soil would be used by 
microorganisms (de Castro et al., 2020).
The current research is based on the 
assumption that the use of calcium alginate 
biopolymer due to its advantages such as 
having high water absorption, the possibility 
of creating a moisture layer around and 
attached to the surface of the seed, the 
possibility of accelerating and facilitating 
the absorption of water by the seed in the 
germination process, preventing The direct 
contact of pollutants with the surface of 
the seed, the reduction of the concentration 
of pollutants and the possibility of their 
penetration into the seed, through increasing 
the thickness of the seed coat, which 
ultimately improves and increases the 
germination power of maize seeds under the 
conditions of soil stress contaminated with 
diesel substances. Also, the main goal of 
this research was whether the use of calcium 
alginate as a layer on the surface of maize 
seeds protects and improves the processes 
of maize seed germination and growth under 
the stress of soil-contaminated soils with 
diesel. Furthermore, other objectives such as 
the physiological and metabolic responses of 
coated and uncoated maize seeds under the 
stress of diesel pollution were investigated 
and evaluated.
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Material and methods
The commercial diesel provided by the 

National Iranian Oil Company (NIOC) 
was used. The diesel components were 
determined in the lab of NIOC and the 
details are given in Tables 1 and 2.
Preparation of contaminated soil with diesel
The contaminated soil with diesel was 
prepared using a modified method according 
to Ghalamboran et al. (2020). First, the 
sandy loam (sand 26%, silt 68%, and clay 
6% (Table 3)) was washed in a container 
with tap water and then immersed in 0.5% 
HCl for 1–2 days. The acid was drained off 
and then the soil was washed with at least 
6–8 times of sterile water. If needed, 1 M of 

KOH was used to adjust the pH. To prevent 
the interference of the bacteria in reducing 
the adverse effects of oil pollutants in the 
growth environment of the tested plants, 
the soil was autoclaved for 4–6 hours at 121 
°C and 131 kPa. After cooling, first, the soil 
was mixed with sterilized coco-peat at the 
rate of 5% by weight of the total soil used, 
and then, the soil was mixed with different 
concentrations of diesel (no diesel as the 
control and 2, 4, and 6 %). Next, 150 g of 
the contaminated soil was placed in each 
seedling tray (70 cells). 
Coating method of the seeds
The seeds were coated according to the 
modified method of Kikowska et al. (2011). 
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The sodium alginic acid was used as a 
bio-polymer coating, along with calcium 
chloride (100 mM) with a purity of 95% 
and a molecular weight of 110.99. To 
prepare different concentrations of sodium 
alginic acid (1, 2, 3, 4, 5% by weight), first, 
different concentrations of sodium alginic 
powder were weighed (Figure 1). Each 
weighed sample was then dissolved in 100 
ml of distilled water at 40-50 ° C and then 
the seeds (20 to 30) were mixed manually 
with this solution in a 500 ml beaker. 
Then, coated seeds were placed in 100 mM 
calcium chloride solution by drop-by-drop 
immersion method for 20 to 30 minutes 
to perform cation exchanges to harden the 

calcium alginate coating. Finally, the seeds 
coated with calcium alginate were placed in 
the open air for 2 days to dry (Kikowska and 
Thiem, 2011).
Plant cultivation
The seeds of Maize (Zea mays L.) cultivar 
KSC 260 were obtained from the Seed and 
Plant Improvement Institute, Iran.  The 
germination seeds test was carried out based 
on the modified method of Lizárraga-Paulín 
et al. (2013). The planting of coated seeds 
and measuring of shoot length, root length, 
dry weight, and fresh weight of shoots 
and roots were according to the method 
of Ghalamboran (2011). The coated seeds 
were planted in the shoot trays (which were 
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filled with contaminated soils). Then they 
were placed in the greenhouse for 22–25 °C 
day/15–18 °C night cycles under ambient 
light. Each shoot tray was irrigated with 
1500 ml of tap water every day. Seed vigor 
percentage was determined, 8 days after 
sowing. The vegetative components of the 
shoots grown in the greenhouse such as the 
root and shoot length were determined using 
a ruler (cm) at 21 days after the planting.  
Also fresh shoots were weighed.
Extraction of proteins
The sample preparation of protein extraction 
was carried out according to the modified 
method of Laing and Christeller et al. (2004). 
At 21 days after planting the maize in the 
greenhouse, 0.1 g of each shoot tissue was 
homogenized over an ice bath with 1500 μL 
Tris–HCl 10 nM, 0.0186 g of EDTA, and 5.47 
g sucrose. The homogenized tissue was then 
centrifuged for 30 min at 4 °C (13,600 rpm), 
and the supernatant was used immediately 
to determine enzymatic activity (Laing and 
Christeller, 2004).

Quantification of enzyme activity
The activity of Catalase was determined 
following the adapted protocol by Shi 
(2005), using 50 mg of fresh shoot tissue 
grounded for 2 minutes on ice with 2 ml of 
sodium phosphate buffer (pH 6.8, 0.1 M). 
The resulting extracts were then centrifuged 
at 15000 rpm for 10 minutes at 4 °C and 
the supernatant was utilized to measure 
the enzymatic activity and the soluble 
protein content. Subsequently, 200 μl of the 
supernatant and 100 μl hydrogen peroxidase 
0.2 M were added to 1.5 ml of phosphate 
buffer (pH 6.8, 50 mM). The absorption 
was determined at 240 nm to assess the 
activity change, and the enzyme activity was 
expressed as fresh weight in mg of protein/
min. Guaiacol peroxidase activity was 
evaluated following the method described 
by Ruley et al. (2004). Where 100 mg of 
fresh shoot sample was grounded for 4 
minutes on ice with 1 ml of phosphate buffer 
at pH 7, 0.1M, containing 1 mM of EDTA 
and 1 mM of PVP 0.1%. The extract was 
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then centrifuged at 4000 rpm for 10 minutes 
at 4 °C, then the supernatant was used to 
measure enzymatic activity. 100 μl of the 
supernatant with 450 μl of H2O2 (20 mM) 
and 450 μl of guaiacol (2%) were mixed and 
the adsorption changes were recorded for 3 
min at 510 nm (Ruley, Sharma et al. 2004). 
Ascorbate peroxidase enzyme activity was 
measured following the protocol described 
by Koushesh Saba et al. (2012) with minor 
adjustments. The procedure were similar to 
the determination of Guaiacol peroxidase 
activity, with the exception that 100 μl of the 
supernatant with 60 μl of H2O2 (20 mM) and 
850 μl of phosphate buffer at pH 7, 0.1M, 
containing 1 mM of EDTA and 1 mM of PVP 
0.1% were mixed and the adsorption rates 
recorded for 1 min at 290 nm (Arzani et al., 
2012). The SOD activity was measured as 
recommended by Du et al. (2015) with slight 
modification using 0.2 g of frozen sample 
in 3 ml HEPES–KOH at pH 7.8 containing 
0.15 EDTA for absorbance at 560 nm. The 
SOD activity was defined as enzyme content 
that resulted in 50% nitroblue tetrazolium in 
560 nm Du, Liu et al. (2015).
Determination of malondialdehyde content
The malondialdehyde (MDA) concentration 
as a biomarker for lipid peroxidation was 
measured according to the modified method 
of Du et al. (2015). 50 mg of the shoot tissue 
was frozen with 2.5 ml of 10 % thiobarbituric 
acid, and the homogenate was centrifuged 
at 10,000 rpm for 10 minutes. Then, 1000 
μl of the extracted supernatant was mixed 
with 2000 μl of 10% trichloroacetic acid, 
and it was placed in a Bain-marie with a 
temperature of 80-90 °C for 30 minutes. 
Next, the reaction mixture was quickly 

cooled in an iced bath, and after, it was re-
centrifuged at 1000 rpm for 10 minutes. The 
absorbance of the supernatant was recorded 
at 450 nm, 532 nm, and 600 nm. The MDA 
content was calculated using a constant 
extinction coefficient (ε = 155 mM−1 cm−1).
Quantification of Gibberellin A3 (GA3) and 
abscisic acid (ABA)
The phytohormones GA3 and ABA were 
determined following the modified method 
of Delavari, et al. (2017) and Razifah et al. 
(2014). The coated seeds were germinated 
up to the emergence of the cotyledonary leaf, 
and then from each treatment, the emerging 
seeds were used to measure the hormones 
at 4 days after planting. This time (4 days 
after planting) was selected as a stage of 
the seed vigor duration, the emerged seeds’ 
hormones reached maximum. First, 0.5 g 
of the seed tissue was homogenized on ice 
with 10 ml of pure methanol (99%) for 3 
minutes. Next, the homogenate was placed 
in a sonication bath for 2 hours and then 
was left overnight at 0 °C. The resulting 
extract was centrifuged at 16,000×g and 
then filtered through Whatman filter paper 
No. 42, concentrated by evaporation under 
dark conditions. Subsequently, it was 
filtered through 0.22-mM BioFil filters, 
and 20 mL of the filtrate was analyzed by 
high-performance liquid chromatography 
(HPLC) (Knauer, Germany). The system 
was equipped with an HPLC pump K1001 
and a C18 column (5 mm, 250 × 4.6 mm). 
Phytohormones were eluted at a flow rate 
of 0.6 mL min¡1 with a concave gradient 
of methanol acidic water (deionized water 
containing 0.67% acetic acid, pH 3.0). 
The gradient was as follows: starting from 
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80:20 is shifted to 70:30 within 6 minutes, 
and then further to 60:40 after 15 minutes. 
Gibberellic acid (GA3) and abscisic acid 
(ABA) were detected at 220 nm using an 
ultraviolet detector (PDA, Berlin, Germany) 
and were quantified by comparison of their 
retention times and peak area with genuine 
standards (Sigma) (Razifah et al., 2014; 
Delavar et al., 2017).
Statistical analysis
The experiment was organized in a two-way 
ANOVA (4 × 4) in which factor A consisted 
of four levels of diesel-contaminated soil (0, 
2, 4, 6% diesel concentrations), and factor B 
consisted of sodium alginate concentrations 
(0, 1, 2, 3%). Experimental treatments’ effects 
were studied in a completely randomized 
design with ten replications. Experimental 
variables included some indices of 
physiological growth such as germination 
percentage, shoot length, root length, fresh 
weight of shoots and roots, hormones such as 
gibberellic acid and abscisic acid, enzymes 
such as catalase, superoxide dismutase, 
as well as malondialdehyde activity. 
Experimental data were first normalized 
by the Kolmogorov-Smirnov test; the data 
were then analyzed statistically by using 
SPSS software version 20. Comparisons 
of treatment averages were performed with 

Duncan’s test at 99% and 95% probability 
levels, and also the data were plotted using 
Excel.

Results
The seed vigor response 

The results of the analysis of variance 
(Table 4) showed that the use of calcium 
alginate in the production of seed coating 
could be effective in preventing the 
negative effects of diesel compound stress 
on seed vigor percentage and increasing 
germination percentage in coated seeds. 
The results showed that firstly, the coating 
factor had no inhibitory effect on seed vigor 
compared to control treatment. Secondly, 
under contaminated soil with diesel, the 
germination percentage of coated seeds 
increased compared to the control (uncoated 
seeds). Among the concentrations (calcium 
alginate) used in this study, the highest 
germination percentage was obtained at 
concentrations of 2 and 3% calcium alginate 
(Figure 2-A).
The vegetative components of shoot 
responses 
The vegetative components of the shoots, 
including shoot length, root length, and 
fresh weight of shoots, were affected by the 
seed coating factor (Table 4). The vegetative 
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components of the shoot increased compared 
to the control treatment under diesel-
contaminated soil. The highest growth of 
vegetative components of shoots was related 
to coated seeds 2 and 3% calcium alginate 
concentration was used in the production of 
seed coat (Figures 2b, c and d).
The enzymatic responses to diesel-
contaminated soil 
According to variance analysis (Table 3), 
the effect of seed coating could significantly 
prevent the increase of enzyme activity in 
the coated seeds (Figure 3a, b, c, and d). By 
covering the seeds with calcium alginate, the 
negative effects of contaminants in diesel-
contaminated soils on seed growth and 

consequently shoot growth were prevented. 
It means that the activity of enzymes such as 
the CAT, the GPX, the APX, and the SOD did 
not increase compared to the control under 
the contamination levels. Also, based on the 
results, it seems that the coating layer added 
to the surface of the maize seeds probably 
prevents the penetration of pollutants into 
the seed, because the activity of enzymes in 
the coated seeds was not stimulated and this 
response is opposite to the reaction of the 
control treatment (seeds without coating), 
therefore the difference in enzyme activity 
in coated and uncoated seeds can be a 
reason for the possibility of no penetration 
of pollutants. Among the concentrations of 
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calcium alginate used for the production of 
the coating layer, 2 and 3% calcium alginate 
concentrations had the greatest effect in 
preventing the increase in the activity of 
antioxidant enzymes.
The malondialdehyde response to diesel-
contaminated soil
At each level of gasoline pollution 
in this experiment, the production of 
malondialdehyde (MDA) was significantly 
increased only in the control treatment 
compared to other treatments (Table 4), and 
also the results showed that the effect of 
using calcium alginate as a layer on maize 
seeds could reduce MDA levels in coated 
seeds. In other words, by covering the seeds, 
lipid peroxidation can be reduced under 

diesel contamination (Figure 4a).
The phytohormone’s responses to diesel-
contaminated soil
Analysis of variance (ANOVA: Table 4) 
was used to determine the influence of seed 
coating on the produced phytohormones 
in germinated maize seeds under diesel-
contaminated soil. The production of GA3 in 
the coated seeds increased compared to the 
control treatment in the diesel-contaminated 
soils (Figure 4b). Also, the use of 2% and 
3% calcium alginate in the preparation of 
a coating on maize seeds, increased the 
production of GA3 in seeds compared to 
other treatments. Also, the results showed 
that the amount of produced ABA in the 
coated seeds was less than the control 
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treatment (Figure 4c).
Discussion

Based on the results of the present study, 
the seed coating technique could create 

many benefits for the development of plant 
cultivation in contaminated soils with diesel. 
However, the results of previous research 
have mentioned the benefits of coated seeds, 
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and these benefits are mainly to create 
uniformity of seed dimensions for ease of 
use in seeders’ machines, and as fungicides, 
soil pesticides, and nutrients, all of which 
increase germination percentage and seed 
vigor, especially for small seeds Ehsanfar 
and Modarres-Sanavy (2005). 
However, the point to consider in this study 
was the use of seed-coating techniques to 
counteract the inhibitory effects of diesel 
compounds on seed growth in contaminated 
soils. In addition, one of the most important 
reasons for choosing calcium alginate 
compound to use as a coating on the maize 
seeds surface was, first, the ability to store and 
absorb water for seed use in the germination 
process, to avoid contact with pollutants 
on the surface of maize seeds, and third, 
firming up the oxygen needed to continue 
metabolic and hormonal activities (He et 
al., 2018; de Castro et al., 2020). Because 
the molecular structure of calcium alginate 
can absorb water, it can play a positive role 
in solving the lack of water and oxygen 
needed for germination and metabolic 
processes of seeds under the stress of diesel 
pollution, and as a result, the coated seeds 
will have a better growth and germination 
process (Khan et al., 2011). Therefore, two 
important roles can be considered for the 
coating layer of calcium alginate: firstly, it 
prevents the penetration of pollutants into 
the seed, secondly, it delays the entry of 
pollutants, and these roles depend on the 
molecular structure of the pollutants. 
The entry of diesel compounds into the 
soil and then into the seeds and/or roots 
of plants causes a series of problems in an 
environment of plant growth. For example, 

the penetration of diesel compounds into the 
soil, via sticking and covering the surface of 
soil particles and penetrating the soil pores, 
causes dehydration and decreases the flow 
of water and oxygen in the seed bed and 
root growth environment. In other words, 
a decrease in soil aeration, a decrease in 
the percentage of soil pores, an increase in 
the apparent density of the soil, a decrease 
in the flow of oxygen in the rhizosphere, 
the process of seed germination and seed 
vigor disturbed. In addition, when the diesel 
pollutant comes into contact with the surface 
of the seeds, the possibility of absorption 
and penetration of the pollutant inside the 
seed increases, which causes toxicity in the 
seeds and aerial organs (Han et al., 2016).
However, there are several ways to 
overcome the problems caused by petroleum 
contaminants in soils: first, cleaning and 
removal of contaminants in the environment 
through chemical and biological methods, 
second, the use of resistant cultivars to 
stresses caused by oil pollutants, and 
third, the use of seed coating technique for 
planting in contaminated soils. The results 
obtained from this study could confirm 
the third strategy that the use of calcium 
alginate, reduced part of the negative effects 
of diesel contaminants in the soil on the seed 
vigor process and shoot growth of maize. 
Therefore, according to the obtained results, 
coating maize seeds and then planting 
them in diesel-contaminated soils was an 
effective action to prevent the penetration 
of contaminants into the seeds and shoots. 
As the results showed, the reduction of 
seed germination in the control treatment 
compared to the coated seeds indicated 
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the ability of the calcium alginate layer to 
protect the seeds and reduce the inhibitory 
effects of contaminated soil on the growth 
and germination of maize seeds.
Among other noteworthy points based on 
the results of this research was the difference 
in the effect of calcium alginate used in 
making the coating layer of the seeds. In 
fact, the use of optimal concentration is an 
important factor in the emergence of the 
ability to protect corn seeds against factors 
that prevent germination and plant growth in 
soils contaminated with diesel compounds. 
Furthermore, an effective concentration of 
calcium alginate in the construction of the 
coating layer can have a positive effect on 
the ability of the coating layer against factors 
that inhibit seed germination and vigor. 
In fact, the optimal concentration means 
creating a sufficient thickness around the 
seed so that the amount of water retention 
meets the water requirement of the seed 
in the condition of soil pollution and also 
prevents the possible penetration of diesel 
pollutants by preventing the direct contact 
of pollutants with the surface of the seed.  
Therefore, the results obtained in this study 
showed that almost the most positive results 
were obtained using concentrations of 2 and 
3%, and these coating layers did not allow 
for an increase in the activity of antioxidant 
enzymes as well as the production of ABA 
hormone. On the contrary, the use of these 
coatings (2 and 3% of alginate calcium) 
could increase the production of GA3 as 
an effective factor in seed growth and seed 
vigor under diesel-contaminated soil.
In conclusion, the use of calcium alginate for 
coating maize seeds was able to improve the 

germination percentage and vigor potential 
under diesel contamination soils. Thus, the 
approach of coating seeds can be used for 
other pollutants in contaminated soils. Of 
course, before using this approach there 
needs to survey of interaction responses 
between the type of pollutant and soil, and 
also properties of morphological plant seed 
and desired coating materials. 
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Abstract
Resistance inducers have been focused on promising environment-friendly options to chem-

ical pesticides. In the present study, eleven potential resistance inducers were investigated to 
evaluate their efficacy in mitigating the adverse impacts of bacterial spot disease in tomato 
plants. Results revealed that catalase activity and hydrogen peroxide content were sustantially 
different in inoculated and non-inoculated plants irrespective of the resistance inducer used. 
The mean concentration of H2O2 in the inoculated plants was also increased by 25% compared 
to the control group. The mean catalase enzyme activity in plants treated by resistance inducers 
was 0.054 U/mL, while it was 0.111 U/mL in plants solely inoculated with bacteria. The high-
est SOD activity was recorded in potassium phosphite-treated plants inoculated with the patho-
gen. Mean catalase activity in inducer-treated plants was 0.052 U/ml, while it was 0.111 U/ml 
in these plants when inoculated with the pathogen. Malondialdehyde, as a reliable indicator of 
plant damage upon pathogen attack, exhibited the lowest content in succinic acid-treated plants 
8 days after inoculation. This reduction was directly correlated with decreased bacterial spots 
on the leaves of plants treated with succinic acid. Our results show that potassium phosphite 
and succinic acid-induced effective defense responses in tomato plants against X. gardneri 
leading to reduced disease severity effect. According to the results, potassium phosphite and 
succinic acid may be used as potential resistance inducers in tomato plants against X. gardneri.

Keywords: Bacterial spot, Catalase, Malondialdehyde, Resistance inducer
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Introduction
The growth and development of plants 

can adversely be affected by several biotic 
and abiotic stressors (Nawaz et al., 2023). 
Conversely, as sessile organisms, plants have 
evolved several strategies to overcome harsh 

Copyright: © 2023 by the authors. Submitted for possible open access publication under the terms 
and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/
licenses/by/4.0/).

environmental conditions and cope with the 
different challenges they may face. This ad-
aptation and successful response to these 
stresses are important for plants to survive 
and reproduce in an ever-changing climate 
(Janse van Rensburg et al., 2020) 
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cascade is triggered and subsequently, sev-
eral defense responses are activated. Several 
external stimuli can trigger defense respons-
es including the molecules of pathogen cell 
walls, degrading plant cell wall metabolites, 
and other physical and chemical factors 
(dos Santos and Franco, 2023). The recog-
nition of inducers is usually accompanied 
by the rapid and transient development of 
reactive oxygen species (ROS) in apoplast. 
These ROS act as both antimicrobial agents 
and signaling molecules and are crucial for 
downstream signaling pathways against pest 
and pathogen attacks. These pathways serve 
as alarms for plant metabolic responses lead-
ing to plant protection and damage limitation 
(Sahu et al., 2022). 
ROS are primarily produced in chloroplasts, 
mitochondria, and peroxisomes. Howev-
er, under stress conditions, they can also be 
generated in other plant cell parts such as the 
cell membrane, cell wall, endoplasmic retic-
ulum, and apoplast (Hasanuzzaman et al., 
2021).  Stress-induced signaling pathways 
will be resulted in the over-production of 
ROS, which subsequently harm plant cells 
by disrupting the redox equilibrium. This 
disruption results in lipid peroxidation and 
deteriorationgradation of chlorophyll, nu-
cleic acids, and proteins (Hasanuzzaman et 
al., 2021; Schieber and Chandel, 2014) The 
harmful impacts of excessive ROS are miti-
gated by plant antioxidant mechanisms (Mit-
tler, 2002). 
High concentration accumulation of ROS 
in plant tissues is known as oxidative burst 
(Heller and Tudzynski, 2011). According to 
Zorbrigen et al. (2010)the oxidative burst in 
plants may induce a hypersensitive response 

 Several Xanthomonas species are consid-
ered the causal agent of bacterial spots in to-
matoes. The disease affects all foliar parts of 
tomato plants, including leaves, stems, and 
fruits. Several strategies are used to control 
this disease including exploitation of resis-
tant cultivars, agricultural practices, and 
bactericide application (Ritchie, 2000). Syn-
thetic bactericides are widely used through-
out the world, although their application has 
been limited owing to resistance develop-
ment in bacterial  populations, as well as, en-
vironmental and health concerns (Soto-Caro 
et al., 2023).
Plants possess multidisciplinary permanent 
and induced defense systems to deal with 
stresses. Permanent defense systems include 
various prefabricated barriers such as poly-
saccharide-enforced cell walls, as well as, 
multiple epidermal layers including cuticles 
and wax. These defensive structures protect 
the plants from both biotic and abiotic stress-
es by creating isolating internal tissues (Ul-
lah et al., 2018). Pathogens also have several 
approaches to defeat plant defense passes 
through plants' physical barriers and pene-
trate the internal cells. Pathogen penetration, 
in turn, activates plant immune responses to 
inhibit its expansion and further disease pro-
liferation (Hu et al., 2018).
Induced resistance is a plant defense mech-
anism that triggers physiological, biochemi-
cal, molecular, and metabolic changes upon 
pathogen attack. This particular defense 
mechanism is highly effective as it is acti-
vated solely when required, guaranteeing 
the most effective allocation of resources.
(Jain et al., 2016). Upon recognition of the 
external stimuli, a multifaceted signaling 
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(HR), which prevents the spread of patho-
gens to adjacent tissues. HR can also serve as 
a crucial signal to activate various pathways 
that regulate plant defense responses and the 
synthesis of plant hormones (Beers and Mc-
Dowell, 2001).
Plants typically enhance their antioxidant 
capacity in response to stress, enabling them 
to restore the balance between oxidation and 
reduction (Sahu et al., 2022). ROS also func-
tions as a signaling molecule that activates 
multiple pathways to suppress pathogens 
and induce biochemical and physiological 
changes. This activation helps in overcom-
ing stress (Atkinson and Urwin, 2012; Lam-
ers et al., 2020). 
Reactivated oxygen species (ROS) are be-
lieved to have a dual role in plants. They are 
required for several important signaling re-
actions. In plants, ROS is found to regulate 
growth, differentiation, redox surfaces, stress 
signaling, interplay with other organisms, 
systemic responses, cellular death, as well 
as toxic by -by-products of aerobic metabo-
lism. This is because they can cause damage 
to DNA, lipids and proteins (Mittler, 2017).
Plants have numerous antioxidant systems 
that protect them from potential cytotox-
ic effects. Among these systems, antioxi-
dant enzymes play a vital role in inhibiting 
reactive oxygen species (ROS) The main 
non-enzymatic antioxidants include ascor-
bic acid (ASA), glutathione (GSH), pheno-
lic compounds such as flavonoids, alkaloids, 
non-protein amino acids, and α-tocopherol. 
On the other hand, the enzymatic antioxi-
dants include peroxidase ascorbate (APX), 
superoxide dismutase (SOD), glutathione 
reductase (GR), catalase (CAT), monode-

hydroascorbate reductase (MDHAR), de-
hydroascorbate reductase (DHAR) and per-
oxidase (POX) (Berwal and Ram, 2018).  
Among the enzymatic systems, superoxide 
dismutase (SOD) is considered the first line 
of defense against the oxidative damage 
caused by ROS in almost all living cells. Cat-
alase (CAT) also plays a crucial role in vari-
ous plant physiological reactions throughout 
both the vegetative and reproductive stages 
(Zheng Yang et al., 2019; Yu Zhang et al., 
2020). The successive induction of these 
pathways ultimalely leads to expression al-
teration of defense-related genes, develop-
ment of phytoalexins, and callose deposition 
(Forman et al., 2010). 
It has been revealed that similar to external 
stimuli, certain natural and synthetic chem-
icals, frequently referred to as resistance 
inducers, can activate the plant’s immune 
system (Rabiei et al., 2022).  Resistance 
inducers enhance the general resistance of 
plants to biotic and abiotic stresses by acti-
vating various defense mechanisms enabling 
plants to respond more effectively to subse-
quent and/or concurrent biological stresses.
During the past decades several compounds 
such as potassium phosphite, chitosan, sea-
weed extract, and salicylic acid have been 
commercially used as resistance inducers 
in modern agriculture, and the research is 
focused on the identification of new com-
pounds with inducing impact on plant de-
fense systems (Reglinski et al., 2023). Potas-
sium phosphite is known to induce defense 
responses against potato late blight, passion 
fruit scab, coffee rust, and downy mildew of 
cucumber (Bonfim et al., 2023;  de Fatima 
Pereira Silva et al., 2023; Liljeroth et al., 
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2016; Ramezani et al., 2017). It has been 
used as fertilizer and fungicide worldwide 
for several decades. 
Azelaic acid, a dicarboxylic acid that nat-
urally occurs in many organisms, has been 
observed to confer resistance against Pseu-
domonas syringae in Arabidopsis plants 
when applied to the roots, leading to system-
ic immunity in aerial tissues (Cecchini et al., 
2019). 
The current study investigates the efficiency 
of some potential plant resistance inducers 
in terms of inhibiting bacterial spot develop-
ment in tomato plants owing to X. gardneri 
infection. Different physio-biochemical re-
sponses of pathogen-infected tomato plants, 
as well as, controls were assessed. The results 
of this study probably aid in understanding 
the exact defense response of tomato plants 
treated with each resistance inducer which 
paves the way for their practical applications 
for bacterial spot disease control.

Material and methods
Plant growth and treatment

The seeds of the tomato cultivar called 
CH,  were prepared from the company of 
Falat (Falat Co., Iran). These seeds were 
sterilized using 1 % sodium hypochlorite 
solution, followed by rinsing with distilled 
water. The pots used in the experiment were 
21 cm in diameter and contained a combina-
tion of peat moss, cocopeat, and perlite in a 
ratio of 1:2:1.  The plants were grown in a 
greenhouse with controlled conditions with 
a photoperiod of 12 hours (light/dark), 70% 
humidity, temperature range of 24-27°C 
(day/night), and fertilized weekly using the 
half-strength Hoagland solution (Hoagland 
and Arnon, 1950). The leaves were sprayed 
with different resistance inducers (Table 1) 
when reached to true-4 leave stage.
Pathogen culture and plant inoculation
The bacterium Xanthomonas gardneri 
(IBSF 1782 from the Culture Collection of 
the Instituto Biológico in Campinas, Bra-
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zil) was prepared at the Department of Plant 
Protection, Sari Agriculture and Natural Re-
sources University. The bacteria were grown 
on NAS medium at a temperature of 27 °C, 
and then it was suspended in sterile distilled 
water. The suspension concentration was ad-
justed to an optical density of 0.05 at 600 
ηm, which is approximately 7×106 colo-
ny-forming units per milliliter (CFU/mL). 
Two days after treating tomato plants with 
inducers they were inoculated with bacteri-
al suspension and the non-inoculated plants 
were utilized as controls. The plants were 
kept in the greenhouse environment, under 
the the same conditions as described previ-
ously. By collecting the samples at 2, 4, and 
8 days after inoculation and induction, the 
experiment aimed to analyze the changes in 
various parameters over time and gain in-
sights into the plant's response to the treat-
ments and pathogen infection.
PAL activity assay
PAL enzyme activity was measured by de-
terminig the quantity of cinnamic acid pro-
duced during the reaction between enzyme 
extract and phenylalanine used to (Barnaby 
et al., 2008). In each reaction, 0.1 mL of en-
zyme extract, 500 μL of 500 mM Tris-HCl 
(pH 7), and 60 μL of 10 mM phenylalanine 
were combined and incubated at 37°C for 
one hour. To stop the reaction, 250 microli-
ters of 4 N HCl were used, followed by the 
addition of  one milliliter of toluene to the 
mixture. After vortexing and a short centrif-
ugation (1000 g for 2 minutes), the absor-
bance of the upper layer was measured at 
290 ηm. The enzyme activity was estimated 
using a cinnamic acid standard (0 to 15 μg/
ml) with an R2 value of 0.987.

Catalase activity assay
A mixture of 25 μL of enzyme extract and 
a 3 mL of a phosphate buffer (50 mM) con-
taining H2O2 (5 mM) was prepared. A spec-
trophotometer (Aebi, 1984) was used to 
measure the changes in absorbance at wave-
length of 240 ηm..
SOD activity assay
To coduct the SOD activity assay, a mixture 
of 1000 μL of 50 mM phosphate buffer, con-
taining 1.5 mM EDTA, 10 mM methionine, 
and 75 μM nitrotetrazolium chloride were 
prepared. Additionalyy, 100 μL of 1 μM ri-
boflavin and 100 μL of enzyme extract were 
added to the mixture. The test tubes were 
then incubated for 10 minutes under a15-
watt fluorescent lampplaced 35 cm above 
them. After turning off the lamp, the absorp-
tion changes of the reaction mixture were 
measured using a spectrophotometer appa-
ratus at wavelength of 560 ηm (Beyer and 
Fridovich, 1987).
MDA content analysis
An analysis of MDA content was conducted 
to assess the peroxidation of membrane lip-
ids. The concentration of malondialdehyde, 
a byproduct of unsaturated fatty acid peroxi-
dation, was determined using the metod out-
lined by Ohkawa et al. (1979) . Frozen plant 
tissue (leaf) weighting 0.2 g was homoge-
nized with 5 mL of 0.1% trichloroacetic acid 
(TCA)and then centrifuged at 10,000 g for 
5 minutes. Following this, a mixture of 4 
mL of a 20% TCA solution with 0.5% thio-
barbituric acid (TBA) was added on 1 mL 
of the supernatant solution obtained from 
centrifugation. The resulting solution was 
heated at 95°C for 30 minutes, cooled on 
ice and centrifuged again at 10,000 g for 10 
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minutes. The absorbance of the solution was 
measured at 532 ηm using a spectrophotom-
eter. with the absorbance of non-specific 
pigments at 600 ηm subtracted. The.  con-
centration of MDA was calculated using an 
extinction coefficient of 155 mM-1 cm-1, 
and the results were expressed in nanomoles 
per gram of weight.
H2O2 accumulation assay
The hydrogen peroxide accumulation was 
measured using the H2O2 accumulation assay 
as described by Velikova et al. (2000).  Plant 
leaves were gently rubbed in an ice bath 
containing 0.1% trichloroacetic acid, and  
the resulting extract was then centrifuged at 
10,000 g for 15 minutes using a refrigerated 
centrifuge. Next, 0.5 mL of the supernatant 
solution was added to 0.5 mL of a 10 mM 
potassium phosphate buffer with a pH of 7, 
along with 1 mL of a 1 M potassium iodide 
solution. The absorbance was measured at a 
wavelength of 390 ηm. The amount of hy-
drogen peroxide in each sample was calcu-
lated using a standard curve and reported as 
micromoles per gram of fresh weight.
Measurement of flavonoids
The total flavonoids content was analyzed 
using the method described by Chang et al. 
(2002). To do this, 1 mL of a 2% aluminum 
chloride solution was added to 1 mL of a 
2% methanolic extract and left at room tem-
perature for one hour. Afterward, the absor-
bance was measured at 420 ηm. Quercetin 
was used as the standard, ranging from zero 
to 200 mg (Y = 0.00227X + 0.0175, R2 = 
0.97). 
Disease severity assay
Assessment of disease severity was conduct-
ed following the method of Slopek (1989) 

with light modifications. Twelve days after 
inoculating the tomato plants, the disease in-
dex (on a scale of 1 to 5) was recorded for 
each plant based on bacterial spots, and the 
mean value was calculated as the disease se-
verity. At least 5 infected plants and at least 
two branches from each plant were selected 
and photographed using a scanner. The Im-
ageJ software was used to estimate the per-
centage of symptoms observed on the leaf 
tissue, using a scale.
where; 
1 = no symptoms or spots 2 = 1–25, 3 = 26–
50, 4 = 51–75 and 5 = more than 75% dis-
ease spots, respectively.
Statistical analysis
All experiments, including plant culture, 
inoculation, sampling, and measurements 
were conducted as a split-plot experiment 
with three replications based on a complete-
ly randomized design. 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. 
Data were organized by Excel software and 
the statistical calculations were performed 
using SAS 9.1 software.

Results
PAL activity measurement

The findings indicated that the control 
groups displayed the highest PAL activi-
ty on days 4 and 8 following inoculation 
(Table 2). Succinic acid, on the other hand,  
demonstrated the lowest PAL activity 2 days  
post-treatmentand also exhibited the lowest 
PAL activity inplants infected with patho-
gens 4 days after inoculation. In contrast, the 
control plants showed the lowest PAL activ-
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ity 2 days after pathogen inoculation, while 
displayed the highest PAL activity on days 
following inoculation (Figure 1).
Flavonoids content 
In both experiment  conditions, the flavonoid 
contents observed 8 days post inoculation 
were higher compared to those observed 2 
days after inoculation  The average in flavo-
noid content was measured to be 62.33 mg/f 
Fw in plants inoculated with the pathogen 
(Figure 2). Interestingly, this average was 
found to be 13% higher than the average ob-
served in plants treated solely with the resis-
tance inducers (Table 3). Among the differ-
ent treatments, the Succinic acid treatment 

showed the lowest flavonoid concentration 
after 8 days. However, when plants were 
incubated with bacteria, this treatment sur-
prisigly showedthe highest flavonoids con-
tent. In plants inoculated with the pathogen, 
flavonoid concentration increased on the 4th 
days compared to the 2nd days after inocu-
lation. Afterward, the flavonoid content re-
mained relatively constant and did not show 
any significantly changes on the 8th day af-
ter inoculation. 
H2O2 accumulation
The amount of H2O2 measured at different 
time points following bacterial  inoculation 
in the presence of different inducers indicat-
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ed that succinic acid and BABA treatments 
exhibited a significant increase compared 
to other treatments after 2 days after(Figure 
3). Moreover, the combination treatment of 
potassium phosphite+azelaic acid+salicylic 
acid resulted in the lowest level of H2O2. 
By the 4th day post-inoculation, after bac-
terial inoculation, the H2O2 levels decreased 
due to the inducers, only to rise again by the 
8th day. The average H2O2 concentration in 
plants treated with inducers was 0.39 ηmol.  
In plants infected inoculated with the patho-
gen, there was a 25% increase in , H2O2 lev-
elindicating a significant difference. H2O2  

plays a crucial role ingene expression, cell 
death, and various physiological process-
es contribute to plant defense machanisms. 
Particulary in tomato plants, H2O2 is essen-
tial for combating a variety of disease-caus-
ing agents.
 SOD activity
In this study, the SOD enzyme's activitysh-
wed anincreaseover time (Figure 4). No-
tably, a significant difference in  average 
activity was observed between the control 
group and treatment group after pathogenin-
oculation . Conversly, there is no significant 
difference between the treatments in the two 
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environments (Figure 5). This demonstrates 
the effect of the inducer on altering the of 
SOD activity levels, indicating that the in-
ducer led to an increase in SOD levels. As 
a result, it can be inferred that pathogen in-
oculation does not influence the rise in SOD 
activity, suggesting that the increase in SOD 
levels was primarily due to the effect of in-
ducers. However, there is a difference in the 
inoculated treatments at different sampling 
times. The lowest SOD activity level, ob-
served 2 days post-inoculation in the treat-
ment group receiving potassium phosphite+ 
azelaic acid+ salicylic acid, while hand, the 
highest SOD activity is linked to the potas-

sium phosphite treatment.
MDA content
In current research, it has been observed that 
, the activity of the MDA enzyme has grad-
ually increased under conditions of disease 
stress. This increase was evident in all cas-
es except for t the succinic acid treatment, 
where the level of MDA showed gradually 
decreased. Furthermore, the increase in ac-
tivity was more prominent at 8 days aftert 
inoculation compared to earlier days. The 
peak activity was observed at 8 days post 
inoculation for the combined treatment of 
potassium phosphite+azelaic acid+salicylic 
acid, as well as, for the potassium phosphite+ 
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azelaic acid+ sodium sulfite treatment (Fig-
ure 6).  Conversly, the lowest activity was 
arecorded in the succinic acid treatment.
CAT activity
The mean catalase enzyme activity in plants 
exposed to resistance inducers was 0.054 U/
mL, wherease it measured 0.111 U/mL in 
plants that were only inoculated with bac-
teria (Table 3). After Eight days of catalase 
activity decreased in certain inducers when 
compared to the control group. Conversly, 

some treatments showed an increase in cat-
alase activity, with the most significant rise 
observed in plants treated by BABA. Ad-
ditionally, across all inducers, catalase en-
zyme activity was lower in plants inoculated 
with bacteria than in the control treatment 
(Figure 7).
 Disease severity
According to the results, the plants treated 
with control and BABA exhibited highest 
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levels of necrosis on their leaves. Conversly, 
the plants that were pre-treated with succin-
ic acid + potassium phosphite and then in-
oculated with bacteria, displayed the lowest 
number of bacterial sympton spots on their 
leaves (Figure 8).
 
Discussion

PAL is actively involved in the synthe-
sis of defense compounds in tomato plants, 
which are vital for their ability to combat 
diseases. In a recent investigation conduct-
ed by (Debnath et al., 2019), the researchers 

examined the activity of the PAL enzyme 
in different tomato genotypes with varying 
levels  of resistance and susceptibility to 
bacterial wilt. The findings of this  study 
demonstrated that resistant tomato plants 
exhibited higher PAL activity compared to 
susceptible plants, indicating a positive cor-
relation between PAL activity and tomato 
disease resistance. Moreover, a study con-
ducted by Vanitha et al., (2009) revealed that 
the defense enzymes PAL and PPO play an 
active role in tomato's plants ability to resist 
bacterial wilt. In this experiment, Following 



1288

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024

inoculation, the potassium phosphite treat-
ment showed a higher level of PALactivity  
compared to the control treatment after two 
days. This boost in PAL contributed to the 
plant's defense against the pathogen This en-
hanced PAL activity is crucial for bolstering 
the plant's resistance to pathogens. Potassi-
um phosphite is recognized for its ability to 
promote plant health and vigor by increasing 
resistance against a variety of plant patho-
gens, such as oomycetes, soil-borne diseases 
like Phytophthora and Pythium species, as 
well aspathogenic bacteria, fungi, and nem-
atodes. Studies have shown that treatments 
involving potassium phosphite can stimu-
late the plant immune system, leading to a 
significant decrease in disease incidence and 
improving plant resistance to pathogens.
Inducers have been shown to have a sig-
nificant impact on PAL activity in tomato 
plants. Studies have demonstrated that these 
inducers can increase PAL activity, resulting 
in increased lignin deposition in cell walls, 
accumulation of phenolics, and enhanced 
activity of other enzymes, like peroxidase 
(POD), polyphenol oxidase, and cinnamyl 
alcohol dehydrogenase (Meena et al., 2022). 
These changes can contribute to enhancing 
resistance against pathogens and improve 
the overall health of the plant. For example, 
a study showed that water-activated plas-
ma-inducing agents did not directly combat 
Xanthomonas vesicatoria, but bolstered the 
tomato plant's defenses, enhancing its dis-
ease resistance. (Perez et al., 2019). Similar-
ly, the application of silicon in tomato plants 
has been foumd to elevate POD and PAL ac-
tivities, along with SA contents, thereby im-
proving disease resistance (Sun et al., 2023). 

in current study, it was observed that BABA 
and Kphi treatments increased t PAL levels 
in tomato plants, indicating a potential im-
pact on the defense responses. The upregu-
lation of PAL indicates that BABA and Kphi 
treatments could avtivate the plant's defense 
mechanisms, potentially leading to en-
hanced resistance against pathogens, pests, 
or other forms of stress. 
Further research is necessary to comprehend 
the specific mechanisms by which BABA 
and Kphi treatments induce PAL expression 
and how this affects plant defense in the 
long rum. Nonetheless, these findings offer 
valuable insight into potential strategies for 
eboosting plant resilience and developing 
sustainable approaches for plant protection 
in agriculture.
Flavonoids are secondary metabolites found 
in plants that play an important role in pro-
tecting and defending plants against various 
biotic and abiotic stresses (Shah and Smith, 
2020). Research has shown that flavonoids 
can induce systemic resistance in tomato 
plants against bacterial spot, thereby reduc-
ing disease severity and limiting the spread 
of the pathogen (Luiz et al., 2015). In the 
current experiment, it was observed that suc-
cinic acid treatmentresulted in the highest 
flavonoids levels after bacterial inoculation 
compared to other treatments. Furthermore, 
plants treated with succinic acid exhibited 
the lowest level of disease severity. This in-
dicates that succinic acid not only boosts fla-
vonoid production of flavonoids, which aids 
in plant defense, but also effectively reduces 
disease.
The findings from this experiment suggest 
that succinic acid treatment can effective-
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ly enhance the plant's defense responses 
and provide protection against bacterial in-
fections. By increasing the flavonoids pro-
duction succinic acid-treated plants exhibit 
improved antimicrobial and antioxidant 
properties, contributing to their reduced dis-
ease severity.
Furthermore, flavonoids have been linked 
to reinforcingcell walls and modulating of 
plant hormone signaling pathways. These ef-
fects can assist in controlling pathogens and 
triggering defense mechanisms. The higher 
level of flavonoids in succinic acid-treated 
plants is believed to enhance their capacity-
to withstand bacterial infections and exhibit 
reduced disease symptoms.
Further research is needed to fully compre-
hend the protective effects of succinic acid 
on tomato plants. It is essential to elucidate 
the signaling pathways and gene that are ac-
tivated by succinic acidto defend the plants. 
Furthermore, gaining a better understanding 
of the interaction between succinic acid and 
the plant's immune system will provide valu-
able insights into the potential application of 
succinic acid as a plant defense activator.
Overall, the results highlight the potential 
of succinic acid as a effective treatment 
for boosting plant defense against bacterial 
pathogens. By stimulating flavonoid produc-
tion and reducing disease severity, succinic 
acid treatment coul;ld present a sustainable 
and environmentally approach to disease 
control in tomato plants and potentially oth-
er crops as well.
Hydrogen peroxide (H2O2) is a reactive ox-
ygen species (ROS) that plays a crucial role 
in plant defense mechanisms, particularly 
in combating bacterial diseases. One of the 

initial and most effective plant responses to 
pathogen invasion is referred to as oxidative 
burst. A high level of ROS, including H2O2, 
is produced in the plasma membrane near 
the pathogen. Although ROS are naturally 
produced during normal metabolic process-
es like photosynthesis and respiration, their 
levels can rise significantly and temporarily 
overpower the plant's natural antioxidant de-
fenses. This elevated ROS concentration of 
can also be toxic to invading pathogens. In 
this experiment, the average H2O2 level in 
inoculated plants surpassed that of non-in-
oculated plants. Additionally succinic acid 
exhibited the highest H2O2 concentration 2 
days after inoculation, indicating its ability 
to inhibit pathogen growth.
The experiment revealed that the average 
H2O2 level (hydrogen peroxide) in the in-
oculated plants was higher compared to 
non-inoculated plants. This observation sug-
gests that bacterial inoculation triggers an 
oxidative burst in the plants, leading to an 
increase in H2O2 production. The plant's de-
fense response often involves the generation 
of reactive oxygen species, including H2O2, 
as a part of the oxidative defense mechanism 
against pathogens.
Interestingly, the application of succinic acid 
resulted in the highest concentration of H2O2 
two days after inoculation. This finding sug-
gests that succinic acid treatment enhances 
the plant's ability to generate H2O2, which in 
turn inhibits the growth and development of 
the pathogen. H2O2 acts as a signaling mol-
ecule and has antimicrobial properties, po-
tentially contributing to the suppression of 
pathogen growth and spread.
The inhibition of pathogen growth by suc-
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cinic acid could be attributed to its ability 
to activate defense-related mechanisms in 
the plant. Succinic acid might trigger signal 
transduction pathways, leading to the acti-
vation of defense genes and subsequent pro-
duction of H2O2. The higher concentration 
of H2O2 in the succinic acid-treated plants 
indicates its effectiveness in enhancing the 
oxidative defense response against the bac-
terial pathogen.
Overall, the results suggest that succinic 
acid treatment increases the concentration 
of H2O2  in tomato plants after bacterial in-
oculation, suggesting its potential to inhib-
it pathogen growth. This finding highlights 
succinic acid as a promising candidate for 
enhancing plant defense mechanisms and 
managing bacterial infections in agricultural 
settings.
Research shows that H2O2  plays a critical 
role in plant defense mechanisms when 
facing biological stress. Evidence suggests 
that H2O2 is able to effectively inhibits the 
proliferation and viability of plant patho-
gens, thereby limiting the spread of infec-
tion (Yergaliyev et al., 2016). In cases of 
bacterial infection such as Xanthomonas, 
plants produces H2O2 as a defense macha-
nism to restrict bacterial growth (Kumar et 
al., 2011). 
Superoxide dismutases (SODs: EC 1.15.1.1) 
are metalloenzymes found widely in na-
ture and serve as the primary defense agent 
against reactive oxygen species (ROS). 
They are also highly efficient components 
of the antioxidant defense system in plant 
cells, protecting against the harmful effects 
of ROS (Berwal and Ram, 2018). Within 
living cells, SODs facilitate the conversion 

of superoxide radicals (O2
-) into hydrogen 

peroxide (H2O2) and oxygen (O2)playing a 
vital role in protecting cells from damaging 
effects generated in various cellular com-
partments  (del Río et al., 2003).
In this study, the treatments led to an increase 
in SOD levels compared to the control plants. 
Prticularly, the treatment involving succinic 
acid and potassium phosphite exhibited the 
highest SOD levels of 48 hours after inoc-
ulation. Several studies have investigated 
the relationship between SOD activity and 
Xanthomonas gardneri infection in tomato 
plants. For instance, a study by Włodarczyk 
et al., (2023) demonstrated that SOD activ-
ity increased in tomato plants treated with 
nanoparticles combined with conventional 
fertilizer, resulting in reduced disease se-
verity (Włodarczyk et al., 2023). Another 
study by Shukla et al., (2018) frevealed that 
susceptible tomato cultivars responded to 
nematode infestation by increasing SOD ac-
tivity, indicating the potential involvement 
of SOD in plant defense against nematodes. 
These findings suggest that SOD activity 
may play an important role in plant defense 
against Xanthomonas gardneri infection.
The experiment showed that the treatments 
led to an increase in SOD level (superox-
ide dismutase) compared to the inoculated 
plants. Superoxide dismutase plays a signif-
icant roleas an enzyme in protecting plants 
from oxidative stress (del Río et al., 2003).
succinic acid and potassium phosphite ex-
hibited the highest significant SOD activ-
ity level two days after inoculation. This 
indicates that these treatments are capable 
of boosting the plant's antioxidant defense 
mechanism against Xanthomonas gardneri 
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infection in tomato plants.
Increased SOD activity level triggered by 
Xanthomonas gardneri infection can help 
mitigate the harmful effects of ROS accu-
mulation. By converting superoxide radicals 
into H2O2 and O2, SOD aids in preserving re-
dox balance and minimize oxidative damage 
to plant tissues.
The higher SOD activity observed in plants 
treated with succinic acid and potassium 
phosphite-treated plants suggests that these 
treatments might enhance the plant's abili-
ty to scavenge ROS and mitigate oxidative 
stress caused by Xanthomonas gardneri in-
fection. Consequently, this could contribute 
to reduced disease severity and improved 
plant health.
In the current study, the plant treatment with 
succinic acid resulted in the lowest level of 
malondialdehyde after inoculation. Addi-
tionally, the disease severity index was also 
low in this treatment, confirming that less 
damage was inflicted on the plant. . Malond-
ialdehyde is a marker of lipid peroxidation 
and oxidative stress in plants. The low lev-
el of malondialdehyde in the succinic ac-
id-treated plants indicates reduced oxidative 
damage and stress. This suggests that suc-
cinic acid treatment not only reduced oxi-
dative stress but also effectively protected 
the plants from the harmful effects of the 
pathogen, resulting in lower disease sever-
ity. Researchers studying enzyme activity in 
tomato plants infected with Septoria lycop-
ersici, foumd that MDA levels of increased 
significantly with disease severity. More-
over, they observed a simultaneous rise in 
both MDA and H2O2 concentration in other 
pathosystems, indicating a potential link be-

tween oxidative stress and the diseases pro-
gression (Silva et al., 2022). Plants produce 
ROS under abiotic or biotic stress condi-
tions,  disrupting the production of biomol-
ecules such as lipids, proteins, and nucleic 
acids. This disruption leads to an increase in 
MDA content and plasma membrane perme-
ability, resulting in cell efflux (Zhang et al., 
2021). In a study on tomato plants infected 
with Xanthomonas perforans, an increase 
in ascorbic acid (ASA) was found to  de-
crease lipid peroxidation and MDA levels. 
Ultimately, leading to a reduction in disease 
severity (Alfaro-Quezada et al., 2023).
Catalase plays a role in eliminating reactive 
oxygen species (ROS) and is a crucial com-
ponent of plant stress response (Rotich & 
Mmbaga, 2023). The primary enzyme that 
responsible for the removal of hydrogen per-
oxide (H2O2) in plants is catalase, predomi-
nantly found in peroxisomes/glyoxysomes 
and in occasionally in mitochondria. The 
key role of CAT activity in plants is to pro-
tectt tissues from damage in the event of a 
significant rise in H2O2 concentration (Zandi 
and Schnug, 2022).
The average efficiency of plants that were 
inoculated with bacteria in this research was 
found to be higher compared to plants that 
were not inoculated. One potential reason 
for this enhanced efficiency in tomato plants 
inoculated with bacteriais the activation of 
the plants' defense mechanisms. When to-
mato plants are exposed to pathogens like 
X. gardneri, they might trigger a heightened 
state of alert, bolstering their overall phys-
iological and immune responses. This acti-
vation could improve the plants' efficiency 
in nutrient uptake, photosynthesis, and resis-
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tance to other stressors.
Catalase is also involved in tomato disease 
resistance, specifically early blight and leaf 
spot (Shoaib et al., 2019). Studies have 
demonstrated that tomato plants with en-
hanced resistance to fungal diseases have 
higher levels of catalase, indicating its role 
in mediating disease resistance (Moghaieb 
et al., 2021). The exact mechanism by 
which catalase enhances disease resistance 
in tomatoes is not fully understood, but it is 
believed to involve the breakdown of H2O2 
produced during an attack by pathogens.
Recent research has elucidated the mecha-
nisms by which catalase confers disease re-
sistance in tomatoes. For instance, a study 
demonstrated that a compound known as 
alpha-momorcharin (αMMC) can enhance 
the resistance of tomato plants to Cucum-
ber mosaic virus (CMV) infection. This is 
achieved by triggering autophagy and sup-
pressing virus replication. Another study 
revealed that catalase activity plays a role 
in regulating other enzymes, including per-
oxidase and phenylalanine ammonia lyase. 
These enzymes are crucial  for plant defense 
against pathogens (Yang et al., 2023). These 
findings indicate that catalase plays a muti-
faced role in the resistance of tomatoes to 
diseases, through multiple pathways and 
mechanisms.
We investigated the efficiency  of 11 po-
tential resistance inducers  in tomato plants 
(Solanum lycopersicum) challenged by Xan-
thomonas gardneri. The findings revealed 
that Kphi and Suc were particularly succes-
ful in triggering defense responses against 
X. gardneri. The reduced disease incidence 
in tomato by Khphi and Suc may be a result 

of increased flavonoids content as well as 
increased activity of SOD and induction of 
defense enzymes, while the accumulation of 
MDA in plant tissues was reduced. Based on 
the results, Khphi and Suc show promise as 
potential resistance inducers for protecting 
tomato plants against the bacterial pathogen 
X. gardneri.
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Abstract
Viral diseases cause significant economic losses in tomatoes worldwide. This detect 

conducted a comprehensive survey in tomato (Lycopersicum esculentum L.) fields in Hamedan 
and Tehran provinces in Iran to detect and determine the incidence of tomato-infecting viruses. 
Using specific antibodies, collected symptomatic samples (348) were analyzed by Double 
antibody sandwich (DAS)-ELISA. According to the DAS-ELISA experiment, we found 
that 26.14% of collected samples were infected Arabis mosaic virus (ArMV), 36.78 % with 
Cucumber mosaic virus (CMV), 10.63% with Potato virus Y (PVY) 3.44 % with Tomato bushy 
stunt virus (TBSV), 7.18 % with Tomato spotted wilt virus (TSWV), and 2.87% with Tomato 
yellow leaf curl virus (TYLCV). Furthermore, double and triple infections were also observed 
in 15.08 and 6.03% of samples, respectively. CMV was the most prevalent among other tested 
viruses. Moreover, our findings showed that CMV was present in multiple infections of different 
samples. Serological diagnoses were confirmed by reverse transcription-polymerase chain 
reaction tests (RT-PCR) using a pair of primers that are specific for the detection of CMV and 
resulted in a DNA fragment of the expected size (540 bp). These results confirmed the DAS-
ELISA experiment. Furthermore, in this study, we introduced a rapid method that facilitates 
the diagnosis of CMV in infected samples. Our findings can be used for control strategies and 
rapid diagnosis of viral infection in plants. Moreover, the outcome of this research can be used 
for the preparation of resistant cultivars against important viruses in tomatoes.
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Introduction
Infection to viral diseases has caused 

significant economic losses in tomato 
(Lycopersicon esculentum). Approximately 
more than 25 viruses from tomato were 
isolated globally (García-Estrada et al., 
2022; Hanson 2022; Osundare, et al., 2023). 

Iran is a major producer of tomatoes, ranking 
seventh in the world according to the Food 
and Agriculture Organization (FAO) with 
a total production of 3,392,153.48 tons 
in 2021. Tomatoes are cultivated on over 
five million hectares worldwide. Because 
of the nutritional value of tomatoes, the 
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cultivation of this crop is increasing year 
by year especially in the Middle-East and 
Mediterranean regions (García-Estrada, 
et al., 2022; Hanson, 2022; Rivarez et al., 
2021). The tomato was domesticated by 
indigenous peoples in Latin America, due 
to its high nutritional value, has become a 
significant vegetable crop globally (Hanson, 
2022). viral infections pose a serious threat 
totomato plants, with viral diseases being 
the primary factor responsible for reducing 
tomato yield (García-Estrada, et al., 2022; 
Hanson, 2022; Osundare, et al., 2023; 
Scholthof, et al., 2011; Zhang et al., 2022). 
Among the top ten plant viruses that infect 
plants six can affect tomatoes, including 
Tobacco mosaic virus, Tomato spotted 
wilt virus, Tomato yellow leaf curl virus, 
Cucumber mosaic virus,  Potato virus Y,  
Cauliflower mosaic virus,  African cassava 
mosaic virus,  Plum pox virus,  Brome 
mosaic virus, and  Potato virus X (Scholthof, 
et al., 2011). Recent studies showed that 
viral diseases are the major limiting factor in 
the world’s in tomato production worldwide, 
leading to significant losses (García-Estrada 
et al., 2022; Hanson 2022; Safaeizadeh et 
al., 2015). Most viruses that infect tomatoes 
exhibit symptoms such as mosaic, stunting, 
leaf distortion, leaf discoloration, dwarfing, 
spots, discoloration, and abnormality on 
fruit. The transmission of primarily occurs 
through aphids, insect vectors, most 
especially arthropods, and mechanical 
means (Hanson 2022; Osundare et al., 2023; 
Scholthof et al., 2011).
Hamedan and Tehran provinces situated in 
different agroecological conditions in Iran, 
are the main vegetable-growing-areas and 

there are ample opportunities for increasing 
tomato production in these areas.
Recently, virus diseases have been causing 
issues for tomato production in Iran 
(Masumi et al., 2009; Safaeizadeh, et al., 
2015). The symptoms of these diseases can 
vary depending on the host, environmental 
conditions, and individual virus infection. 
However, some of commonly observed 
symptoms include leaf mosaics, mottling, 
crinkling, vein clearing, bushy growth, 
leaf rolling, leaf and plant shrinkage, vein 
purpling, shoe-string, chlorosis and necrosis, 
reduction in fruit size, and abnormal fruit 
color and shape, and plant death. 
To date, numerous viruses infecting tomato 
plants have been reported from Iran, 
including Alfalfa mosaic virus (AMV; 
Alipour al., 2021), Arabis mosaic virus 
(ArMV; Massumi, et al., 2009), Beet curly 
top virus (BCTV; Kiumarsi and Karimie 
Rozbahani, 1995), Cucumber mosaic virus 
(CMV; Saidi, A., Safaeizadeh, 2012), 
Eggplant mottle dwarf virus (EMDV; Babaie 
and Izadpanah, 2003), Potato chlorotic stunt 
virus (PCSV; Danesh et al., 1989), Potato 
virus Y (PVY; Massumi, et al., 2009), 
Tomato bushy stunt virus (TBSV; Massumi, 
et al., 2009), Tomato mosaic virus (ToMV; 
Aghamohammadi, et al., 2013), Tomato 
spotted wilt virus (TSWV; Abadkhah et al., 
2018), Tomato vein yellowing virus (TVYV; 
Ghorbani, 1993), and Tomato yellow leaf 
curl virus (TYLCV; Shirazi, et al., 2014). 
A destructive virus known as Tomato 
brown rugose fruit virus (ToBRFV) has 
recently been identified in the greenhouse 
tomato growing region of Isfahan province, 
Iran (Ghorbani, et al., 2021). ToBRFV 
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severely affect tomato production of the 
main greenhouse growing cultivars in 
Isfahan (Ghorbani, et al., 2021). Therefore, 
conducting a thorough investigation of 
the viruses infecting tomatoes can help 
in evaluating strategies against viruses. 
ToBRFV is previously reported by Salem et 
al., ( 2016) in Jordan, who classified it as a 
tobamovirus (Salem, et al., 2016). Given the 
significant economic losses caused by viral 
infections in tomatoes, particularly in light of 
high prices of the tomatoes in Iran in recent 
years, it is essential to identify the viruses 
associated with tomato yield losses and to 
study the occurrence of different viruses, 
whether as single or mixed infections in 
tomato fields. Molecular analysis of the most 
frequently found virus and the determination 
of phylogenetic status of several isolates, 
are crucial steps in elucidating virus 
epidemiology and controlling of plant 
viral diseases to introduce the appropriate 
varieties of tomato to farmers. 

Material and methods
Sample Collection

A total of 348 leaf samples were 
collected from tomato fields in nine regions 
of Hamedan and eight regions of Tehran 
province. Each sample was labeled based on 
its geographical origin (Table 1). Symptoms 
of the diseases were recorded and the 
samples were stored in a portable fridge at 
4°C before being sent to the laboratory for 
testing.
Serological studies and DAS-ELISA 
experiment
Tomato viruses were detected using highly 
specific polyclonal antibodies obtained 

from Bioreba (CH-4153 Reinach BL1, 
Switzerland) through double-antibody 
sandwich enzyme-linked immunosorbent 
assay (DAS)-ELISA following the 
protocol by Clark and Adams (1977) and 
manufacturer’s instruction. All buffers, 
reagents, and positive and negative controls 
were obtained commercially sourced from 
Bioreba. Samples were ground in a sterile 
mortar and pestle with extraction buffer 
(PBST: 0.13 M NaCl, 0.014 M KH2PO4, 
0.08 M Na2HPO4, 0.002 M KCl, pH: 7.4) 
containing 0.05% Tween 20 and 0.1% nonfat 
dry milk. The extract was added to the 
wells of the ELISA plate (Nunc Microwell, 
Roskilde, Denmark) pre-coated with IgG 
of ArMV, CMV, PVY, TBSV, TSWV, and 
TYCLV diluted in carbonate buffer (pH: 
9.6). Following an incubation at 4°C the 
plates were washed four times with PBST-
Tween 20 buffer (pH: 7.4). Subsequently, 
the plates were coated with alkaline 
phosphatase conjugated antibody diluted 
in the extraction buffer and incubated for 
5 h at 30 °C. After washing, p-nitrophenyl 
phosphate in diethanolamine substrate 
buffer (0.5 μg/mL, pH: 9.8) was added to 
each well and incubated in dark condition at 
room temperature (18-25°C) for 30 to 120 
min. The absorbance was measured at 405 
nm using a microplate reader (ELx 800; Bio-
Tek Instruments, USA). ELISA values were 
considered positive when the absorbance at 
405 nm (A405) was at least three times higher 
than the average of the negative controls 
(Massumi et al., 2009).
In order to confirm the identity of the DAS-
ELISA results, sap taken from the positive 
samples for ArMV, CMV, PVY, TBSV, and 
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TSWV were inoculated in their propagative 
hosts, including; Nicotiana clevelandii Rose 
ex Vasey & Rose, Nicotiana tabacum cv. 
Samsun, Datura stramonium L., and N. 
rustica L., respectively. The mechanical 
inoculation tests involved using leaf sap 
of the positive samples at DAS-ELISA 
prepared by macerating in 0.1 M potassium 
phosphate buffer, pH 7.2 (supplemented 
with 0.01 M ethylenediaminetetraacetic acid 
and 0.1% sodium sulfite) at a ratio of 1:10 
(w/v) using a sterile mortar and pestle. The 
extract was then rubbed on carborundum-
dusted test plants, with at least three plants 
used for each positive sample. Subsequently, 
the inoculated plants were maintained in 
an insect-proof greenhouse under standard 
conditions (15-25°C). Three weeks post-
inoculation, the presence of the virus in both 
inoculated and uninoculated upper leaves of 
the test plants was assessed by DAS-ELISA. 
The inoculated test plants were kept in an 
insect-proof greenhouse and observed for 6 
weeks for symptom development. 
RNA extraction and reverse transcription-
polymerase chain reaction tests
For molecular investigation and evaluation 
of CMV in positive samples using DAS-
ELISA, reverse transcription-polymerase 
chain reaction tests (RT-PCR) were used. A 
total of 150 mg of the symptomatic areas of the 
leaves were used to extract RNA, following 
the protocol for manufacturers’ protocol 
supernatant extraction technique with TRI-
Reagent (Sigma, Chemical, St Louis, MO, 
USA) according to the extraction technique. 
Finally, the total RNA was re-suspended in 
100 μl diethylpirocarbonate (DEPC)-treated 
H2O. As the control, healthy tomato extracts 

were used. RNA quality and concentration 
were determined by gel electrophoresis 
through 1% agarose gels and nanodrop. 
The highly specific oligonucleotide 
primers, as detailed by Safaeizadeh et al. 
(2015); were used to amplify the conserved 
sequences of CMV RNA 3 resulting 
in540 bp fragment. The  reverse primer 
(5-GCGCGAAACAAGCTTCTTATC 
-3) corresponds to nucleotides 633 
to 653 in the non-coding intergenic 
region, while the forward primer (5- 
GTAATACGACTCACTATAGGTTTTGTT 
TG-3) is  complementary to position 114 to 
132 in the coat protein gene. The specific 
primers  utilized  in this study were synthesized 
by CinaClone. Co. based in Tehran, Iran. The 
cDNAs were generated with RevertAidTMM-
MuLV reverse transcriptase (M-MuLV, 
Fermentas, Germany), at 42°C for one hour, 
following the manufacturer’s instructions 
with the addition of 0.5 μl RNAse inhibitor. 
Subsequently, 2.5 μl of the RT reactions 
were used for PCR in a total volume of 25 
μl. The PCR procedure was performed using 
a thermal Cycler (T100 Bio-Rad, USA), 
starting with an initial denaturation step of 
95°C for 5 min followed by 35 cycles of 60 s 
at 95°C, 60 s at 42°C annealing temperature 
(AT) and 60 s at 72°C. A final step of 8 
min at 72°C ended the cycle. The resulting 
products and DNA ladder (GeneRuler, DNA 
Ladder Plus, CinaClone, Co. Tehran, Iran) 
were analyzed by electrophoresis on 1% 
agarose gels in the presence of 1 µg mL-1 
ethidium bromide using 1 X Tris-Borate 
EDTA (TBE) buffer (89 mM Tris, 89 mM 
boric acid, 2 mM Na2EDTA, pH: 8.3; Green 
and Sambrook, 2014). 
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Results and Discussion
According to the DAS-ELISA data, it 

was observed that samples collected from 
Hamedan and Tehran provinces were infected 
with ArMV, CMV, PVY, TBSV, TSWV, and 
TYLCV. CMV was the most widespread 
virus infecting 36.78% of the total samples 
tested followed by ArMV (26.14%), PVY 
(10.63%), TSWV (7.18%), TBSV (3.44%), 
and TYLCV (2.87%). Double infections 
were detected in 14.01% and 15.08%, 
of samples obtained from Hamedan, and 
Tehran provinces, respectively (Table 1, 

and Figure 1). While triple infections were 
found in 3.18%, and 8.9% in Hamedan and 
Tehran provinces, in the same order (Table 1 
and Figure 1).
In the current study, CMV was identified as 
the most prevalent viruses, affecting 35.81% 
and 39.26% of the samples collected 
from Hamedan and Tehran provinces, 
respectively. Notably, CMV infection 
was more widespread in the Bahar area of 
Hamedan province, where tomatoes are 
widely cultivated. In Tehran province, CMV 
infection was more common in Varamin 
region, known for its significant tomato 
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production. The data presented in Table 1 
and Figure 1, indicated a higher incidence 
of ArMV in Tehran province compared to in 
Hamedan province. 
According to Belval et al., (2021) that 
previously reported field’s infection to 
Xiphinema index as the vector of nepoviruses 
could be one of the most important reasons 
of infection to ArMV in the studied regions. 
PVY is found to be prevalent in Hamedan 

province at 13.37%, while in Tehran 
province, the prevalence was 8.37%. These 
result could be attributed to the fact that 
Hamedan province’s status as a major potato 
cultivation area in Iran, serving as a potential 
source of PYV transmission to other host 
plants. Plants with triple infections showed 
more severe leaf and fruit symptoms in this 
study compared to those infected with just 
one or two viruses. Moreover, a notable 
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percentage of symptomatic samples did 
not show reactivity to any of the antibodies 
tested in this study, with rates of 22.89% and 
3.17% observed in Hamedan and Tehran 
provinces, respectively.
The RT-PCR experiment was conducted as a 
confirmatory test for the positive samples in 
the DAS-ELISA analysis. Several samples 
from the studied area were tested, including 
three samples from Hamedan province 
(Bahar, Famenin, and Malayer) and four 
samples from Tehran province (Karaj, 
Varamin, Mardabad, and Pakdasht (Figure 
2). The results of the RT-PCR analyses, 
using specific primers to detect CMV, were 
consistent with DAS-ELISA results. A 
PCR product of expected size (540 bp) was 
yielded from the infected samples, while no 

amplicon was generated from healthy plant 
extracts (Figure 2). 
The presence of CMV was successfully 
identified using the specific primers (Figure 
2). This finding is in line with the DAS-ELISA 
results confirming the accuracy of the DAS-
ELISA experiment. The RT-PCR analysis 
produced a 540bp product, consistent with 
our evaluations. Therefore, this approach 
proves to be effective for prompt diagnosis 
of CMV in infected samples.
The results of the current study suggest 
that CMV strains affecting tomatoes in the 
surveyed area exhibited higher virulence 
levels and were in complete agreement 
with the elevated prevalence of CMV in 
those regions, shedding light on why CMV 
stands as the most widespread virus. CMV, 
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which leads to substantial economic losses 
in tomato crops, is primarily transmitted 
by aphids in a non-persistent manner on a 
global scale (Arinaitwe et al., 2022; Atarashi 
et al., 2020). 
One crucial aspect that warrants further 
investigation in future research is the 
presence of symptomatic samples in the 
studied regions, that did not exhibit reactivity 
with any of the antibodies utilized in this 
study. The prevalence of such samples was 
22.81% and 3.17% in Hamedan and Tehran 
provinces, respectively. These samples 
may potentially harbor other viruses such 
as Pepino mosaic virus (PepMV), Tobacco 
mosaic virus (TMV), Tomato mosaic virus 
(ToMV), or even viroids that capable of 
infecting tomatoes (Anastassiadou et al., 
2021; Choi, et al., 2020; Rivarez et al., 
2021). A significant discovery is that the 
number of unidentified viruses in Hamedan 
province exceeded the number in Tehran 
province. It could be hypothesized that other 
unidentified viruses have been introduced 
from neighboring countries like Iraq and 
Turkey to the Hamedan province, given its 
proximity of these countries compared to 
the Tehran province. The unknown samples 
could include Tomato brown rugose fruit 
virus (ToBRFV) an emerging an RNA virus 
that is rapidly spreading (Zhang et al., 2022). 
This virus has been documented in numerous 
countries globally, and controlling its spread 
is crucial for tomato production (Zhang et 
al., 2022). Recent reports, have confirmed 
the prescence of ToBRFV in Turkey (Fidan 
et al. 2019); Ghorbani et al. (2021) in 
greenhouse complexes in Iran. Furthermore, 
Abou Kubaa et al., (2022), have reported this 

destructive virus from the Mediterranean 
region. Therefore, a thorough investigation 
into the identification of these unknown 
viruses is essential to develop an effective 
depth to formulate an adequate resistance 
program strategy. 
In another research conducted in southeast 
and central regions of Iran to determine the 
prevalence of viruses infecting tomatoes, 
Massumi et al., (2009) identified ArMV 
as the most common viruses at 25.6%. 
They also found that CMV was the second 
most frequent virus affecting 23.4% of the 
studied samples. Although there are some 
discrepancies between their findings and 
our own research, this could be attributed 
to the significant differences in climate 
conditions between Hamedan and Tehran 
provinces (characterized by cold winters) 
and the southeastern and central regions of 
Iran, which can have a substantial impact 
on virus epidemiology. While TBSV has 
been previously reported in pelargonium 
and tomatoes from the Varamin region 
(Farzadfar et al. 2000). In the research 
conducted by  Massumi et al., 2009 could  
TBSV did not detect in tomatoes, whereas 
we detected TBSV in 3.44% of collected 
samples. 
In our study, numerous symptomatic samples 
did not exhibit reactivity towards any of 
the studied viruses. They may have been 
infected with alternative tomato-infecting 
viruses such as Tomato mosaic virus and 
Beet curly top virus previously reported by 
Massumi et al., (2009) with 4.8% and 6.1%, 
respectively. Also, they might be infected 
with other tomato-infecting viruses such as 
Pepino mosaic virus (PepMV) one of the 
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most important viral pathogens of tomatoes 
recently reported from other countries (Cho 
et al., 2022; He et al., 2020; Song et al., 
2017). Moreover, they may be infected with 
Tomato leaf curl Palampur virus, a member 
of begomoviruses, with a rapid mutation 
rate and frequent recombination events that 
are a significant threat to tomato production 
worldwide and recently isolated from other 
hosts from Iran, neighboring countries, and 
many countries worldwide (Cai et al., 2023; 
Cao et al., 2024; Heydarnejad et al., 2009; 
Naganur 2023; Nayaka et al., 2024).
It is worth noting that the prevalence of 
CMV is attributed to its ability to infect 
various hosts including crop plants, 
vegetables, ornamental plants, and even 
weeds. Recently Safaeizadeh (2021), 
identified Dianthus hybridus as a new host 
for CMV in Hamedan province. In this 
study, the presence of CMV was confirmed 
using DAS-ELISA and RT-PCR techniques 
(Figures 1 and 2). Additionally, Ibicella lutea 
was previously reported as a new weed host 
for CMV (Safaeizadeh and Saidi, 2012). 
The prevalence of CMV in ornamental 
plants highlights the need for control 
strategies in greenhouses. Furthermore, 
Saidi and Safaeizadeh (2012) reported a 
severe strain of CMV from Canna indica 
that was cultivated in greenhouses in the 
Varamin region of Tehran province. These 
findings should be taken into consideration 
when developing strategies to control CMV 
in tomatoes.
The data presented in this study will be 
valuable in formulating future control 
strategies against viruses affecting tomatoes. 
However, the extent of crop and yield losses 

still needs to be determined and other 
properties of the studied viruses must be 
more studied. A comprehensive survey is 
also needed to investigate the occurrence of 
these viruses in other tomato fields across 
Iran and to evaluate the damage they are 
causing in terms of yield. It is advisable to 
conduct a mechanical transfer of the study 
on these viruses to the model genetic plant 
A. thaliana in order to assess the symptoms 
in this plant. Subsequently, it is essential to 
analyze the hormonal changes in comparison 
to the wild type A. thaliana (Safaeizadeh and 
Ghotbi-ravandi, 2023).
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Abstract
Ganoderma Karst. is widely acknowledged within the Ganodermataceae for its exceptional 

healing properties for humans, but it also can cause diseases in plants. This study aims to 
compile all original articles and texts published on the morphological identification, phylogeny, 
host relationships, and dispersal of the Ganoderma species in Iran until 2024. The species 
predominantly inhabit Angiosperm trees, with occasional occurrences on gymnosperms. Recent 
studies showed that more trees have been infected with these species in Iran. According to the 
literature, nine Ganoderma species were reported in various provinces of Iran, including East 
Azerbaijan, Guilan, Mazandaran, Golestan, Khuzestan, and others. However, recent studies 
have revealed discrepancies in the previously reported species. One species (G. australe (Fr.) 
Pat.) was misidentified, while two other species (G. manoutchehrii Steyaert and G. kosteri 
Steyaert) have not been encountered during recent field studies conducted by recent Iranian 
mycologists. Although a herbarium sample of G. kosteri was found in the Meise Herbarium, 
no recent field collections have mentioned the existence of this species in Iran. Furthermore, 
this article discusses the presence of another reported species in Iran, Ganoderma vanheurnii 
Steyaert. Recent morphological and molecular studies in Iran have confirmed the existence of 
five species in recent years, which have had significant implications for trees and the ecosystem. 
This review assists environmental researchers in comprehending the forest destruction caused 
by the Ganoderma species. Additionally, it can assist taxonomists in precisely distinguishing 
similar species and properly introducing them to scientists engaged in pharmaceutical research 
on Ganoderma.

Keywords: Ganoderma, Taxonomy, Host relationship, Pharmaceutical aspects, Iran
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(Upadhyay, 2014). Over time, the species 
of Ganoderma have gained recognition 
for their valuable therapeutic properties. 
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The earliest documentation of their healing 
abilities can be traced back to the “Classic 
of Materia Medica” authored by Shen Nong 
(Bodeker, 2012). Among these species, G. 
lingzhi previously known as G. lucidum, has 
been extensively utilized in medicine (Cao et 
al., 2012). Apart from their medicinal value, 
the species within this genus are known to 
act as parasitic or saprophytic agents on 
various trees (Tchoumi et al., 2018). Given 
the significance of these species, research on 
their taxonomy, healing properties, and plant 
pathogenicity has been conducted since 
the late twentieth century (Steyaert, 1972; 
Ryvarden, 1991; El-Mekkawy et al., 1998; 
Moncalvo et al., 2000; Ooi et al., 2002; Lee 
et al., 2006; Wasser et al., 2006; Saltarelli 
et al., 2009; Cao et al., 2012; Simone & 
Annesi, 2012; Bishop et al., 2015; Zeng et 
al., 2017; Huang et al., 2019).
It is estimated that there are approximately 
250-400 Ganoderma species worldwide 
(Moncalvo et al., 1995; Richter et al., 2015), 
while only a maximum of nine species have 
been reported in different provinces of Iran, 
inhabiting both angiosperm and gymnosperm 
trees (Moradali et al., 2007; Ghobad-Nejhad 
& Hallenberg, 2012; Keypour et al., 2014a; 
Keypour et al., 2014b; Keypour & Asef, 
2020). Considering the significance of the 
genus and the uncertainty of the species’ 
presence in Iran, this paper aims to discuss 
the taxonomic status, accuracy of species 
availability reports, host relationships, 
and diversities of species of the genus 
Ganoderma in the country.

Methods
The present study aimed to compile a 

comprehensive collection of published 
articles and texts pertaining to the genus 
Ganoderma in Iran. To achieve this, a 
thorough search was conducted across 
multiple scholarly databases including 
Google Scholar, PubMed, ScienceDirect, 
Civilica, and SID. Additionally, original 
texts from libraries, materials provided by 
previous researchers, and conference papers 
were meticulously examined, without 
imposing any restrictions on the publication 
dates, up until 2024. Furthermore, the 
“Herbarium IRAN” was chosen as the 
main source for investigating Ganoderma 
samples that had been collected by eminent 
scientists. Communication with other 
Herbaria was also established to obtain 
information regarding samples from Iran 
that were deposited in their respective 
collections. Through a rigorous evaluation 
process, only authentic and reliable articles 
and texts were selected for analysis, thereby 
ensuring the accuracy and robustness of the 
collected references used in the preparation 
of this article. 

Results
Taxonomy

Ganoderma is classified taxonomically 
within Basidiomycota, Agaricomycetes, 
Polyporales, Ganodermataceae, as 
documented by Keypour et al. (2019). This 
cosmopolitan genus has been the subject 
of multiple studies conducted by various 
scientists in Iran, including Steyaert (1972), 
Moradali et al. (2007), Ghobad-Nejhad & 
Hallenberg (2012), and Amoopour et al. 
(2016) (Table 1). Among the nine species 
reported in Iran, Ganoderma colossus has 
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been reclassified under the scientific name 
Tomophagus colossus. Additionally, it has 
been verified that Ganoderma adspersum is 
the accurate name for the species previously 
identified as Ganoderma australe in Iran. 
The morphological resemblance between 
G. adspersum and G. australe often leads 
to misidentification of the former in Iran. 
Furthermore, field studies conducted by 
mycologists in recent years have not yielded 
any evidence of Ganoderma manoutchehri 
and Ganoderma kosteri, two other species 
previously reported from Iran.
History of morphological identifications 
and numerical taxonomy
Various researchers, including Steyaert 
(1972), Adaskaveg and Gilbertson 
(1988), and Ryvarden (2000), have 
employed morphological characteristics to 
discriminate between different Ganoderma 
species. It should be noted that taxonomic 
confusion can arise due to the extensive 
morphological variability exhibited by these 
species (Ryvarden, 2000; Hapuarachchi 
et al., 2015). Despite this challenge, 
morphological studies serve as an initial step 
in species identification. Notably, G. lucidum 
Karst. was first documented in northern Iran 
by Buhse (1860), and subsequent reports on 
this species were provided by Khabiri (1968) 
and Saber (1987) (Table 2). Similarly, G. 
applanatum (Pers.) Pat. was first reported by 
Khabiri (1968) and Steyaert (1975) in Iran, 
followed by Saber and Minassian (2000). 
Saber and Minassian (2000) and Saber and 
Esmaeili Taheri (2004) documented the 
first occurrence of G. australe (Fr.) Pat. in 
Iran. The specimens of G. kosteri Steyaert. 
was collected by Ershad and Izadyar, 

while the sole sample of G. manoutchehrii 
Steyaert. was reported by Steyaert from 
Iran (Steyaert, 1972; Moradali et al., 2007; 
Ghobad Nejhad & Hallenberg, 2012). G. 
resinaceum Boud. was reported by Steyaert 
(1980), Saber (1987), and Saber and 
Minassian (2000), followed by the report 
of G. tsugae Murrill. from Iran by Saber & 
Minassian (2000). Steyaert (1972) briefly 
mentioned G. vanheurnii Steyaert. in Iran 
as a new taxon in the abstract of an article; 
however, in the description, the examined 
species was attributed to Indonesia, and 
no further information regarding its habitat 
in Iran was provided. In 2007, Moradali 
et al. conducted a morphological study on 
Ganoderma species in Iran, presenting 
an identification key with seven species 
categorized into two subgenera: Elfivingia 
subgenus (non-laccate species), including 
G. applanatum, G. adspersum, G. colossus, 
and Ganoderma subgenus (laccate species), 
comprising G. lucidum, G. resinaceum, G. 
tsugae, and G. manoutchehrii. Micro- and 
macro-morphological characteristics, as 
well as host associations, were the primary 
criteria employed to differentiate these 
species in their investigation. They presented 
a species identification key for Ganoderma 
in Iran, comprising seven species. However, 
their fieldwork efforts resulted in the 
collection of only four species, namely G. 
applanatum, G. adspersum, G. lucidum, and 
G. resinaceum from the northern regions of 
Iran (Fig 1.). The remaining three samples 
were either previously reported by other 
researchers or obtained from specimens 
deposited in the IRAN Herbarium (Steyaert, 
1972; Saber and Minassian, 2000; Saber, 
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2000). Recent investigations conducted by 
other scientists in the Hyrcanian forests of 
northern Iran led to report of five out of the 
nine previously documented Ganoderma 
species in Iran (Keypour et al., 2014a; 
Badalyan and Borhani, 2019). Figure one 
illustrates the macromorphological features 
of four species collected from the Hyrcanian 
forests. Among these species, G. adspersum 
which often misidentified as G. australe and 
G. lucidum have been frequently reported 
in all parts of Hyrcanian forests and mostly 
in Guilan Province respectively (Keypour 
et al., 2014; Badalyan & Borhani, 2019). 
According to Moncalvo and Buchanan 
(2008), G. australe is exclusively found in the 
Southern hemisphere, while G. adspersum 
is distributed in the northern hemisphere. 
Although there is a report of G. australe 
in the Kew Botanical Garden which this 
occurrence can be attributed to horticultural 

activities involving the introduction of the 
fungus’s host from the Southern hemisphere. 
Thus, the appropriate scientific name for the 
species in Iran is G. adspersum. In contrast 
to the previous findings, G. applanatum, 
G. tsugae, and G. resinaceum were either 
absent or rarely encountered in Guilan 
Province (Keypour et al., 2014a; Amoopour 
et al., 2016). Subsequent investigations 
employing numerical taxonomy and other 
morphological studies on Ganoderma 
species in Iran revealed that these species 
could be classified into two distinct clades: 
non-laccate and laccate Ganoderma, based 
on their morphological characteristics 
(Keypour et al., 2014b). However, these 
studies demonstrated that host relationships 
and morphological traits were inadequate for 
reliable species identification (Keypour et 
al., 2014a; Keypour et al., 2014b). Notably, a 
novel host, Pinus taeda L., was reported for 
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a collected sample in Iran, which exhibited 
distinct morphological and cultural features. 
Subsequent investigations confirmed the 
identification of this sample as G. lucidum 
but the species has been separated from 
other collected G. lucidum specimens in 
the UPGMA dendrogram (Keypour et al., 
2014b; Keypour et al., 2020).
Molecular identification, phylogeny and 
genetic diversity
The genus Ganoderma is known for its 
complex nature, with many species exhibiting 
similar morphological characteristics. 
Relying solely on morphological traits and 
host relationships for species identification 
can lead to erroneous conclusions in studies 
(Ryvarden, 2000). To resolve taxonomic 
discrepancies, Pires and Marinoni (2010) 
emphasized the utilization of molecular 
characteristics for accurate identification. 
Molecular markers such as the internal 
transcribed spacer (ITS) and mitochondrial 
small subunit (mtSSU rDNA) have proven 
valuable in elucidating phylogenetic 
relationships among Ganoderma taxa 
(Cao et al., 2012; Kinge et al., 2012). In 
a survey conducted by Badalyan et al. 
(2015) on genetic resources and mycelial 
characteristics of various Polypores from 
different countries using ITS sequencing, 
it was revealed that the Iranian strain (Gl-
1093), previously identified as G. lucidum 
based on morphological features, is G. 
resinaceum.
Furthermore, investigations focusing on 
the ITS of a single Ganoderma sample 
confirmed the effective confirmation of the 
previous morphological identification of 
a collected sample from North Iran as G. 

lucidum (Heydarian and Hatamian-zarmi, 
2017). Phylogenetic studies conducted on 
Ganoderma species in Iran utilizing ITS 
and mtSSU rDNA markers indicated that, 
despite Iran’s geographical location in the 
Middle East (Southwest Asia), Iranian 
Ganoderma species are sister taxa to 
European Ganoderma species (Keypour et 
al., 2020). Additionally, molecular sequence 
analysis of G. lucidum, G. resinaceum, 
G. adspersum, and G. applanatum from 
European, trans-Caucasian, and Iranian 
regions demonstrated their close relationship 
while being distinct from East Asian 
strains (Badalyan et al., 2015; Keypour 
et al., 2020). In 2021, another experiment 
conducted using ITS sequencing of some 
polypores collected from Alamdardeh 
Forest in Mazandaran, Iran, showed that 
the G. adspersum (STF113) in their study 
is similar to the sample (HSBU200894) that 
was collected by Keypour et al. (2020), from 
Guilan, Iran (Keypour et al., 2020; Bari et 
al., 2021). 
Genetic diversity plays a crucial role in 
shaping species morphology and their ability 
to endure various environmental changes and 
diseases. Consequently, the investigation 
of genetic diversity holds significant 
potential for comprehending species 
adaptation within a specific geographic 
region. Notably, a study conducted in 2019 
by Keypour et al. revealed a substantial 
level of genetic diversity among laccate 
Ganoderma species in Iran (Keypour et al., 
2019). Further investigations focusing on 
the G. lucidum complex collected from the 
Hyrcanian forests in northern Iran, utilizing 
the RAPD-PCR technique, unveiled a wide 



1316

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024



1317

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024



1318

Plant, Algae, and Environment, Vol. 8, Issue 1, 2024

spectrum of diversity, with inter-specific 
diversities of 61.48 and 40.16 observed 
for the laccate species G. lucidum and G. 
resinaceum, respectively (Keypour et al., 
2019). Ariffin et al. (2000) suggested that 
the heightened genetic diversity observed 
in Ganoderma species may be attributed 
to their adaptation to a broad range of 
host organisms, a characteristic that is also 
evident in Ganoderma species collected from 
Iran (Table 1 and 2). The extensive genetic 
diversity observed in laccate Ganoderma 
species collected from Iran, as reported by 
Keypour et al. (2019), confirms the finding 
that a diverse array of tree species across 
various regions of Iran are susceptible 
to laccate Ganoderma infections. This 
underscores the significance of early-stage 
disease management in promoting forest 
survival and preservation.
Biodiversity and host relationship
Numerous studies have been conducted to 
explore the taxonomy, biodiversity, and host 

relationships of Ganoderma species in Iran. 
Noteworthy contributions include the works 
of Khabiri (1968), Saber (1972), Soleimani 
(1976), Hallenberg (1979), Moradali et al. 
(2007), Keypour et al. (2008), Ghobad-
Nejad and Hallenberg (2012), Rostamian et 
al. (2013), Borhani et al. (2013), Keypour et 
al. (2014a, 2014b), and Keypour and Asef 
(2020) (Table 2). These investigations have 
significantly enhanced our understanding of 
Ganoderma species in Iran.
The initial comprehensive survey on the 
taxonomy and biodiversity of Ganoderma 
species in Iran was conducted by Moradali 
et al. (2007), which paved the way for 
subsequent studies focusing on various 
aspects of Ganoderma (Keypour et al., 
2008; Ershad, 2009; Keypour et al., 2014a, 
2014b; Sefidi and Etemad, 2015; Amoopour 
et al., 2016; Badalyan and Borhani, 2019). 
Recent research findings indicate a higher 
incidence of Ganoderma species infecting 
trees compared to earlier reports by Ershad 
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in 2009 (Keypour et al., 2014a, 2014b).
Further investigations have shed light on the 
influence of field slope on fungal sporocarp 
abundance. Bari et al. (2019) revealed that 
G. adspersum and G. lucidum were found 
on slopes of various orientations in the 
forests of northern Iran, while G. tsugae was 
observed exclusively on the northwest slope 
and in Fagus forests, contrary to previous 
beliefs associating it solely with coniferous 
trees. Additionally, G. applanatum was 
documented on both northern and southern 
slopes (Borhani et al., 2013; Badalyan and 
Borhani, 2019).
Bari et al. (2019) attributed the high diversity 
of macro-fungi in the forests of northern 
Iran to the increased moisture content, 
altitude, and management and logging 
practices. Among the Ganoderma species, 
G. adspersum and G. lucidum exhibited the 
highest frequency of occurrence, while G. 
tsugae, G. resinaceum, and G. applanatum 
were less commonly found in the forests 
of northern Iran (Amoopour et al., 2016). 
Notably, Keypour and Asef (2020) provided 
an updated account of the occurrence of G. 
resinaceum in Iran, confirming its presence 
in the Khuzestan province (southern Iran) 
and on two previously unreported host 
species. Figure two shows Ganoderma 
species biodiversity in Iran.

Discussion 

In contrast to several other Middle 
Eastern countries, Iran exhibits a diverse 
array of vegetation due to its distinctive 
environmental characteristics, which have 
a significant impact on plant diversity and 
abundance (Heshmati, 2007). Although 

scattered trees, forests, and favorable 
climatic conditions in other parts of the 
country also facilitate the occurrence of 
Ganoderma species, the northern region of 
Iran stands out in terms of plant richness,  
(Keypour and Asef, 2020). Keypour and 
Asef (2020) published a report documenting 
the presence of G. resinaceum in southern 
Iran, representing the first record of this 
species in that region. It is worth noting that 
while the majority of Ganoderma species 
are commonly found in the Hyrcanian 
forests of the Caspian Sea region due to the 
favorable climatic conditions supporting 
their growth (Badalyan and Borhani, 2019), 
certain species can be encountered in other 
parts of Iran where the climate may not be 
as conducive to their development. This 
recent report indicates a higher incidence 
of Ganoderma species infection among 
trees within the country, surpassing 
initial expectations. As a result, there is 
an augmented risk of the development of 
Ganoderma-induced diseases, such as root 
rot or butt rot, in affected trees. 
This article provides a comprehensive 
collection and analysis of various studies 
conducted since 1860 on the morphology, 
taxonomy, phylogeny, and biodiversity of 
Ganoderma species isolated from Iran. 
In general, different Ganoderma species 
have been reported in Iran over the years 
(Steyaert, 1972; Saber & Minassian, 2000; 
Moradali et al., 2007). However, recent 
studies have confirmed the presence of 
only five species, namely G. lucidum, G. 
resinaceum, G. tsugae, G. applanatum, and 
G. adspersum, in forests of Iran (Keypour et 
al., 2014a; Keypour et al., 2014b; Badalyan 
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and Borhani, 2019). Despite repeated 
visits to the type locality of Ganoderma 
manoutchehri in different years, Moradali 
and Keypour were unable to locate the 
species. Furthermore, an investigation of the 
IRAN Herbarium to examine the collected 
samples identified as Ganoderma kosteri 
and Ganoderma manoutchehrii yielded 
no results. As for the species Ganoderma 
kosteri, two samples collected from Iran 
were found to have been deposited in the 
Meise Herbarium, although information 
regarding the identifier(s) was incomplete.
This study contributes to the understanding of 
Ganoderma species, causing rot root in trees, 
in Iran by investigating their morphological 
taxonomy, phylogeny, host relationships, 
and biodiversity. It is important to note 
that the use of molecular tools for accurate 
species identification has gained prominence 
among scientists. By employing molecular 
techniques, it becomes possible to discern 
the susceptibility of different tree species 
to specific Ganoderma species. Molecular 
techniques enable the development of rapid 
and accurate diagnostic tools for detecting 
Ganoderma infections. These tools can detect 
the presence of the fungus in tree tissues or 
soil samples, allowing for early detection 
and timely implementation of control 
measures. Moreover, the morphological 
variations observed among species within 
the Ganoderma lucidum complex posed 
challenges for taxonomical identification 
and pharmaceutical companies. However, 
scientists have successfully overcome 
these challenges by employing molecular 
analysis techniques. In recent years, 
molecular markers have been utilized to 

assess the genetic diversity and authenticate 
the identification of Ganoderma species 
collected from Iran. It is worth mentioning 
that further studies incorporating specific 
molecular markers, in addition to ITS and 
mtSSUrDNA, hold the potential to yield new 
insights into the taxonomy of Ganoderma 
species in Iran in the future.
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