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Extended Abstract

Background and Objectives: One of the important and global challenges of public health is foodborne diseases,
which impose huge economic losses on the economy of societies. Among them, pathogenic bacteria play an important
role. The negative effects of chemical preservatives on human health and the increasing resistance of many microbes
to common antimicrobial agents have necessitated the identification of safe and effective alternatives. Today, the use
of low-risk preservatives such as plant essential oils and bacteriocins has received attention. The antimicrobial effects
of essential oils depend on the type and amount of their constituent components. The amount of these compounds is
affected by factors such as plant type, species, soil composition, plant organ, age, climatic conditions of the growing
region, essential oil extraction method, and harvest date. Clove is a plant belonging to the Myrtaceae family and is
known by the scientific name Syzygium aromaticum. The chemical components of clove essential oil, especially
eugenol, have a high contribution to its antimicrobial properties. Nisin is an antimicrobial peptide produced by
Lactococcus lactis. 1t is the only bacteriocin that has received permission for use as a preservative for food from FAO
and WHO. The aim of this study was to identify the chemical components of commercial Iranian clove bud essential
oil (distilled with water) and compare its antimicrobial properties with nisin on controlling the growth of some of the
most important foodborne disease-causing bacteria in order to identify the most effective antimicrobial compound
agent.

Materials and Methods: In this study, dried clove buds were obtained from a local market (Zabol, Iran). Essential oil
extraction was performed using a Clevenger apparatus (water distillation) under controlled temperature. After
extraction, the type and amount of chemical compounds of clove essential oil were identified using gas
chromatography-mass spectrometry (GC-MS). In this study, six bacterial strains include Listeria monocytogenes
NCTC 11994, Staphylococcus aureus Bristol A9596, Bacillus cereus ATCC 9634, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, and Salmonella typhimurium ATCC 14028 were purchased in lyophilized
form from the Microbial Collection of the Scientific and Industrial Research Organization of Iran. The strains were
activated under controlled conditions using Tryptone Soya Broth (TSB) and Tryptone Soya Agar (TSA) media. Next,
the antibacterial effects of the obtained essential oil and nisin were evaluated by agar diffusion methods against target
strains with a population of 10° CFU/ml and the results were reported in terms of mm of inhibitory zone. The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the antimicrobial agents were
determined by microdilution and 96-well plates containing TSB media. The prepared dilutions of the essential oil
ranged from 0.3 to 40 mg/ml and nisin ranged from 4.8 to 0.1023 pg/ml. The obtained data were analyzed using SAS
version 9.1 software and the means were compared by Duncan's multiple range test at the 5% level.

Results: GC-MS analysis of clove essential oil showed that 93.66% of the total components, including 17 different
components, were identified. The most important compounds identified were eugenol (54.27%), trans-p-caryophyllene
(21.13%), and eugenol acetate (11.18%). The antibacterial activity of clove essential oil and nisin by agar diffusion
method showed a significant effect on the growth of all strains (p<0.05). The highest and lowest growth inhibitory
effects of clove essential oil were recorded against gram-negative strains Escherichia coli (29.6 mm) and Salmonella
typhimurium (11.2 mm), respectively. Nisin showed the highest effect on the growth inhibition of gram-positive strains
compared to gram-negative strains (p<0.05). The highest nisin growth inhibition zone was determined against Listeria
monocytogenes (14.3 mm) and the lowest value was determined for the gram-negative strain Salmonella typhimurium
(8.6 mm) (p<0.05). The antibacterial agents studied in this study showed different effects on MIC and MBC values.
The highest MIC and MBC values were obtained from the effect of clove essential oil on Salmonella typhimurium
strain with values of 2500 and 5000 pg/ml, respectively, and the lowest values were obtained against Escherichia coli
strain with values of 156 and 156 pug/ml. The lowest nisin MIC value was recorded at a concentration of 63 pg/ml
against Staphylococcus aureus, Bacillus cereus and Pseudomonas aerogenesa strains, which indicated the greater
sensitivity of these strains.

Conclusion: Nisin and clove essential oil showed significant growth inhibitory effects. The results of the microdilution

antibacterial test showed that nisin was more effective compared to clove essential oil (p<0.05). Clove essential oil
was able to effectively control the growth of Escherichia coli strain. The results of this study showed that despite the
difference in the amounts of the constituent components of clove essential oil compared to other published scientific
reports, it can be considered as an alternative to chemical preservatives. In this regard, it is necessary to pay attention
to the target strain and the concentration of the antibacterial agent. However, the final confirmation of the use of the
studied compounds requires clinical and applied research in food.
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Table 1- Comparison of the type and amount of clove essential oil components in the target sample (T1) and the report of
Barak et al. (2017) (T2).

Ao, T1 T2

kel RI % wleosd S5 RI %

Chemical composition Chemical composition
1 Furfural 841 0.38 a-Pinene 928 0.7
2 a-Cubebene 1249 0.19 D-Limonene 1030 0.46
3 Eugenol 1353 54.27 Estragole 1202 0.9
4 Trans-B-Caryophyllene 1401 21.13 (E)-Cinnamaldehyde 1275 1.2
5 B-Duprezianene 1415 0.03 Eugenol 1374 72
6 a-Guaiene 1419 0.01 B-Caryophyllene 1425 8.5
7 (Z)-B-Farnesene 1443 0.16 Humulene 1458 32
8 o-Himachalene 1451 0.19 Calemenene 1527 0.5
9 Muurolene 1471 1.49 Acetyl eugenol 1535 11
10 Germacrene D 1495 0.25 Caryophyllene 1587 0.6
11 Eugenol acetate 1503 11.18 - - -
12 B-Sesquiphellandrene 1513 0.92 - - -
13 o-cadinene 1547 3.1 - - -
14 Humulene oxide 1553 0.02 - - -
15 10-epi-a-cubebol 1561 0.01 - - -
16 Isolongifolanone 1595 0.03 - - -
17 Davanol acetate 1648 0.02 - - -
& 93.66 e 99.06
Total Total

RI : Retention Index.
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Extended Abstract

Background and Objectives:Ornamental coniferous plants play an essential role in urban green spaces, parks, and landscape design
due to their aesthetic value, ecological functions, and adaptability to diverse environmental conditions. Among these plants, Lawson
cypress (Chamaecyparis lawsoniana) is widely cultivated because of its desirable growth form, foliage color, and ornamental appeal.
However, root decline and root-associated disorders represent a major constraint to the sustainability and visual quality of these
plants. Such disorders are frequently associated with soil-borne and root-associated fungi, particularly dematiaceous fungi, which
may persist as saprophytes or endophytes and become opportunistic pathogens under stress conditions. Species belonging to the
genus Curvularia have increasingly been reported from the rhizosphere and root tissues of ornamental and woody plants and are
often linked to symptoms such as reduced vigor, chlorosis, and progressive decline. Climate change—related stresses, including
fluctuations in temperature and soil moisture, can further disturb the balance between host plants and associated microorganisms,
facilitating the pathogenic behavior of otherwise latent fungi. Management of root-associated fungal diseases traditionally relies on
chemical fungicides. Although effective in the short term, repeated fungicide applications raise concerns regarding the devel opment
of resistant fungal populations, environmental contamination, and potential risks to human health. Consequently, there is growing
interest in environmentally friendly alternatives, particularly plant-derived metabolites and essential oils, which are rich in bioactive
compounds with documented antifungal properties. The present study aimed to isolate and identify a fungal species associated with
root decline symptoms in C. lawsoniana and to evaluate the in vitro antifungal activity of selected plant essential oils against the
identified isolate. In addition, the efficacy of these natural products was compared with commonly used chemical fungicides to
assess their potential as sustainable disease management options.

Materials and Methods:Root samples were collected from Lawson cypress plants exhibiting decline and root rot symptoms in
Guilan Province, northern Iran. After surface sterilization, root segments were plated on potato dextrose agar (PDA), and the
dominant fungal isolate was purified through successive subculturing. Morphological identification was conducted based on colony
characteristics and microscopic features of conidiophores and conidia. Molecular identification was performed by amplification and
sequencing of the internal transcribed spacer (ITS) region of IDNA using universal primers ITS5 and ITS4. The obtained sequence
was compared with reference sequences in the GenBank database using BLAST analysis. Phylogenetic relationships were inferred
using the Neighbor-Joining method, and the evolutionary stability of branches was assessed by bootstrap analysis. Twelve plant
essential oils, including thyme (Thymus vulgaris), ajwain (Trachyspermum ammi), kakuti (Ziziphora clinopodioides), lemongrass
(Cymbopogon citratus), rosemary (Rosmarinus officinalis), peppermint (Mentha piperita), lavender (Lavandula angustifolia),
fennel (Foeniculum vulgare), myrtle (Myrtus communis), eucalyptus (Eucalyptus globulus), galbanum (Ferula gummosa), and
Persian hogweed (Heracleum persicum), were evaluated for antifungal activity. Antifungal assays were conducted using three
complementary in vitro methods: disk diffusion, poisoned food (medium incorporation), and spore germination tests at different
concentrations. Five chemical fungicides—mancozeb, thiophanate-methyl, copper oxychloride, iprodione + carbendazim (Rovral-
TS), and Bordeaux mixture—were tested at 2000 mg L' as chemical controls. All experiments were arranged in a completely
randomized factorial design with three replications. Data were analyzed using analysis of variance (ANOVA), and mean
comparisons were performed using Duncan’s multiple range test at P < 0.05.

Results:Based on morphological traits and ITS rDNA sequence analysis, the fungal isolate obtained from Lawson cypress roots
was identified as Curvularia tsudae and deposited in GenBank under accession number PX096193. Phylogenetic analysis confirmed
that the isolate clustered within the Curvularia tsudae species complex, consistent with previous reports indicating limited species-
level resolution of the ITS region within this genus. The disk diffusion assay revealed significant differences among essential oils
in their ability to inhibit mycelial growth. Thyme essential oil exhibited the highest inhibitory effect, while several other oils showed
limited or no significant activity compared with the control. In the poisoned food assay, a stronger antifungal response was observed.
Thyme, ajwain, and lemongrass essential oils completely inhibited mycelial growth of C. tsudae at higher concentrations, indicating
pronounced antifungal efficacy. Other essential oils displayed moderate to low inhibitory effects, with inhibition generally
increasing as concentration increased. Spore germination assays demonstrated that lemongrass and ajwain essential oils were the
most effective in suppressing spore germination, whereas thyme essential oil showed a moderate inhibitory effect. In contrast, all
tested chemical fungicides completely inhibited spore germination, confirming their high efficacy under laboratory conditions.
Evaluation of fungicidal versus fungistatic activity revealed that thyme, ajwain, and lemongrass essential oils exerted true fungicidal
effects, as no fungal regrowth occurred after transfer to fresh medium. Kakuti essential oil, however, exhibited a fungistatic effect,
allowing fungal regrowth after removal of the treatment. Chemical fungicides varied in their mode of action, with some acting
fungicidally and others primarily fungistatically.

Conclusion:This study demonstrated that Curvularia tsudae is associated with root decline symptoms in Lawson cypress and
highlighted the considerable in vitro antifungal potential of selected plant-derived essential oils against this fungus. In particular,
thyme, ajwain, and lemongrass essential oils showed strong inhibitory effects on mycelial growth and spore germination and
exhibited fungicidal activity comparable, though not identical, to that of chemical fungicides. Although chemical fungicides
achieved complete inhibition of spore germination, the observed efficacy of certain essential oils underscores their potential as
environmentally friendly alternatives or complementary tools in integrated disease management strategies. These findings support
further investigations under greenhouse and field conditions to evaluate the practical applicability, formulation stability, and
phytotoxicity of these natural products. Overall, plant essential oils represent promising candidates for reducing reliance on synthetic
fungicides and promoting sustainable management of root-associated fungal diseases in ornamental plants.

®' BY © 2025 The Author(s). Published by Agricultural Sciences and Natural Resources University of Khuzestan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1- Neighbor-Joining phylogenetic tree based on the ITS rDNA region of the fungal isolate obtained from roots of
Chamaecyparis lawsoniana and selected species of the genus Curvularia. Genetic distances were calculated using the identity model.
The isolate from the present study (PX096193) clustered within the Curvularia tsudae species complex. Due to the limited
discriminatory power of the ITS region in Curvularia, species-level resolution was not achieved, and identification is therefore
reported at the genus level with phylogenetic affinity. Bipolaris maydis was used as the outgroup to root the tree.
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Figure 4- Comparison of the mean percentage inhibition of Curvularia tsudae mycelial growth using five fungicides (different letters
indicate significant differences among treatments at the 5% level).
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Table 1- Comparison of the mean effect of 2000 mg. I''concentrations of plant essential oils and the studied fungicides on the
inhibition of spore germination of Curvularia tsudae
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Extended Abstract

Background and objectives: Investigating the effects of the application of nanoparticles, including silicon, on
plants has attracted the attention of many researchers today. A review of the available sources shows that most of
the research has been on the effects of nanoparticles on agricultural plants, and medicinal plants, despite their high
importance, have received less attention. Therefore, the lack of available information regarding the effect of silicon
nanoparticles on medicinal plants, especially dill, and also due to the influence of environmental and genetic
factors on the growth of medicinal plants and the importance of identifying the indigenous populations of the
region and studying their phytochemical compounds with the aim of selecting the best ones, extracting essential
oils and improving the breed, makes the necessity of implementing this experiment more obvious than ever.
Therefore, this experiment was carried out with the aim of investigating the effect of silicon nanoparticles on some
morphophysiological and biochemical characteristics of dill in the climatic conditions of Isfahan-Iran.

Materials and Methods: This experiment was conducted to investigate the effect of silicon nanoparticles on some
morphophysiological and biochemical characteristics of dill (4nethum graveolens L.) in the climatic conditions of
Isfahan, Iran, as a factorial in a randomized complete block design with three replications. In this experiment, the
effect of silicon nanoparticles (nanosilicon dioxide, SiO2) at four levels including 0, 25, 50 and 100 mg.L! was
investigated on 10 dill populations including Harand, Dezfoul, Gorgan, Hamedan, Tehran, Ghaenat, Behbahan,
Kashan, Ardestan and Shiraz. Seeds of different dill populations were collected from different regions of the
country and identified by the Agricultural Research Center and Natural Resources of Isfahan Province. Seeds were
sown in rows in 1.5 m? plots with a row spacing of 1 m and a plant spacing of 50 cm. Silicon nanoparticles were
used as a foliar spray in the first two stages of plant growth and 10 days after that. Drip irrigation and all
maintenance were performed during the growth and development period. In this experiment, plant fresh and dry
weight, stem and root length, total chlorophyll content, chlorophyll a/b ratio, anthocyanin content, reducing sugar
content, proline content, ascorbate peroxidase enzyme activity and essential oil content were investigated.
Statistical analyses were performed as factorial in a randomized complete block design using SAS9.4 software.
Comparison of mean traits was performed using two-way analysis of variance and Duncan's test.

Results: The results of the analysis of variance of traits showed that the effect of silicon nanoparticles and
population and their interaction on the traits of plant fresh and dry weight, stem and root length, total chlorophyll
content and chlorophyll b/a ratio, anthocyanin, reducing sugars, proline and ascorbate peroxidase enzyme activity
had statistically significant differences. The highest plant fresh and dry weight and essential oil content were
observed in the foliar spray treatment of 50 mg.L™! nanosilicon concentration x Hamedan population. The highest
stem and root length, total chlorophyll content, reducing sugars content and ascorbate peroxidase enzyme activity
were obtained in the foliar spray treatment of 50 mg.L-' nanosilicon concentration x Dezfoul population. Based
on the results of comparing the mean traits, the highest chlorophyll a/b ratio belonged to the foliar spray treatment
of 50 mg.L-! nanosilicon x Ghaenat population. The results of comparing the mean traits showed that the highest
anthocyanin and proline content was observed in the foliar spray treatment of 100 mg.L"! nanosilicon x Dezfoul
population. The compounds observed in dill essential oil were a-Thujene, a-Pinene, Myrcene, Carvone, a-
phellandrene and Limonene. The highest and lowest compounds in the essential oil were Carvone and a-Thujene,
respectively. The highest amounts of a-Thujene, Myrcene and Limonene were observed in the foliar spray
treatment of 50 mg.L-! nanosilicon x Hamedan population.

Conclusion: It seems that the cultivation of Hamedan population and foliar spraying of 50 mg.L-! of silicon
nanoparticles in the climatic conditions of Isfahan-Iran will be a suitable option for cultivation in similar
environmental conditions due to the achievement of greater plant weight and essential oil production (and the
highest amount of a-Thujene, Myrcene and Limonene).

': BY © 2025 The Author(s). Published by Agricultural Sciences and Natural Resources University of Khuzestan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1- Results of the analysis of variance of the mean square of fresh and dry plant weight, stem and root length, total chlorophyll

content and chlorophyll a/b ratio, anthocyanin content, reducing sugar content, proline content and ascorbate peroxidase enzyme
activity under the conditions of application of silicon nanoparticles on different dill populations.
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populations
0.000001 0.008 0.001 0.001 0.003 78 Error U
1.13 26.75 2.34 0.65 3.37 - CV Ol g po

Dbl e o sire (gLl S BB NS 5 a0 S 5zt gl 50 o cire (g el WS gl )by 35 4y s
*and **: respectively significant at the level of 5% and 1% and ns: no significant difference
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Table 2- Results of the comparison of the average interaction effect of different levels of silicon nanoparticles x different dill
populations on the traits of fresh and dry plant weight, stem and root length and total chlorophyll content.

S Gl ade; Jsb Slgp  Sne o S35 o9 N RN
Total chloroph}l/ll Root length Stem length weg]gfl £ (. .Fresh plant ] Dill“popui‘a tions Silicor}
content (mg.g™) (cm) (cm) plant™) weight (g. plant™) nanoparticles

10.45 & 18.00 ko 30.00 hi 1.37 & 23.30 & Hamedan ;lacs

7.78 pd 12.77 v 18.30 at 0.98 s 16.73 s Harandu ,»

7.77 pd 13.50 v 20.47 o 1.06 " 18.10 " Behbahan ke

8.40 P 15.00 at 24.23 bn 1.20 fen 20.47 ken Kashan Lils

8.05 np 14.03 2207 P 1.14 mPo 1937 mr Shiraz;l ;.o sali

12.20 de 19.00 fm 33.37 oe 1.42 g 24.13 e Dezfoul Jg3 ;5 Control

6.07 v 10.00 W 17.80 ot 0.90 " 15.30 s Gorgan 5,5

10.30 b 17.53 m-e 28.37 ik 1.32 ik 22.43 ik Tehran | 5

5.84 9.53 w 17.47 o 0.87 ! 14.77 s GhaenateLs

9.35 K 17.07 P 26.51 i 1.26 jm 21.40 Jm Ardestan ;Lo

12.04 de 25.00 de 38.33 be 1.85 be 31.40 be Hamedan ;lacs

8.33 P 16.57 od 20.70 od 1.20 fen 20.47 fen Harandui ,»

8.73 bn 18.00 ko 24.20 b 1.32 ik 22.43 i Behbahan ks

9.74 jk 19.57 H 29.60 hi 1.55 o8 26.40 -8 Kashan L5

9.31 K 18.57 fen 26.17 K 1.43 & 24.27 e Shiraz i il 51 5 ko YO

13.33 be 24.67 de 39.50 b 1.84 be 31.30 be Dezfoul Jg3 ;50 25 mg.L?!

7.25 a 12.50 v 19.00 e 1.04 ot 17.60 or Gorgan 5,5

11.46 ef 22.70 fe 33.67 af 1.71 o 29.10 od Tehran |

5.39 v 8.30 W 13.11 " 1.01 s 11.64 t Ghaenato Ui

10.89 i 21.70 eh 29.13 hj 1.63 de 27.70 de Ardestan ;Luws !

13.86 b 29.03 ab 46.90 : 2.19 @ 37.30 @ Hamedan ;las

10.20 i 20.40 vy 25.40 fm 1.35 &l 23.03 &l Haranduw ,»

11.18 fe 21.27 e 30.50 & 1.47 Fh 25.07 fh Behbahan ;s

10.84 i 24.00 of 36.50 od 1.71 o 29.00 od KashanLils

10.70 e 22.10 eh 31.90 fh 1.60 of 27.23 daf Shiraz j pi i) 51 05 ko O

15.09 : 30.40 : 48.27 : 2.12 2 36.00 2 Dezfoul Jg33s 50 mg.L"!

8.53 mo 15.03 at 23.00 mo 1.17 ko 19.90 o Gorgan 5,5

13.47 b 27.77 be 40.73 b 1.88 b 32.03 b Tehran | 5

8.23 P 15.03 at 25.00 fm 1.15 P 19.50 m-p Ghaenato s

11.99 de 26.10 od 34.13 of 1.82 be 31.00 be Ardestan ;s

10.98 fh 21.03 e 31.40 fh 1.65 de 28.03 de Hamedan ;,lucs

7.18 as 14.57 ru 18.50 at 1.01 ps 17.13 ps Harandw »»

7.80 oa 13.70 v 20.60 or 1.08 a 18.43 mq Behbahan ;s

9.13 fem 15.37 s 24.50 b 1.39 & 23.70 & Kashan Lsls

8.63 kn 13.13 w 19.87 ps 1.30 H 22.10 i Shiraz ! i JER PN T

12.60 od 21.50 e 35.50 e 1.67 de 28.43 de Dezfoul J43 ;s 100 mg.L!

6.71 ot 9.17 W 15.63 " 0.99 s 16.80 as Gorgan 5,5

10.87 i 19.73 g 26.00 K 1.54 o8 26.20 oe Tehran | 5

6.46 U 8.67 W 15.67 " 0.89 ! 15.10 s Ghaenato s

9.77 i 15.70 pr 26.67 i 1.48 Fh 25.20 fh Ardestan s

Columns with the same letters do not have statistically significant differences according to Duncan's test.
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Table 3- Results of the comparison of the average interaction effect of different levels of silicon nanoparticles x different dill
populations on the traits of chlorophyll a/b ratio, anthocyanin content, reducing sugar content, proline content and ascorbate
peroxidase enzyme activity

w3l e
STy ol 595l -
ascorbate ol slye Lol o (glgixa Clowgisl (sl Jdg k5 coi a/b g Canar O95adaw il ©lyd
peroxidase proline co_:ltent reducing sugar anthocyanin_ 1 chloropl}yll a/b Dill populations Silicox}
enzyme activity (mg.g™) content (%) content (mg.g™) ratio nanoparticles
(UM H,O,.min
!.mg"! protein)
0.47 ¢ 0.38 bk 1.56 j 4.11 d 1.47 rt Hamedan ;lues
0.22 x 0.23 koo 1.00 s 2.48 e 1.27 u Harandw ;»
0.25 v 0.25 o 1.20 P 2.94 a 1.64 J-m Behbahan ;s
0.38 © 0.29 Fo 1.30 © 3.47 w 1.49 Pt Kashan Lol
0.30 r 0.27 go 1.22 P 3.23 ’ 1.57 +a Shiraz ;| .5 saly
0.50 e 0.39 ad 1.70 e 436 " 1.80 4z Dezfoul Jg3 ;5 Control
0.15 a 0.20 m-e 0.99 * 2.11 ii 1.87 b-e Gorgan 5 5
0.43 i 0.36 el 1.54 ik 4.02 r 1.48 at Tehran w5
0.12 ad 0.17 © 0.94 ! 1.91 i 1.81 de Ghaenato LB
0.39 " 0.32 dn 1.40 m 3.64 U 1.57 +a Ardestan ;s
0.50 ¢ 0.42 af 1.80 f 5.00 j 1.51 o Hamedan ;loos
0.24 v 0.24 o 1.23 P 2.88 bb 1.47 st Harandu ,»
0.28 ! 0.26 o 1.33 ne 3.51 v 1.56 ™4 Behbahan ke
0.41 ! 0.34 ¢ 1.50 K 4.00 ' 1.58 kep Kashan,Lsts
0.33 q 0.31 oo 1.46 ! 3.81 ! 1.66 il Shiraz jl yi sl g1 )5 oo YO
0.54 b 0.45 2.01 d 523 h 1.74 i Dezfoul Jg3 ;5 25 mg.L"!
0.17 Y 0.22 ko 1.19 P 2.40 fr 1.90 be Gorgan,5 5
0.47 ¢ 0.40 ah 1.75 fe 4.76 m 1.55 ms Tehran | x5
0.13 o 0.50 e 1.00 '5 2.16 tih 1.92 ab Ghaenato Uil
0.44 i 0.37 bk 1.72 ¢ 4.16 P 1.75 fh Ardestan ;L
0.51 d 0.41 »e 2.20 b 6.41 ¢ 1.56 ms Hamedan ;oo
0.26 " 0.24 o 1.50 K 3.55 v 1.40 ! Harandu,»
0.29 s 0.26 o 1.80 f 431 © 1.59 koo Behbahan ;L
0.42 k 0.32 dn 1.70 e 5.06 i 1.57 +a Kashan L5
0.34 P 0.28 &o 1.74 ¢ 4.80 ! 1.80 o8 Shirazl % JER RPN Y.
0.55 : 0.42 af 2.39 a 6.61 d 1.73 & Dezfoul J550 50 mg.L"!
0.17 y 0.20 mo 1.32 ne 3.45 X 1.89 b-d Gorgan 5,5
0.48 f 0.35 dl 2.07 ¢ 6.12 f 1.80 de Tehran | w5
0.14 bb 0.18 ne 1.36 m 2.74 e 2.01 @ GhaenatoUsis
0.45 h 0.32 dm 1.87 ¢ 5.55 ¢ 1.67 ek Ardestan ;s
0.50 ¢ 0.50 @b 1.65 hi 7.01 b 1.50 o Hamedan oo
0.25 v 0.29 fo 1.05 " 2.69 dd 1.49 pt Harandu ,»
0.29 s 0.33 dm 1.21 P 3.37 Y 1.63 fen Behbahan ke
0.40 " 0.38 b 1.40 m 3.90 s 1.50 o KashanLots
0.33 q 0.36 ¢l 1.31 ne 4.09 q 1.54 s Shiraz;! y JER RV S PR T
0.53 ¢ 0.52 2 1.86 ¢ 7.10 ! 1.77 fe Dezfoul Jg559 100 mg.L"!
0.16 ’ 0.24 o 1.09 a 2.92 a 1.82 oe Gorgan 5,5
0.47 ¢ 0.46 a-d 1.64 i 6.70 ¢ 1.50 o Tehran 5
0.13 o 0.22 ko 1.07 a 228 e 1.83 of GhaenatoUil
0.43 j 0.44 ae 1.50 K 493 k 1.58 kp Ardestan ;L

Columns with the same letters do not have statistically significant differences according to Duncan's test.
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Table 4- Results of the analysis of variance of the mean square of the essential oil content under the conditions of application of
silicon nanoparticles on different dill populations

owlwl glgize $913T a0 Ol g 2olio
Essential oil content df SOov
0.0004 ns 2 Replication | 55
0.470 ** 3 OsSsle Sly598
Silicon nanoparticles

0.049 ** 2 g Cone

Dill populations
g Camox (gl Wl)39i0
0.0007 ** 6 . . u ’ .
Dill populations xSilicon nanoparticles

0.0002 22 Error s

0.835 - CV &l yuuds g g

Dbl e o sre (g5lel S ABE NS 5 a0 S 5zl gl 50 o cire (g el B gl)ls 35 4 s

*and **: respectively significant at the level of 5% and 1% and ns: no significant difference
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Table 5- Results of the comparison of the average interaction effect of different levels of silicon nanoparticles x different dill
populations on the essential oil content

bl glgize
Essential oil content

Ol gl ©lyd

Silicon nanoparticles

N gl Cnro

Dill populations

Hamedan ;oo

1.31
1.25 i Shiraz | i sald
j c e Control

121 ! Gorgan,5 5

1.65 d Hamedan ;oo

1.55 ! Shiraz; s P 5 o YO
c e 25 mg.L!

1.52 ¢ Gorgan,5,§

1.88 ! Hamedan ;oo

1.63 de Shiraz ! i Fod p S o b
.- 50 mg.L"!

1.61 N Gorgan,5 5

1.72 ¢ Hamedan ;laes

179 b Shiraz;l s oy e Voo
.- 100 mg.L!

1.72 ¢ Gorgan,5 5§

il oo Hlo sae (55l S Al (SSls yge5] Lelulp alie By, sllo slaygie
Columns with the same letters do not have statistically significant differences according to Duncan's test.
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Table 6- Type and percentage of dill essential oil compounds under different levels of silicon nanoparticles in the populations of
Hamedan, Shiraz and Gorgan

100 50 25
B - Control aals
mg.L"! s S e B

\ \ \ \ e

;’; & —33 g; % 23 \;: % —33 \;; % 33 RI R- Composition of

o 9 g o 9 g < g a 9 g index essential compounds

5 £ T £ 3 & £ T 3 E %

= am am a

062 0.66 072 091 094 097 091 093 096 0.8 0.8 0.9 936 1 a-Thujene
2.7 2.7 2.8 2.8 2.9 2.9 2.7 2.8 2.7 3.1 3.1 3.0 94811111 2 o-Pinene
1.9 1.8 1.9 1.9 2.1 22 1.9 1.8 1.9 1.9 1.8 1.9 99822222 5 Myrcene
282 30.1 347 371 407 46.6 40.1 435 498 313 342 386 1006 6 Carvone
137 155 171 158 179 196 177 200 219 191 213  23.1 1011 7 o-phellandrene
100 117 146 106 123 15.3 9.8 11.3 14.1 8.4 9.8 12.2 1050 11 Limonene
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oLS ) S s iy Lo ;0 09250 (oo 3 Slagy
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Kang er) ol fge (i Ll )0 ohg 4 yige o) 9 (S5msid
s o)l oyl Sis oole meaz g 0l Sguge &S (al., 2026
Sob 0l dsugs ;0 98l a5 oy Lzs Khan et al., (2024)
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Soled po S el (g o) paS Sy Joloe laaiS g s n
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Sguge b (Trejo-Téllez et al, 2020) sg—is s S p s iol38l
L Jloss 53 oyl e o I3l Gl 51 5 5me okt
5 bl 53 g 95y 5 (8 5egih ol il oSl
Dot 4 oSl il (Hameed et al., 2021) o—& caal i
O 058 Laa> g g3le 33 i ¢ oo 3] Sodlad (g jonal oulas
G sleaud (Wang et al., 2019) cwl oals (5,155 ol 5
5 Y 5 oS s slaaniel slaa il Golla i g 593558
Gl )3 Sl Gla il @555 5 39y sl dlge pl—w
Gyl Jolas Jra> g oy 33l 5 alid 5l cladlos ljl sl JSG0],
Jslore G Gl (sial slooa—ul (Handa et al., 2018) & ,ls
3 2Yb gbbadale oy 15 byl b o oS ] 85 (5 e
LS Sl 3 ol e lime shanyise LS (slo sl
Haghighi ) »,.5 oo ;1,8 colaasl o 50 (il g ) ailis jlaie 4
aS" Xo,5 Lo Shayesteh Pahangeh ef al., (2022) .(et al., 2022
oslaiwl sl (3395 5 (2 0 el el o o n
SlSly g blcs 5 lacratig n 5l (55 35ete 095 Jsbo 5o
Ol Ol 3 b Sk 005 o0 ST U sladisS
Jolne 03 datljaimgy S SlanaST BT LS 5 (il DS

il g 8 Ddz o LSy GlUlS S e S e
Badem and 025 oo (yiol38l 1y ol i) g ou ) (g wgid
Aty eSds 0 )5 ala wlg 4y o, iul381 Sdylemez, (2022)

ol Galesl b axiiils e ady ) S 559 5 Jab gt
e G p S (oo 00 Bl B) (Sl 087 a5 0l L
Wlgi oo oL oy 2 9Sabams 58l 0D JS g IS (Slgine dgupe
9 Sl dS LSl 23U da Sy plSocial alidl e
Rastogi et al, ) ool S s o axlg jo L3, 15 clale iol58l
SloaisS 15 b Wlyie sSale 3,5 021
slompl g 29,5 a5 5l s e ea Al sl Lo,
hordsd 2l Sgut w5 5 6T sl o e 0 o
Badem and gL .(Qin ef al, 2016) 55,5 1l o 0gid
F89,5 slaimmn )38l 51 s aS ols Lis S6ylemez, (2022)
b e ada; o2 9 059 OIBl 4 OsSelew (LBL gl dlanly 4
G 55 o G5k 38 85 5558 ol orizpan
Glgime (2l yolie s Of Qi sgy 5 ) S (559 Jsb

ol Bk 5l oSl (8L Jolone aidu sene ) Jg) 18
Slge Fiier JEml 5 (s3tmgzs gloan 1B o5 5 Jdg)lS (sl
B Ay o g (9 GRIP e i) 4 (Gt
o3y gy SRl o (5Sekeagil b (3l Joloee
slaSny 5o 5 J5 J39)l5 lpme vl (gu—wgus
St o go Hpfal—wgli 0,5 aizmen b (Soelg 5
Slacellad 5 g (gl poals ol ST (g yo b
et Sl S5ee b 55l (Alharbi e al., 2022) o a5l
STl slam 3T (gas Jab 5 ool s S 2
2 J29)lS i 5 (See9n ol (i slacaS 5 pw il
Foe 55 4 QLS Caglie g 0095 Sy ag lwgnd Sl
L oeSadew 0,5 (Kim et al., 2017; Ahmad et al., 2019) =l

L g oo JT sl 7 5 alax 5l Stoglin slopmusilSe g sy
Syl o 0 1y bl lgime ioldl dags 31 e 5 R
3,8 a8 Cewl odls 5,158 (Vieira-Filho and Monteiro, 2022)
5 3031 slasmslyial S5t i Sl e b ) sSekws
S 3 ooyl lsina oo slaiE 5 ol cslyione sl
ol ez (Hajiboland et al., 2016) sls iulidl |, soss
I 5 gl o (Sl 5l Jplone 45 ol o
5,5 5w slacidsoul glaize o SlapuST 5l laps 3l codlad
SRl e (g STy lgime (1l g Geilwgi]
Mosapour Yahyaabadi and ) o 4l 31, awaall goyelle (slgioe
&5 By 5l (6 el Janily (15 Lo ((Asgharipour, 2016
ks 50 (Gl 5 Jsboee sload) JI55Lw slaJoloxe



Y¥ OLSes 9 (ol (oo

BSVIRSY L U BUTRH PR W 1

oS 5 odg cass> o (Emamverdian et al, 2018) el
bulpd b ablis gl olS GByb 51 olio uly S (lgie 4y il
51 & (Ghorbanpour et al., 2016) sg—i co 438,5 ,lai o 15
SlS o 1y (5 ek ol cov a5 o) Sgjls o i Lol
ale dugili locdglin i in adgl du SS apd o iolS
o8l a1 (6,50 sl plie el iwl oS jo o il
ool 4 Gl o Sl oo (3155 (3Selens jga i 50 L]
L ryeom i 4y 0,8 8l sasigigl 5 Sy (slaca 5 (1
52 Ol n oS ga g 0y ilidl 0 (oSl b 4 e
($5mas3s llad iy 811, il (l5men s iy Y 5
ol i adgi a1 oie Wilgs oo ial33l cpl AT cdls olS
ool oS 5 sz glilo ol ye bl (Yang et al, 2025) sgs
895 a1y (6 i duo,d ol GluS 5l 0 Cans a5 ol LI
S il o IS oles 0aiiS pad g ools olais
035 5 03, W cigard ol g il Lol SlS 5
5 OLLS gei g 0—u, (Kriiger and Hammer, 1996) oL
3L Olie 4 o] 50 45l slacplie gazd § fiw (raizeen
O gl lacglie 0,8 o0 )3 (dasme Jalge b s
o i glgl assile Jamee Ol i b ol o0 550w )0 st
39 e el yeSidns 93l il Jolowe (Yang et al. 2018) o)ls
56 as ol s ielesl oyl b 0l aed olS il ol
L aalia 5 ol dy al3 e Sl 5L Lo
99580 a8 ols s Xu ef al., (2024) Lislesl uls os sl s
bl (o) CodsS g 3 Slas 9 e S g (95
y omils] oS 5 pamandST g eSis 0515 puizmen 0l gl
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Extended Abstract

Background and Objective: Grape (Vitis vinifera L.) is one of the most important horticultural crops worldwide,
possessing high nutritional and medicinal values due to its diverse phenolic and antioxidant compounds, including
flavonoids, anthocyanins, and resveratrol. Foliar nutrition with micronutrient nano-fertilizers has been introduced as
an efficient and environmentally friendly approach to improve the quality of horticultural products. Iron and zinc
elements play a crucial role as cofactors of key enzymes in the biosynthetic pathways of phenolic compounds.
Considering the lack of information regarding the effects of iron and zinc nano-fertilizers on the quality of 'Bidaneh
Sefid' grape cultivar, this study was conducted to investigate different concentrations of nano-chelated iron (0, 2000,
and 3000 mg L") and nano-chelated zinc (0, 1000, and 2000 mg L") on the biochemical and antioxidant compounds
of grape at two phenological stages, namely veraison and ripening.

Materials and Methods: This research was conducted during 2014-2018 at the research collection of Malayer
University (Hamadan province, Iran). Fifteen-year-old grapevines of Bidaneh Sefid cultivar were trained using the
pergola system. Treatments consisted of three levels of nano-chelated iron (0, 2000, and 3000 mg L") and three levels
of nano-chelated zinc (0, 1000, and 2000 mg L"), which were applied as foliar sprays at two stages: Veraison and
full ripening. Foliar application was performed during early morning hours using a hand sprayer until runoff, and
0.2% Tween 20 was added to all solutions. Leaf sampling was conducted at both stages, and measured traits included
chlorophyll a, chlorophyll b, carotenoids, total flavonoids, total anthocyanins, total phenols, and resveratrol.
Photosynthetic pigments were assayed using spectrophotometry based on Lichtenthaler's equations. Total
anthocyanin content was measured using spectrophotometry in acidic methanol with chlorophyll interference
correction. Total flavonoids and total phenols were determined using aluminum chloride and Folin-Denis methods,
respectively. Resveratrol was quantified using reversed-phase HPLC at 306 nm. The experiment was arranged as a
completely randomized design with three replications, and data were analyzed using SAS software with Duncan's
multiple range test at a significance level of 1%. Principal component analysis (PCA) and weighted composite index
(WCI) were calculated.

Results: The results showed that different treatments had significant effects on all measured traits at both
phenological stages. At both veraison and ripening stages, the Fe 2000 mg L' treatment exhibited the greatest effect
on increasing chlorophyll a, chlorophyll b, and carotenoid contents, followed by Zn 1000 and 2000 mg L ™! treatments.
In contrast, Fe 3000 mg L' caused a reduction in photosynthetic pigments in most cases. Total leaf flavonoid content
reached its maximum in the Fe 2000 mg L treatment at both veraison (225.91 mg g' DW) and ripening (288.57 mg
g ' DW) stages. Total anthocyanin content at the ripening stage reached its highest value (1.89 mg g'! DW) under the
Zn 1000 mg L' treatment, while both iron concentrations exhibited decreasing effects. Total phenol content of berry
skin at the ripening stage showed the greatest increases in Fe 2000 (132.88) and Zn 2000 (139.55 mg g' DW)
treatments. Resveratrol content of berry skin reached its maximum at the veraison stage in the Fe 2000 mg L'
treatment (110.44 pg g' DW, more than 2.5 times the control), and at the ripening stage in the Zn 2000 mg L'
treatment (100.13 pg g™ DW). Elemental concentrations in leaves were also affected by treatments, and antagonistic
effects between iron and zinc were observed at the ripening stage. The PCA results, integrated with the WCI,
identified Fe 2000 as the most effective treatment for concurrently improving the physiological, biochemical, and
nutritional traits of grapevine.

Conclusion: The results demonstrated that nano-chelated iron at 2000 mg L at both veraison and ripening stages
had the best effect on increasing antioxidant compounds of 'Bidaneh Sefid' grape cultivar. Nano-chelated zinc at 1000
mg L™ is recommended for increasing anthocyanin content, and at 2000 mg L™ for increasing resveratrol at the
ripening stage. The concentration of 3000 mg L™ iron is not recommended due to its inhibitory effects. Simultaneous
application of iron and zinc requires precise management of concentration and application timing due to their
antagonistic interactions.

m © 2025 The Author(s). Published by Agricultural Sciences and Natural Resources University of Khuzestan. This is an open-access article
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Table 1- Chemical analysis of the experimental site soil
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Figure 1- The effect of nano-chelated iron and zinc fertilizers on the total chlorophyll a (A), chlorophyll b (B) and carotenoid (C)
content of grape leaves (Vitis vinifera L. cv. Bidaneh Sefid) at the veraison and ripening stages. Different letters indicate significant
differences (p < 0.01).
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Figure 2- The effect of nano-chelated iron and zinc fertilizers on the total flavonoid content of grape leaves (Vitis vinifera L. cv.
Bidaneh Sefid) at the veraison and ripening stages. Different letters indicate significant differences (p < 0.01).
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Figure 3- The effect of nano-chelated iron and zinc fertilizers on the total Anthocyanin content of grape leaves (Vitis vinifera L. cv.
Bidaneh Sefid) at the veraison and ripening stages. Different letters indicate significant differences (p < 0.01).
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Figure 4- The effect of nano-chelated iron and zinc fertilizers on the total Phenol content in grape skin, flesh, and leaves (Vitis
vinifera L. cv. Bidaneh Sefid) at the veraison and ripening stages. Different letters indicate significant differences (p <0.01).
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Figure 5- The effect of nano-chelated iron and zinc fertilizers on resveratrol content in grape skin, and leaves (Vitis vinifera L. cv.
Bidaneh Sefid) at the veraison and ripening stages. Different letters indicate significant differences (p < 0.01).
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Figure 6- The effect of nano-chelated iron and zinc fertilizers on Fe content of grape leaves (Vitis vinifera L. cv. Bidaneh Sefid) at the
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veraison and ripening stages. Different letters indicate significant differences (p <0.01).
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Figure 7- The effect of nano-chelated iron and zinc fertilizers on Zn content of grape leaves (Vitis vinifera L. cv. Bidaneh Sefid) at

the veraison and ripening stages. Different letters indicate significant differences (p <0.01).
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Figure 8- Two-dimensional Principal Component Analysis (PCA) biplot integrated with the Weighted Composite Index (WCI)
for evaluating grapevine responses to nano-chelated iron (Fe) and zinc (Zn) fertilizers. Bubble size represents the Weighted
Composite Index (WCI). Abbreviations: F: Flavonoid; A, Anthocyanin; Chl a, Chlorophyll a; Chl b, Chlorophyll b; C,
Carotenoid; P-Skin, Total Phenol in Grape Skin; P-Leaf, Total Phenol in Leaf; R-Skin, Resveratrol in Grape Skin; R-Leaf,
Resveratrol in Leaf; Fe, Iron concentration; Zn, Zinc concentration; U, Unripe stage; R, Ripe stage.
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Extended Abstract

Background and Objective: The cyanobacterium Nostoc sp. is recognized as a valuable
biofertilizer in sustainable agriculture due to its capacity for nitrogen fixation, production of
bioactive metabolites, and enhancement of soil fertility. However, soil osmotic stress is one of the
most critical abiotic stresses that severely limits the growth and performance of these biofertilizers.
A novel approach to improving stress tolerance involves the application of physical pre-treatments,
such as gamma irradiation, to induce defense mechanisms and establish cross tolerance. The present
study was designed to investigate the hypothesis that gamma irradiation can enhance the resistance
of Nostoc sp. to osmotic stress through the proactive activation of its antioxidant system. To this
end, changes in reactive oxygen species (ROS) levels and the activities of superoxide dismutase
(SOD) and peroxidase (POD) in response to the interaction between gamma irradiation and osmotic
stress were evaluated.

Materials and Methods: The experiment was conducted as a factorial based on a completely
randomized design with three replications. The first factor consisted of gamma irradiation
pretreatment at six dose levels (0, 20, 50, 100, 500, and 1000Gy), and the second factor was osmotic
stress. ROS levels were quantified using fluorimetry and the DCFH-DA probe. SOD activity was
determined based on the inhibition of nitro blue tetrazolium (NBT) reduction, while POD activity
was assayed spectrophotometrically using pyrogallol as a substrate. Data were analyzed via two-
way analysis of variance (ANOVA) and Tukey’s test at a significance level of p<0.01.
Results: The results revealed that the main effects of gamma irradiation and osmotic stress, as well
as their interaction, on all three biochemical parameters were significant at the p<0.01 level. In
nonirradiated samples, the application of osmotic stress led to a substantial increase in ROS levels
(approximately 17-fold compared to the control) and a subsequent decline in SOD and POD
activities at high osmotic stress levels. Conversely, prophylactic irradiation at moderate doses (50
and 100Gy) significantly prevented excessive ROS accumulation. The most notable finding was
that in samples pre-treated with a 100Gy dose, SOD activity under stress conditions surged from
31.13 to 92.41 units (an approximate 3-fold increase), and POD activity escalated from 12.45 to
74.03 units (an approximate 6-fold increase). Although high irradiation doses (500 and 1000Gy)
alone exhibited detrimental effects, when combined with osmotic stress, the samples pretreated
with 100Gy demonstrated the optimal protective performance.

Conclusion: The findings of this study indicate that gamma irradiation at moderate doses (50 and
100Gy) can serve as an effective strategy to enhance osmotic stress resistance in the
cyanobacterium Nostoc sp. This phenomenon is elucidated by the cross tolerance mechanism. Mild
irradiation primes the cell to counteract the severe ROS accumulation induced by osmotic stress
through the generation of a basal ROS level and the proactive activation of SOD and POD enzymes.
In other words, irradiation triggers an “early warning system” and shifts the cellular tolerance
threshold. These findings hold significant practical implications for the production of drought
tolerant biofertilizers. Gamma pre-treatment can be implemented as a straightforward and cost
effective industrial process to improve the efficacy of Nostoc sp. in saline soils, which comprise a
substantial proportion of agricultural lands. Ultimately, this research provides a scientific
foundation for the development of a new generation of irradiated biofertilizers capable of tolerating
multiple environmental stresses.

®' BY © 2025 The Author(s). Published by Agricultural Sciences and Natural Resources University of Khuzestan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 3 - Graph of the effect of irradiation on ROS levels (RFU/mg) in the presence and absence of PEG. Data are

presented as mean + standard error (Mean + SE) and different letters indicate significant differences between
treatments at the p<0.01 level based on Tukey's test.
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Figure 4- Graph of the effect of irradiation on SOD levels (RFU/mg) in the presence and absence of PEG. Data are presented as

mean = standard error (Mean + SE) and different letters indicate significant differences between treatments at the p<0.01 level based
on Tukey's test.
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Figure 5 - Graph of the effect of irradiation on POD level (RFU/mg) in the presence and absence of PEG. Data
are presented as mean + standard error (Mean + SE) and different letters indicate significant differences between
treatments at the p<0.01 level based on Tukey's test.

Wiy 9 (P e LIS (20955 4 Jlile i) Cnl by o5 Sls las
Lol e 3wl s (ROS) oyt Jlab sloaisS
aS Sgl o‘;o.b (POD) )L.L_M.S‘)J 9 (SOD) )Lu}o_m.n) ..\.._....Sb.,}_u

S5 Al
i g Ll (2ogiy it o JE—e Ol Sl agh o
» » PEG6000 3 35 (550l

P CI. 1 S RPC
T2t s (28,5 13 ) 0,90 Nostoc sp. s 5Shgil—



70 (VF 2bs o)) VP8 Lewali ¥ ojlos F 0,90 « BLS sl gilio jo pgf alxo

sl e Sl e 2 ol Lt 1, hilone 3 Shae 03 e
@lolicd ol BB e conlosbnl ea (els lagul !
oS wdgi aine )0 (oo os sloaaly loassly ol a2
0008 590 L LolS jland i il (5 an pglie (S
oobeiio 50 12l (BB 5 asaes LS, SG plaie 4 Wil o
aile s ol mas Ll iy 1) Nostoc sp. |, ¢ s
oo (Sl o plgie 4 wlioo (gl ool i Sgupe (SaS
bl b oot 2bgiy sy GLoosS 5l sz Jus ansgs sl

20,8 slaeld Alfas slo i 4 Jos

&bo

Arslan Yuksel, E., Yagci Ergul, S., Yuce, M., Aydin, M.,
Taspinar, M. S., & Agar, G. (2025). Naringenin Alleviates
Drought Stress on Wheat by Regulating Physiological and
Biochemical Systems and the Expression of Drought-Related
Genes. Journal of Crop Health, 77(5), 143.

Chance, B., and Maehly, A. C. (1955). Assay of catalases
and peroxidases. Methods in Enzymology, 2, 764-775.
https://doi.org/10.1016/S0076-6879(55)02300-8

Chatterjee, P., Schafran, P., Li, F. W., and Meeks, J. C.
(2022). Nostoc talks back: Temporal patterns of differential
gene expression during establishment of anthoceros-nostoc
symbiosis. Molecular Plant-Microbe Interactions, 35(10),
917-932.

Chieb, M., and Gachomo, E. W. (2023). The role of plant
growth promoting rhizobacteria in plant drought stress
responses. BMC plant biology, 23(1), 407.

Cui, H., Sun, J., Tang, Y., and Wang, Y. (2026).
Physiological Evaluation of Drought Resistance in Five
Alfalfa (Medicago sativa L.) Cultivars using PEG-induced
Stress. Legume Research-An International Journal, 49(4),
593-598.

Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A.
(1981). Leaf senescence: Correlated with increased levels of
membrane permeability and lipid peroxidation, and decreased
levels of superoxide dismutase and catalase. Journal of
Experimental Botany, 32(1), 93-101.
https://doi.org/10.1093/jxb/32.1.93

Ehling-Schulz, M., Schulz, S., Wait, R., Gorg, A., and
Scherer, S. (2002). The UV-B stimulon of the terrestrial
cyanobacterium Nostoc commune comprises early shock
proteins and late acclimation proteins. Molecular
Microbiology, 46(3), 827-843.

Farooqui, A., Suhail, S., and Zeeshan, M. (2017).
Cadmium induced oxidative stress and biochemical responses
in cyanobacterium Nostoc muscorum. Russian Journal of
Plant Physiology, 64(1), 124-132.

Fedoreyeva, L. 1. (2024). ROS as signaling molecules to
initiate the process of plant acclimatization to abiotic
stress. International Journal of Molecular Sciences, 25(21),
11820.

Fedurayev, P. V., Mironov, K. S., Gabrielyan, D. A.,
Bedbenov, V. S., Zorina, A. A., Shumskaya, M., & Los, D.
A. (2018). Hydrogen peroxide participates in perception and

el Sl 5 L 1 ol B s ol gl S

c g0 e) 25 YL lojes (lie jo ol il
50 £ pi Slgil g ROS 0 51 ioo adgs Lo 44 (6,5
5 STl Glam T (5lg ) 4 e cgilonsT (i3 e
Sl (Bato ol Gloaidly cp e 310u0,8 Al o Jae ralS
Syl Jled s Jlesl .ol Nostoc sp. ;o ablie Jozs oayay

sobar (2955 5 YL slejgs ;0 1, ROS mhaw Lsas « PEG6000L
POD 4 SOD (slags 31 cudlad couilys ash wls zalS gl gxe

SRl o g B oS ey g sladiged S| VL (bl B
(G o) itz o5 So sl oS voo oo yl—id yol ol a2

olel (B35 )y (25 L 350 ablio sl |y Jobos Wlsi oo

(ol Jloi iy b oaS 5 50 65 Vet 590 oIS ek ar ol
transduction of cold stress signal in Synechocystis. Plant and
Cell Physiology, 59(6), 1255-1264.

Gupta, V., and Vyas, D. (2021). Antimicrobial effect of a
cyclic peptide Nostophycin isolated from wastewater
cyanobacteria, Nostoc calcicola. Curr. Bot, 12, 94-101.

Gulcin, 1. (2025). Antioxidants: a comprehensive review.
Archives of toxicology, 99(5), 1893-1997.

Hasanuzzaman, M., Bhuyan, M. B., Zulfiqar, F., Raza,
A., Mohsin, S. M., Mahmud, J. A., ... and Fotopoulos, V.
(2020). Reactive oxygen species and antioxidant defense in
plants under abiotic stress: Revisiting the crucial role of a
universal defense regulator. Antioxidants, 9(8), 681.

Hasani, A., & Nouzadeh Haddad, M. (2017). Effect of
ammonium nitrate and free amino acids on the nitrate
accumulation in radish. Water and Soil Science, 26(4.1), 67-
78.

Hossain, M. A., Bhattacharjee, S., Armin, S. M., Qian,
P., Xin, W,, Li, H. Y., Burritt, D. J., Fujita, M., and Tran,
L. S. P. (2015). Hydrogen peroxide priming modulates abiotic
oxidative stress tolerance: Insights from ROS detoxification
and scavenging. Frontiers in Plant Science, 6, 420.
https://doi.org/10.3389/fpls.2015.00420

Hossain, M. S., and Okino, T. (2024). Cyanoremediation
of heavy metals (As (v), Cd (ii), Cr (vi), Pb (ii)) by live
cyanobacteria (Anabaena variabilis, and Synechocystis sp.):
an eco-sustainable technology. RSC advances, 14(15), 10452-
10463.

Jain, S., Prajapat, G., Abrar, M., Ledwani, L., Singh,
A., and Agrawal, A. (2017). Cyanobacteria as efficient
producers of mycosporine-like amino acids. Journal of Basic
Microbiology, 57(9), 715-7217.

Jantaro, S., Baebprasert, W., Piyamawadee, C.,
Sodsuay, O., and Incharoensakdi, A. (2014). Exogenous
spermidine alleviates UV-induced growth inhibition of
Synechocystis sp. PCC 6803 via reduction of hydrogen
peroxide and malonaldehyde levels. Applied biochemistry
and biotechnology, 173(5), 1145-1156.

Kaur, H., Chakraborty, N., Juglan, K. C., and Kumar,
H. (2021). Volumetric and acoustic behavior of PEG-200 and
PEG-600 in aqueous d-mannitol solutions at different
temperatures. Journal of Solution Chemistry, 50(8), 1079-
1102.

Kumar, T., Wang, J. G., Xu, C. H., Lu, X., Mao, J., Lin, X.


https://doi.org/10.1016/S0076-6879(55)02300-8
https://doi.org/10.1093/jxb/32.1.93
https://doi.org/10.3389/fpls.2015.00420

s oyen 5 315 oY pledl

Q., ... & Liu, H. B. (2024). Genetic engineering for enhancing
sugarcane tolerance to biotic and abiotic stresses. Plants,
13(13), 1739.

Lai, Q. X., Bao, Z.. Y., Zhu, Z. J., Qian, Q. Q., & Mao,
B. Z. (2007). Effects of osmotic stress on antioxidant enzymes
activities in leaf discs of PSAGI2-IPT modified
gerbera. Journal of Zhejiang University Science B, 8(7), 458-
464.

Latifi, A., Ruiz, M., and Zhang, C. C. (2009). Oxidative
stress in cyanobacteria. FEMS microbiology reviews, 33(2),
258-278.

Meeks, J. C., and Elhai, J. (2002). Regulation of cellular
differentiation in filamentous cyanobacteria in free-living and
plant-associated symbiotic growth states. Microbiology and
molecular biology reviews, 66(1), 94-121.
Mishra, N., Jiang, C., Chen, L., Paul, A., Chatterjee, A., &
Shen, G. (2023). Achieving abiotic stress tolerance in plants
through antioxidative defense mechanisms. Frontiers in Plant
Science, 14, 1110622.

Nadarajah, K. K. (2020). ROS homeostasis in abiotic
stress tolerance in plants. International journal of molecular
sciences, 21(15), 5208.

Pandey, N., Patel, A., Tiwari, S., and Prasad, S. M.
(2022). Differential response of copper nanoparticles and
ionic copper on growth, chlorophyll fluorescence, oxidative
stress, and antioxidant machinery of two paddy field
cyanobacteria. Ecotoxicology, 31(6), 933-947.

Paerl, H. W., and Paul, V. J. (2012). Climate change:
links to global expansion of harmful cyanobacteria. Water
research, 46(5), 1349-1363.

Potts, M. (1994). Desiccation tolerance of
prokaryotes. Microbiological reviews, 58(4), 755-805.

Rahman, M. A., Khatun, M. T., Mim, A. K.,
Khandocar, M. P., Rahman, A., Hasan, M. H., ... and
Islam, M. S. (2025). Oxidative stress in DNA damage and
neurodegenerative diseases: unveiling the mechanisms and
therapeutic opportunities. Cell Biochemistry and Biophysics,
1-20.

Rashid, A., Schutte, B. J., Ulery, A., Deyholos, M. K.,
Sanogo, S., Lehnhoff, E. A., & Beck, L. (2023). Heavy metal
contamination in agricultural soil: environmental pollutants
affecting crop health. Agronomy, 13(6), 1521.

Rao, M. J., Duan, M., Zhou, C., Jiao, J., Cheng, P.,
Yang, L., ... & Zheng, B. (2025). Antioxidant defense system
in plants: reactive oxygen species production, signaling, and
scavenging during abiotic stress-induced oxidative
damage. Horticulturae, 11(5),477.

Saed-Moucheshi, A., Sohrabi, F., Fasihfar, E.,
Baniasadi, F., Riasat, M., & Mozafari, A. A. (2021).
Superoxide dismutase (SOD) as a selection criterion for
triticale grain yield under drought stress: a comprehensive
study on genomics and expression profiling, bioinformatics,
heritability, and phenotypic variability. BMC  plant
biology, 21(1), 148.

Saini, S., Sharma, P., Pooja, P., Thakur, R., and
Sharma, A. (2026). Unveiling the effective role of nitric
oxide on seed germination and early seedling growth of lentil
(Vicia lens (L.) Coss. and Germ.) under PEG-induced drought
stress. Biologia, 81(3), 73.

Sha, W,, Cai, F., Li, Y., Wang, Y., Liu, C., Wang, R., and
Gao, P. (2021). Biomarker responses and histological damage
in the gill, liver, and gonad of Cyprinus carpio with benzo (a)

pyrene exposure. Environmental Science and Pollution
Research, 28(43), 61290-61301.

Shang, J. L., Xie, Y. X., Shi, L. Y., Diao, S. R., & Guan,
J. Y. (2025). Molecular mechanisms of Nostoc flagelliforme
environmental adaptation: A comprehensive
review. Plants, 14(11), 1582.

Shannon, L. M., Kay, E., and Lew, J. Y. (1966).
Peroxidase isozymes from horseradish roots. Journal of
Biological Chemistry, 241(9), 2166-2172.
https://doi.org/10.1016/S0021-9258(18)96680-3

Singh, A. P., Gupta, A., Singh, P. R., Jaiswal, J., and
Sinha, R. P. (2024). Synergistic effects of salt and ultraviolet
radiation on the rice-field cyanobacterium Nostochopsis
lobatus HKAR-21. Photochemical and Photobiological
Sciences, 23(2), 285-302.

Singh, S. P., Hider, D. P.,, and Sinha, R. P. (2010).
Cyanobacteria and ultraviolet radiation (UVR) stress:
Mitigation strategies. Ageing Research Reviews, 9(2), 79-90.
https://doi.org/10.1016/j.arr.2009.05.004

Srivastava, A. K., Bhargava, P., and Rai, L. C. (2005).
Salinity and copper-induced oxidative damage and changes in
the antioxidative defence systems of Anabaena
doliolum. World  journal of  microbiology and
biotechnology, 21(6), 1291-1298.

Verslues, P. E., Agarwal, M., Katiyar-Agarwal, S., Zhu,
J., and Zhu, J. K. (2006). Mecthods and concepts in
quantifying resistance to drought, salt and freezing, abiotic
stresses that affect plant water status. The Plant
Journal, 45(4), 523-539.

Wang, H., and Joseph, J. A. (1999). Quantifying cellular
oxidative stress by dichlorofluorescein assay using microplate
reader. Free Radical Biology and Medicine, 27(5-6), 612—
616. https://doi.org/10.1016/S0891-5849(99)00107-0

Wang, L., Yang, T., Pan, Y., Shi, L., Jin, Y., and Huang,
X. (2023). The metabolism of reactive oxygen species and
their effects on lipid biosynthesis of microalgae. International
Journal of Molecular Sciences, 24(13), 11041.

Wang, S., Pan, Z., He, S., Cheng, C., Wu, L., She, Y., ...
and Xie, L. (2026). Adaptation strategies of cyanobacteria
under trace tetracycline stress: a comparative study of
toxigenic and non-toxigenic strains. Available at SSRN
6758165.

Whitton, B. A., and Potts, M. (2012). Introduction to the
cyanobacteria. In Ecology of cyanobacteria II: their diversity
in space and time (pp. 1-13). Dordrecht: Springer
Netherlands.

Wright, D. J., Smith, S. C., Joardar, V., Scherer, S.,
Jervis, J., Warren, A., ... and Potts, M. (2005). UV
irradiation and desiccation modulate the three-dimensional
extracellular matrix of Nostoc commune
(Cyanobacteria). Journal of Biological Chemistry, 280(48),
40271-40281.

Wurzinger, B., Mair, A., Pfister, B., & Teige, M. (2011).
Cross-talk of calcium-dependent protein kinase and MAP
kinase signaling. Plant signaling & behavior, 6(1), 8-12.

Zhang, K., Zhang, Y., Sun, J., Meng, J., and Tao, J.
(2021). Deterioration of orthodox seeds during ageing:
Influencing factors, physiological alterations and the role of
reactive ~ oxygen  species. Plant  Physiology  and
Biochemistry, 158, 475-485.

Zhuang, Z., Li, J., Shen, P., Zhao, Z., and Tang, B. Z.
(2024). Exploring and leveraging aggregation effects on


https://doi.org/10.1016/S0021-9258(18)96680-3
https://doi.org/10.1016/j.arr.2009.05.004
https://doi.org/10.1016/S0891-5849(99)00107-0

44 (VF 2bs o)) VP8 Lewali ¥ ojlos F 0,90 « BLS sl gilio jo pgf alxo

reactive oxygen species generation in photodynamic
therapy. Aggregate, 5(4), ¢540.



st
Cration

e
T

Journal of Research in Plant Metabolites, Summer 2026,Vol 4, No. 2 69

2
o £
i o
“Ice ang o™

ISSN: 3041-9638

https://jrpsm.asnrukh.ac.ir/

Open Access

Research Article

Physiological response of Periwinkle (Vinca minor L.) to different levels of
ultraviolet radiation

A. Shayganfar!“, M. mirzaei!, H. Mumivand? and S. F. Mirahmadi?

"Department of Horticultural Sciences, Faculty of Agriculture, Malayer University, Malayer, Iran.
*Department of Horticultural Science, Faculty of Agriculture, Lorestan University, Khorramabad, Iran.
3Department of Agriculture and Natural Resources, Technical and Engineering Faculty, Velayat University, Iranshahr, Iran.

Received: 27 May 2026

Accepted: 01 Sep 2026 Published: 01 Sep 2026

Corresponding Author:
Alireza Shayganfar

Email:
Shyganfar.a.r@gmail.co
m

Keywords:

UV-B radiation,
Oxidative stress, Total
phenol, Intermittent
irradiation pattern

Citation:

Shayganfar, A., mirzaei,
M., Mumivand, H., &
Mirahmadi, S. F. (2026).
Physiological response of
Periwinkle (Vinca minor
L.) to different levels of
ultraviolet

radiation. Journal of
Research in Plant
Metabolites, 4(2), 69-84.
Doi:10.22034/jrpsm.2026
.588772.1123

Extended Abstract

Background and objectives: Ultraviolet (UV) radiation, as a part of the electromagnetic spectrum, has significant
consequences for plant physiology. The increased depletion of the stratospheric ozone layer due to industrial activities has
led to an increase in UV-B radiation reaching the Earth's surface. This radiation acts as an oxidative stressor and, by generating
reactive oxygen species (ROS), damages cellular components such as DNA, proteins, and membrane lipids. In response,
plants employ complex defense mechanisms, including enzymatic (e.g., catalase and peroxidase) and non-enzymatic (e.g.,
phenols and carotenoids) antioxidant systems. Among these, medicinal plants are of particular importance due to their inherent
ability to produce valuable secondary metabolites. Periwinkle (Vinca minor L.), from the Apocynaceae family, is a medicinal
and ornamental plant containing valuable indole alkaloids such as vincamine, known for its modulating effects on cerebral
blood circulation and neuroprotective properties. However, the physiological responses of this plant to UV radiation,
especially considering the variable of radiation pattern (intermittent vs. continuous), have been less studied. This research was
designed and conducted to investigate the effect of different types of UV radiation (UV-A and UV-B) under two patterns of
intermittent and continuous irradiation on the physiological characteristics, antioxidant defense system, and secondary
metabolite content of periwinkle.

Materials and Methods: This research was conducted as a completely randomized design with 7 treatments and 3
replications in the greenhouse of Malayer University (Hamedan, Iran). Periwinkle plantlets, after in vitro culture in MS
medium and rooting, were transferred to pots containing Hoagland's solution. After one week of establishment, they were
exposed to UV radiation treatments for 9 days. The treatments included: control (only fluorescent light), intermittent UV-A,
continuous UV-A, intermittent UV-B, continuous UV-B, intermittent UV-AB, and continuous UV-AB. UV radiation was
applied using 40-watt broadband lamps manufactured by Q-Lab (USA), providing the closest match to the natural solar
spectrum, for 45 minutes in the middle of the 16-hour photoperiod. The intermittent pattern consisted of three 15-minute
periods with 15-minute intervals, and the continuous pattern involved 45 minutes of uninterrupted radiation. At the end of the
treatment period, leaf samples were harvested and immediately frozen in liquid nitrogen. The measured traits included the
activity of antioxidant enzymes (catalase, peroxidase, and ascorbate peroxidase), malondialdehyde (MDA) content,
photosynthetic pigments (chlorophyll a, b, and carotenoids), total phenol, proline, soluble sugars, and fresh and dry root
weight.

Results: The results showed that UV radiation had a significant effect on most of the measured physiological traits. In the
enzymatic defense sector, the highest catalase enzyme activity was observed in the intermittent UV-A treatment (0.44), and
the highest ascorbate peroxidase activity was recorded in the intermittent UV-AB treatment (0.55), both showing a significant
difference from the control. However, guaiacol peroxidase activity was not affected by the treatments. Regarding
photosynthetic pigments, the intermittent UV-B treatment exhibited a powerful photoprotection strategy, marked by a
significant peak in carotenoids (0.93 mg/g) and a sharp decline in chlorophyll b (0.1 mg/g). The continuous UV-B treatment
also showed the highest chlorophyll a (0.85 mg/g) but failed to increase carotenoids significantly. Total phenol content
increased significantly compared to the control only in the intermittent UV-B treatment (28.49 mg GAE/g), identifying it as
the most effective elicitor of the phenylpropanoid pathway. A key and unexpected finding was the significant decrease in
malondialdehyde in all UV treatments compared to the control, indicating the remarkable efficiency of the plant's antioxidant
defense system. Soluble sugar content decreased significantly in the intermittent UV-B treatment, reflecting the consumption
of carbon reserves to supply the energy and carbon skeletons required for the biosynthesis of defensive metabolites. Proline
changes were significant only in the continuous UV-B treatment, showing a decrease compared to the control. Fresh and dry
root weight showed no significant change under any treatment.

Conclusion: This study demonstrated, for the first time, that the physiological response of periwinkle to UV radiation depends
not only on the type of spectrum but also on the irradiation pattern. Intermittent UV-B, as the most efficient elicitor, achieved
a level of cellular protection by coordinated induction of enzymatic (increased catalase) and non-enzymatic (significant
increase in total phenol and carotenoids) antioxidant defenses, reducing lipid peroxidation even below the control level. This
defensive success was accompanied by the consumption of sugar reserves, highlighting the metabolic cost of these responses.
In contrast, continuous UV-B, by decreasing proline and failing to increase phenols and carotenoids, likely exceeded the
plant's tolerance threshold. From a practical perspective, intermittent UV-B irradiation could be considered as a targeted, non-
chemical strategy to enhance valuable secondary metabolites in the commercial cultivation of this medicinal plant.

@' BY © 2025 The Author(s). Published by Agricultural Sciences and Natural Resources University of Khuzestan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1- Results of variance analysis of the effect of ultraviolet radiation on catalase, ascorbate peroxidase, and guaiacol
peroxidase enzymes in V. minor L.
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ns, **: non-significant, significant at p<0.01, respectively
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Figure 1- Comparison of the average effect of ultraviolet radiation on catalase enzyme activity in V. minor L.
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Figure 2- Comparison of the average effect of ultraviolet radiation on the activity of ascorbate peroxidase enzyme in V. minor L.
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Table 2- Results of analysis of variance of the effect of ultraviolet radiation on chlorophyll a, chlorophyll b, total chlorophyll
..and carotenoids in V. minor L.

Slaye eSile
Ol pais ol soliT as o Mean squares
S.0.V df a1 b s ks J5 Jeds ks SigslS
Chlorophyll a Chlorophyll b Total Chlorophyll Carotenoid
s
o 6 0.069** 0.027** 0.1%%* 0.032%*
Treatment
Uas
12 0.007 0.001 0.001 0.006
Error
e - 14.35 18.35 15.35 10.23

CV (%)

BV I [ e SOV S| (RS PP N PINPRVSNII It IPVRL IS |
ns, **: non-significant, significant at p<0.01, respectively

Gloyloss 4 i Fan b 8y )5 slsiome (0 yieS 5 (n i
B ranld s (5 s p5 » p Sk tIFY) dhaiie A il 8
Lgo o oS cals pebatsl (5 09 o5 2 S ke /) ghaiie
wisls L o gme BN (5 59 p)5 2 2,5 o <1V A) vl
chaiie B (anl 8 (s )0 audsilo)l slgiome (p idon (uiren

Slaizes cpyiion a8 sl s o 1 Sl diolin ol

039 £55 R pSshee IAD) wisn B ranl bl 32 g 15
osalie (5 39 5 2 S shee /T vl o o (2S5 (5
5 cine O] atagns A il b aism B it las o
ol s (ol i LS aals 5 oyl L b Lol wcsls



vy (OF 2ba 0)Lol) 1P+ liwal oF o Loy F 090 (( ALS vt glio )0 g}y alxo

(¥ s

1/4

172

F0iseS n e S
9
[e))
IS
=i
=

shiieA manl ) aiwgn A panld shiB o panls ansgeB o panls AB O ranls

mb L s

a Jafs s ks

gy B Ghanl b 30 o1 nyeS 5 (5 033 005 2 pS hes 13T)
B ranlb jles ol cwsan (5 09 25 2 p S ke +/2F)
Sesine M (3 09 o5 2 oS sk +IAV) aml s L alaiie

AB aylp Jals

Agig)lS

(1L gy LS j3uigiis)lS 5 JS b @ Judg IS (glyine 1 Gidinl B gF p iliha o il Il Y S
Figure 3- The effect of different ultraviolet radiations on the content of chlorophyll a, b, total and carotenoids in V. minor L.
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Table 3- Results of analysis of variance of the effect of ultraviolet radiation on fresh weight, dry weight and sugar in V. minor L.
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Figure 4- Comparison of the average effect of ultraviolet radiation on the sugar content of treated V. minor L.
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