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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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Caols Kilo a5 wods bl 03B PDA lase 4 Jlas! 5 e
by eloeed 25,8 rizren Sl o (nl (A8ly (25,8

ols lis Cotsudae ade JolS 2S5z, B 5150 ol 5
S 5 g o 95 ST 5,6 5 55T ol o bl o
w28 1,z B ol Sl loazme 0,350 oole W3l laore 4y oSy
Ll iz B cools caimoylis g4ubg0 oyl 45 Wio,S
b iSz,B g b wlul Sliwlz BL o578 cunle jo oyl

2L il (lawlz B g (a5 )8 culld 2L )5))
O3y @l Curvularia tsudae y (o lbow—is s S, E g
s oanliie )8 asd,) by 1o a5 Lo Loy 5l CotS coiSl
Solice C. tsudae o iSz,l5 o bl 51 g5 a5 ols Hlis
5 (Fungicidal) 257,05 05,5 90 a |, Loyl lgi oo g 0dgn
sy o) 50 (Y Jeuz) 0,5 saiuas b (Fungistatic) bz 8

T8 dame 0y pos crge (gl g gedd ile (ol la il



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

(Mazarei & ol auoly cdale g >, 465 iolosl Ll 2
Co o 40 00 2wS jabay aS 10 e 9,5 ST Rafati, 2019)
Sl b [CRVNS S o0 8 ool wl 8,90 S LS slas Lo
Sl 59 9 S o Joe )8 0 5l (s Sslo 5 oo T e

(Lamichhane et al., 2018) s ls obuwlz,B cools 5)les
Sl jo e iS base Wb 5y s Jdoas (ialesl ol o
o2, 350 paseas oSl pac g Jutte Slildgs 9 ojeSile
ol @lmlg Bl (2578 onle (Dbl el (S5als
Ol o (nl gl gezme 3 398 iy (LSl La 257 )8
5 9ol ale (Ol oRgdn e (AL Slo Ll aS wes e
ade (A8l a7 B Slolmla ol wd) jlae » ogdle (O g]
39 ey sboan 5 lgiedy ailes oo g wiiwn C. tsudae

S 8 Az 000 (S ol (2B las les o o

ol 50,55 dlge cibale (i loard SLoS 5 4 Baas
Reedy et al., 2008; Bakkali ) 593 oo o0ls Cos o2 )18 4yl
(etal., 2008

5 by Gl il as wilosls Lis g slboond Glo o)
el S e a5 Wi oo (5758 Jshes S ye r e ¢ (]
(Purkait et al., 2020; Sharifi-Rad oS o obxy| 257z 6 J
L C. tsudae p o yilol pl 257,68 Sl ovnlin efal., 2017)
3% lisslen Syl gl leslys ooy lass)lS
bl Slg>en Fusarium g Alternaria Bipolaris s >
(Kedia et al., 2015; Nazzaro et al., 2017)

1o oJleb 8 S 5 i als 355 b SIS ll i 0
3 S0k oS Gl ol las bz )6 Cools s aslllas )l
g Aspergillus  slo izl 156 lomm Loz L3 5 0m jo
@ ilwl ool Slas el o1 Kl g oo i,l55 Sclerotinia

Sl Jole ) (g9, Yoor mg. I dile )0 b S 6 g L uilul (o buw! B L s g, J1-Y Jgu
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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.


https://search.eitaa.com/?url=https://jrpsm.asnrukh.ac.ir/
mailto:asadigharneh@iau.ac.ir
file:///C:/Users/Microsoft/Downloads/Eitaa%20Desktop/0000-0003-4880-2443

Yf (OVF 2be 0yled) 1F+0 lewsli (¥ o Lo F 0,90  BLS b gilio jo Lingh alxo

OBy (o piwd

D 95 e

FaP-A8YA Lo ook

ool bl 50 Wad ot luomiion 9 (S ieler udsd 90 Cluogas By p yeSubw )39l 1S

olede!

T ooyl (i o 9 Vi)l (ol Ariws 2y (omizmo

! el o oMol 83T oSzl (Easl 153 i) 4Ty clmiiosgusl b 5 152 wT a(s5lisS 20Siils o SLEL pole 055"
Ol el (53ysleS g 5 el Dliizs Glojle (lhaiile Gll (ol milio 5 (55,3laS (g0l g Slagio 58 s

VP8I -5\ yLail ey )6 VB FVoisb g e,

VI ¥IY Sl 5o g b

onS

el 485 18 laiee ) gyl 4z g8 3590 0500l (ylalS 5 oS dloz 3l Bly35E 5 ST ST ) iSO g dlylaw
perle )l QLS 5wl edgy el); QLS D36l L alaly o bagiagh el 4 ans e (i S9zge s (o)
2 55  SLagh A1 L all, 5 szge SleMb] graS yl iy WAL_Els Galane 355 & 1, (6 5aS 4zg by VL Ceron
ST G 5l i bl Gl sl 9,0 alS (nl ) (S5 5 oo olse 15 aug olS o5 4 sl LS
5 Uy ol Gual layT olios b5t Sl 5 anlllas ¢ dilate sog: (slbcapnor ool Connl il osde 35w oo
&2 2 095 D39l 3 )8 26 () Bua b alesl ol W 0jlgs Coeal plo A 5l i |y Wl cnl ol XL
ol Lzl pledel plamcl Ll jo 0o liardisn 5 (Soiglsnindsdyse Sloogas

Gialesl gnl po o 121 1S5 e b (ol JolS Sl arly )b GJB po Juy o5l ialesl oj50m (ales] cnl i by g Slge
Qogh Comex Ve ) p S Vg B0 YO Jolt o Sz 55 (S102 (uluSTies gSeliawsil) GgSebeaw 356 51
s oS Bliss slacumoz 158 0 cu) S 5 Glid )| QLIS (Glote «SSE Gl lsen (5SS (5350 e ol
S & ey o gLl pleduol Gl gl i 5 (53,5liS Sliid 50 bwsgi 5 (5 pslaer )5iS Rlie bl )
syt 5l Sl )05 i S e s B+ digy oAbl g i Ky o, Aol b asje e VIO slac S o Lo,
4S5 (sloykd g 4 s ylnl 28,5 18 olinil 0)50 (Wi (S Ve 5 F) SBT3y T 5 Ve a5 50 (BL slre
IS Jeds )l (slyme a5 alls Jsb sy St s 5 (5 GtalesT gl 55 28,5 plail sed g 0y 00 (b el slacidle
ool (slgiome 5 5Ty SlpsSal @l Colled s (slyiome Lo (slanid lyiome puiliussl (sl @/D Jidg)IS Cos
e 5l eslinl b g (Boluas Jol5' Sl sl B o )5Sl jgo @ ()bl sladelon 5 4 win8)S 8 s 90
B o Sl geil 5 4bybes uilly 5T 5l eslil b Slis uSile dulie b sl SASO.4

Wi S g 5 o5 Sl gl Bl il 55 5 Coamaz 5 5Sekew S350 ST a5 oo las Slae il ly 4528 b :basdly
Moy SlpsSal 3T Elled 5 orels ol Glosid (ilemsgiil @D L9 )JS" Cod 5 IS Jeds)IS (slyioms caty 5 il Jsbo
O5shs $b i e S hee 00 e (2l Jolome Yo o (uilinl (slyime g S SaS g 5 0)g ok Wdg I3 e
SlygSl il cdlad g Lol glowsd slgiome (JS el ol a5 8l Job (n F e ot oalitie plaes ConeX
dglie s (ollyy ol s @ S350 Cmoz X (555l 91U 51 g p)S (oo 00 ale Bl Jglme e o jlaSTy
33 S Sz XSl $U ) 08 hee 00 Slale (b Jslme oo /bS89l e (5 e wlio (il
Pk Voo clale (Bl sbre e 50 el 5 Geilemsil (Slgime i o5 0l Lt Sl (:Sils awlis b cils
Cpgead 3 Myreene) e @-Thujene) o>g5 -l e (5 s o saml i Jg9350 Comax X oSl w ¢k ;o) 5
W easlive laes Casex X (eSiliw b 1 e 8 Lo 00 5L Jolxe s o (Limonene)

52l bl o oSl S b 2 S hee 00 Clle (S slre 5 han Comezr St sy o S 4 16 S Al
235 (Ggedd 5 omyee 102 Wl e 030 9) it il s 9 @5 039 0 oliws Jdo @ Olal - glesl g
Dy dwlyS alie Jasme Lyl b 0 LiS Sy mlie

i oo o o
oy

asadigharneh@jiau.ac.ir

igls’ slaojly
(s—ily Jole Ll sload
SlSlss oSl

:olciw! og2xi

e Al ol e« e,
i OFe0) el
g e U ]
9 Sislsn st e Dlogas
Clhls o wed oledisn
ol Al led—al 2lses
Fo,90 (2l slacdglio ;o
FA-VY :obras ¥ o)leds

Doi:10.22034/jrpsm.20
26.581899.1114



mailto:asadigharneh@iau.ac.ir
file:///C:/Users/Microsoft/Downloads/Eitaa%20Desktop/0000-0003-4880-2443

Yo (OVF 2be oyled) 1F+0 lawsli ¥ o lous F 0,90 BLS srdgulio ;o Lingh alxo

IR u..\? g_)yioam JLQ..." 9 )9J )I ..\.J)lf oolazwl 9 yl.s 6}"“"""9“3
(Yang et al., 2025) 355 o0 oS 5 Sloe (yil38l o (550 4
4 e g 2o oo Gl 1) (9,0 0l leygSl eSiles 55,18
9 (aie) Jsb 5 o> ccobs ) 5STiie (laa iy ) an gl
Oeizme (98l 098 o0 A oS ol o Ll sogiien
G )38l g 0y by el o)lgs0 (6, d Bllasil isl3al
WS o0 Sy |y ol Qi Uil (lidl g asl b ey,
00y Jolsin jo cege B sl (Verma et al., 2021)
»oblS plee slagidn 44 (Gass Slse gjes 9 JUil (0dm
olge zaze |y (Verma et al., 2020) oS o Ll i Job
Igbal ) aas oo il ias Lol jo lalS o) (e g 31550
g ‘ol; GLQA_?]) B u}i..la_‘u Lg}}b cdale (et al., 2023
i Jdo an ol dage g ools olsél ) Judg 1S slaaslass,
Sge Ccly 055 (6955 4 LA ) v 38l s o Jrals
o8 (Verma et al., 2020) o935 o (s 50—wgid slox—wly
PSSR P FYCHN | P RCHIV X GUSE-EL CES JEA T I GRS 1 e
R [t O - FORPPIC VIV 1 JNPAIPS KV 1 JUIRCH PR W I oY/ L g
Gl i Codie job 4y 6l «g, o) 51 (Verma et al., 2020)
Sl bawg 5 08 o mubas 1) GlalS jo SlownST ol glis
cos ol )0 gslonnST cowl Lzals 6l SlasST ST el
Kim et ) a2 oo ploil 1) Jbd )5St slodisS o105 (25
Lyl b o olS glas | ymolidlas wis 5 oLy lea=e (al., 2017
ok Sladly ;5 HeSelims gy Sl @ Wil oo (55l 0,18
(Jain et al., 2017) 595 oo 48l g bS5  Soliws) el a5 ail
S,90 °).9)‘°‘ aoL.S).g UM 4.1A>)| u_:‘)bs.’l.t o).g)lS u‘f‘ )y
Ol S92 g0 glie ooy Consl i85 )13 liions Sl (6 jlann a8
s olS » oldsl SIL adal,) (o b yiegs cdél aS vas o
30 3sz g0 ledbl 5geS pl ol adlas Sl Bglare 0e5 au )
S o 4 sl LS 5 sl S35 3,005 31 el
Sy p (SeE) g e Jalse 50 o 4 ioren g s 0
5ot |y Ginlesl cpl sl &g 0 15 Mol g (bl 25l
3l en ST iy

Ligs 99190

Ol oL Ol s 4 (glac )30 g Ay u..uLo)T oo
25 5 S YYOYN O Jsb oldliizr condsn b ol o leael

Aodio

ol )l sl 5 qls QLS 5l (158050, ool
Sy b Sl olaidl as > ol GlalS ) s LQQ—l
1o sle,gaS w oyl oli8l 4 g, B as a5 6 gbas il 00,
Sl drgd i 4ty lo)siS 55 5 035 Sgaome dnngs JI>
olS nl ag,le Hlals golamdl o)l 5l s el assl
Jeles a8 o v SO i8S sl g, L adas oG
Ahmadi and ) o,ls ol e 4 1) ossS B8, ao 5 boaSadgs
ols 51 G (Anethum graveolens) oy g% oLS (Omidi, 2018
aS 009y yhare g cale cll SO ()l oolgils Ay 3laie LS
Zahedi and Asadi-) ool ailyinoe B, 5 >y Q'I L ie
Slade el Guilwl (g5l w5 oL Sy plos (Gharneh, 2024
Shan Sglae a8l bayly s g el slaplasl jo wei il
2ol £9,5 5 ol bl a8 Qoo oo lid Sldasd .l yxe
3y oy Sz ay aulS Al o B g aily oo Bl g jyaias
Chahal et ) o5 c0 4 wlS o1 Ol ) TN a4 a6 oyl
Aal. 2017

o |y sloosdion 5 (el Slapasille ae slots
Coskun et al., 2016; Luyckx et al., 2017; Yousefi ef ) oS oo
L ablio jobate a4y Ggllao ol SO bl> s yo (al, 2025
o dayl )i an Joowie LS 51 ool il ¢ Jaes slo i
bl Jols it slooly 31 alS Jass iol38l .ol o
(Yousefi et al., 2025 a,b) cwl ai; slooaisS plas > 5
5 0LS £l sl iy codled cely oSl 5l onlanl
a4 0d Q)‘j ‘_QLDA_:)L.M} Ogude 5O \.\4‘5_»‘59 9 05_.»60 uw.u l.a A.LLD.A
Al Al (6550 i olS

Ao yaie S g pe oo Pl aiS e Bl G lste @ (55l
Sy 485 i 4 25 oo 13 oS 4 sl e
OsSadew calizs I (Wang et al., 2019; Verma et al., 2021)
Sy Sy G5 sesiad fals plais 4wy oo
G5 Jsb 5o oS 3000 9 9y 2 ol ko SIS L ol en
aS el 00 o,Lil puoren (Verma et al., 2020) gl oolaiwl
S 3 smiee] ol sloo s 5 Sl (San 5K
a3l Lolen |, Ol Gas Jlas! b auly s LaglaJsG
Wang ef al., ) ams |yl g yuwgis ool 5 Sl ST sl
Sladss 5l saal S ws 4y zls .(2019; Younis ef al., 2020

Codled baas LJo 4y oSl aS &

.=

)| oals Ql WP VALY




g OLSes 9 (ol (oo

BSVIRSY L U BUTRH PR W 1

Ol s Soslail jsliie 4y ia/b Judg S Comund 9 S5 Judg )5
Lichtenthaler and g, 3l @/b Judg,IS ca i g S Judq, S

A% eslaiwl Buschmann, (2001)
2 o)l slajlass () jslate s tomilmmgii] (glgsne
Oy a eolai_wl Wagner (1979) s, 5l oilweis! (glgioe
oy Sy Joilie il doe Sy L oS 5y 05 /o VD laie
ool SelS (S o ISl 5 Joilin i3 eV & 23) (g0
b 0 cell YT e 4y g ol aizn ) 686 (9,0 o liac 0
ARIRGIN VI VIS WORIITRRLIL JX g Jt- S\ JX g S BEWIP S FARP PRISRIY

Sl dalol jo 0l ety Ol 4dBs yo g0 T e badds

2318 gl B0+ ggasl ) yregids pSosl olfiwss alssay o
s Al (uibinsgiil 05255, 525 e bawsi g
o | Sgals g po x D955 258 ) aba,
bonsis] Sl ASS0 %25, ot x Jpbne ol
YYe e em?mol® = igels o o
s, 3 ool Lo (louss (glsioe sl lanid glgize
diges 5l 0,5 doo B0 0l (5.5 0;lail Somogyi (1952) (xS,
sles jo gls oo A Jgilil il e V jo saiolw] § i
DEURER U POV TL & DRI P IPV-I- R IRLIR VAP TR I g3 B E S B
gy 65y 2L ¥ YL Al o 5 00 (5y5laer bl 5
Gymo i oo\ bojlas 51 i oo | s 5 1,55 oibe 2L
o Dl )8 e o Sy (59l>) Somogyi s
3 9 bl (Bldg o 5 DL mads peily oS 2
30,8 S5y g ool Dyl ad B VO B Ve o 4y )liigr O slos
Gyro il duo V(a5 0, w5l e o ssal e (5,5
5 9 03938l bslos ay jlie O 2l e ¥ g Slandgagi )]
Fayg Sl § o5l b iagli Y+ g o 15 Jslons iz
3l imte ola]  ladigas 0B e 038, (5,503l
P 2 S ke Dyge 4 pj bl jlesliiunl b g arslxa S48
el s 4 do 3 D0 4 ole 40 g W3S IS Sl (g
Sugar (mg/g DW)=CxVxDF / W ¥ alal,
V «(mL/mg) o,lailisl sz 5l sawlicmsdy cdale «C 1 jo a5
St dged (359 W 9 &8 o DF (b)) ojlae ol o>
Dbl 0 (@)
Bates s, ar oy lyiome S0l sl idg 1 (slgieno
b e etal., (1973)
o)lmae 4ats (s1p Il oS 5y S 9Kl o 3T et
gl Bl jea> )3 50, gle 3 (2LS 03l L ooy ]
Meodhes 1NV PHT.0 L oo Slid 50 Yoo oo 8- (5ol

O g2y yo \Feo l%)é a.la_..u)‘ &La.s)‘ 9 é)_w O\OY\, O(B"
S5 ans b ol olS slocSsl b B 4o Ly s3STo b
gl Gilies mab s 0,15 51 Gaigs ool o o alowl 4y
(Anethum graveolens) &g alidre Coroz Vo oSl
(Ll e ylogo (LS a5 o (85 Jsdi0 iy Jels
Ok Sly39L Jles 28,5 )18 anlllas 3550 5l 5 (L)
YO cdale - (Ghaie o) val s -) ol izl o> 0 5
Verodale ¥ 5 ) pp Sl 00 clale Y ) e S le
g e S e

oS Calises sblie 5l aay b oLE Cilide glociiraz s
Ol sl @l 5 (55,58 DLkt 5 50 Lassi 9 (5 y5lae
59V g elS o sl al>pe 93 50 S 55 2 (b Jslre
JOER R R R

slo)los and jslne 4y i gSal—w O3l Jolno aed
Si02) wlaSlg 55k U 51 Sl 3,50 oSl S350
5 oolaiwl yiogilh YoV &lyd olil b oyl pe5 ol cpls eS8, %
o8 b s ol ) s S Voo 500 YO slocdale
90 0 ok S 59, p sl Sypoty Gl S350
285 plnil (B0 (S Ve 9 1) SBT3l 59, Ve g Ve al> e
355 LS y0 0,56lS FO (o iS Cq s & twoolel 51 o
S8 ool 5550 (g yhd 055 LS o 0SS Fr g S5
VO Jgb) (smyeyia VIO Sl )S )3 (ad) &j5m0 & 59 285
B aig (e alold g yo S s, AlolB b (e o B8 50 e
ocadlye 4 5 gloylad &5 o 4y (g kol b a8 S ki o
9 OLAQ{'»))B)A K L u_...Sus)f r:L?u‘ycus .\.u.;) 0,99 Gb Sl
yobaie ay (Bl 51 Ly 59, Fo) clociguo I Y o ils
B )S O g0 (il A o olS 54,9 5 Carilow

Al sokaie 4 iadyy g Bl Job g digr i 9 55 039
iy ey g Bl Jsbo g 5 S 5 5 039 » elojl o e
g a8l Jobo (g puSojlail 31 g oo b c il e o 5l g
Slom) die S22 9 5 (g Al lizl (o9ed bz g 4y
dole (o, Kl a0 Ve glos jo Cels YY o 4y (5.5 ,1 8
3o Ao, BLbl Sy ) Job () jokaie 4 00,8
g Jol5 jsb @ (ogllas v 4 S Cogas) oy 5 )L
s O A s g g5lelax S lai; LlTa gz, Jo
oSlaz lawgi abo, lesl bl shaio ) o sasly Jobo
A (g S oslu!



\AJ (VF 2le 05led) 1F+0 lawsli oF o)lous F 0,90 BLS sy gulio ;o Jingh alxo

56T 51 eolaiwl b olas el duglde ol alxil SAS9.4
L85 Ojgo w0y B g ) e jo Sl (05T 5 ad,bgs il
oo g b

5 oSl gl 514 ol s Sliio uilyls 45 gl
Job gy Stz 5 5 55 Dlao o] blite 5l 55 5 Copraxr
alb Jdg IS Coi 5 S B9 IS (slgione a9 4Bl
SlyygS—wl @l cdlad 5 (g n Lol slaasd (ouil—wss]
O Jguz) o Sl g (5 Ll BT gl ls slacsTy,

i ols i i o Sils dlio ol aigy Job 9 )9
2 (W5 50 )5 e YN g TYIT) gy S22 5 5 (39 (n i
Ok S S S e 00 clile (AL Joloe jles
bl sbe Lo b o sime (g Lol S 3 lked Conazx
sabive (J930 Comoxr X (9Siln b ) oS (o 00 e
2ol SLas g 5 05 Gl el sl 390 0 )5 0l
9 5 O S b el basslie )5 sl slacerer Ul
VO cdale il Jslxe slojlans )0 ol 5 a5 adgy Sl
5 IVPY Gl b DL Comaz X (y58kss 936 2 52 0,5 o
Cawd dy &gy 9 )5 JAY 5 b SLEB Coman Xanll g 4gy
(Y Jgaz) sl

53 a8l Job (5t (el dlie @l 4 a5l
< OgSebew gl ) p )8 e 00 cale Bl Jsloe jlas
s pa B Y IF e g FAYY e Lo i s S35 Conaz
Cle 3l Jslre ot i Slao cal Gliee 58 al e
VAN Oliee b LSl Comoz x 98k 96 2 505 (e YO
(F Joizr) el plas! e sl AIY

IS 5,5 Ol b Judg S Comnd 9 S5 S99 5" (slgsimo
2 cdl bl (el Sldglh il Jsle S5l cxd
B 5,5 Slyme (i a5 ols plis Slis (5:S0ke anylie
O clale ok sle jlesd 4 (5 035 255 2 p)S shee 10/ 9)
uils Bl Js850 Comaz X 555k 96 ) 0 S e

VO cble ol slome jled o 5 o (ol Oliee (1 50S
2 5 e OT) DLl ooz X Sl 93U 2 2 05 e
OSile dumlie gl (bl (V Jgo2) sal Cewss 4 (5 (39 255
el e )3 (Ve V) alb Ld9,lS Consd (n 5t e Dlio
osalin LB Conax X 5Selew U 2 pp S e 00 2lale
W50 Cone Xaald e )3 5 Sdo (nl Ol (0 FpS b
Y Jgoz) ael Cews a5 (VYY)

20 Hgad g 8 R Sl gSsl Vg oo ¥ 5 (0995 sk
ojlas (lyeds Siblys 5 jods yulw oS il a4z 0 ¥ sleo
uLt.)js_u‘ p_v).a] u..JLIﬁ w& ) 61).' 5 oolex S| ‘50_1).1]
Slawd 3L Ve oo 00 Jobds o5 25Ty bgloee oSy
GRSy b g il ooV (ol e )3 H2Oo Yge e o /Y
YA zge Job ,o i Ghals g o el el o)lias (09381 L
oolatul b a3l codlad .us 5 el asli Yo B ) e Goeds yiegil
9 il Yo il p weSas Vg oo VA (o Bgal> b
A8 SIS g n 92y pohg Sollad O g0

Y ala,

APX activity(Umg 'protein)= (AA29/minxVt) /
(2.80xVsxCp)

(mg mL-1) o,lac psiq, cdale = Cp
comilsl Glgime (cayp Bam b iolejT aslol o i piluwl (glguimo
5 St idshse Slio jlenel sy s Wl
el g (§ld) bwgte () 5 Conen S alierto

Al ol (5,9

Sloed Jlosl 51 gy ug—s oS il (g5l jslaie oy
5 S alw Ll b o g byl jo 5l ol sladiges
Al oolaiwl 2elS oliss 1 (6 S il (Gl 5 0 5 s
LS <8l 5l 68 A jslaie pos (Rustaiyan et al. 2006)
olS o a5 L b)) ol Josee j0 ,oglS olBiws (9,0 St
omilal o (6 S0 lac celn g0 Baw 4 (Aildge ol LS,
a bslors 5 0 s pslaaz o g IS0 i oo ) alsey
Kazemi, ) o—i Jate o35 B1,5s5leg,S oliws a4 onel cd
S gileg,S 518 olSis 3l bl oluliss (6l colgs o (2002
3595550 g yie O Job 4 din g g5 L Hewlett-Packard Jow
Ve Ggeliniss 65,0 ot ool wl Hp-5970 o > Kol g4
& dgi sl ol Sl az 0 YO+ Ol a9 cdgig Sl
O V) e b SAD )  lediged (9,5 35, 052
ol Cuelbd G e IV (Jls (had g e B0 Job 4 arnge
3B eoad S ol S Sk e iz 51 1,8 5 g S YO
los aslip g aids )3 il oo Sy Zeyn b pgda 55 S ot
Ceomnd glod g az 0 Jloz Sl i Lol Xl a0 YO+ L £+ 5l
.(Lord and Pawliszyn, 2000) ol ,XSlw az,0 Yoo 30,5

S ygo (5 kel sloJulos g 42 1gylel (Gl Juloxs g 4 3o
D58l o 3l olital b 5 ol LalS ol b B 4o Ly 55T



YA (OVF 2be oyled) 1F+0 lawsli ¥ o lous F 0,90 BLS srdgulio ;o Lingh alxo

(S50 1D Jodg IS a3 S Juds IS (gliono e 5 9 4l Job caigy S 5 5 (339 Sla o (raSiln (il sly 41525 @l ) Jga
ilizo GCarazr y o9 ©1)3936 0 )l by lpd 50 STy byl o 3T cadlad 5 ol Slosime Lol (G (g1gion «puilomw g
g
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.

OB 5 93 md cpglaod satamon 10 GgSabw ©)dgil Lilisie Zolaw Codd W g (bl WL 5 w0y 9 g9 —F Jgur
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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oouwlgil § Joloe 0B dacsljoung S ‘@IWI&J SlaS 3
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Sgut |y (6 ol ot <9l .(Manimaran et al., 2025)
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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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3 o5 8,5 a8 cewl oo by uisxes (Zarandi, 2019
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Soled po S el (g o) paS Sy Joloe laaiS g s n
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9 Fimwgid W5l oo a8 g Sl 45 0 cslie (rizren
b5 Lyl oS o Slae i aisS it |, (s Slga ok
ool S g s Gl iz lgioe daaden 5y
ooy 43355 a5 sl oals 5155 .(Xuet al., 2024) Wb s
cdile Gl Gk 5l aasme IS el oS 5 oS i s
(Jolig o Jolb (59il> f (Gadgiy Fgige (JASIN LS 5
Farahani ef al., ) oo ;x5 Joi5sl 9 Jouil,5 el Jolig
s Joijgl Jio cdale galidl imen liime ol (2021
S 0 60,5 saslivs s 0 5 )5 L 1) uilial o lSolee
Hassan et al., .23l ol uwlul o ST oluS 5 cbale s
slocadsnlie augs (sl 0 )5 a5 ads 57 3,155 (2024)

A3 oo il s )l Cod g9yl OV gmane o | 49l
(98— Ol 39l as 0is S Ly oMukarram et al., (2023)

obe 5 Tajik Esmaeili (2025) oo co jiul38l 1) Guilal g

Yin et) Mosn u.u.s‘)ﬁ‘ ‘) OLS 5o O“"" L Jo."u 5Lb..\.._w|5...~o—‘ 9
Bezerra et al., (2019) .(al., 2016; Hajiboland et al., 2016
5 T ety I3 ey 31 35k 5,05 oS 08 155
Sls il ) T 5o eSids zhaw oS 5y O s Slgie
‘U"‘ » og)&c Do Sgupp |) OL: L;is)yy).d L;Lmz—.»l.: 9
P 53 1y oSt (ST (sl 5T codlad 5 oyl oy
ol cpl ol 2ol O 1 cov wlws g (S i3 4 pglie
s s s Gl s  Jie (i 9925 5 ulS>
ST s sladisS Bim ,0 slau ST, @b, eSwl cudlas
L i byl jo a5 wio S Lo Hameed et al., (2021) .oils
S sk sskie & Jubsily a2 il 4o ol 38 o oS
Gous a5l (sl g xSl olile g oas Jlad Cadlg IS o 50
5 00905 baud Oyl 4y g gus 1) oSS slae jles ST i
O Jizee g i e ial58 L Lol sl co ]38l S sleo
5 09 aBgie Laadelig )5 Cob S e S35l 45 2
awls oo ST T S p el e e Yl
b Gl 5 55 it Sl el o 5l 0,115
SlygSl Gl L g 090 olS o ST T slops 3]
Las |, Ldg IS slgiome lowaSTyauiS] p gus 5 VB loSTyy
S e )0 (950 (Camargo and Keeping, 2021) alei oo
o5 Olz sk sl g e ol S o)ly S STl 5 4, )b
Sy adlw ;53505 L s b oo JUil Gl slapluil & Jolow
(Ullah et al., 2025) 35— o0 Lopladl S5 5.8 plSouul ccls
5 3 Vol ((Sdnlie 5 (Suiglnid slaanlp (pimen
Ol 38l ] ams a8 it e dgage 1y (SlouS] T b

S5 4 Jl ol b (Etesami and Jeong, 2018) .l oL5 1,18
YL bl s lalans| ol als Jol LYs 5l (G as, e
5 Combas 358 by £9,0 (il 2 S e V) Sl
Sl gl b oS oo i bLs I Jdods o Jola o o
Hazrati Jahan ef al., ) ol J50 slogys ola pos g 69,9530 il

35,8 aS ols oLz Ahmad ef al., (2019) aslllae L5 (2017
el a1 5T elas T Sl il 3, 51 s
03939e—aSTy Gliee g 00l 5 uST b sladisS rals
s salise Gl Gl 5 Ghels (aadl o (pglle (glsiome)
5 e Blge slimgen iy Ol Qi o Sl a8 G5l
Hussain et al., 2021) s o glao—uS1 o5l £l slop—unilSo

.(Mostofa et al., 2021
32 5 1 sl o o o ol 555 skt ) S
9l sl glin yiin os 4 SaS was o (als 1) Hls




Yo (VF 2le 05led) 1F+0 lawsli oF o)lous F 0,90 BLS sy gulio ;o Jingh alxo

Ben ) wilosls ol JLSGol, (SoasS )L cdlad (Siolag,|
adlgi oo Loy Seige Selided slo T3 .(Hsouna et al., 2017
Glaw 51 g ams Gl collw wiS 35i5 Jolw glalzé o
aile Guilwl Lol gl 31 aman 08 lge | 0ai (g5ll>
Mujovi‘c et ) ol oo sanlive ol (5 lgSs cud b 1 99,8
5 599,58 ale il glil as el oo 3,155 (al., 2024
ST s 558 sl Sl 5 03T sla IS, B b iger]
(e )l s am )3 9 aams oo a5 ) GlapuST SIS
Mujovi'c et ) wuS oo Jass |y yaunlil o o b g 00,5 Cols
eler Judo aval leaden 5 w5 (gend (599,18 (al., 2024
Jled sloaisS aulgr oo wiloa i azzli b o9 Sla ST Gl
O Cailon o uiig p 4 guilaw ST cowl 5l g Bis 1) 4 5mS]

.(Mujovi'c et al., 2024)

S A
S g F Oy (ke 45 b ol Sl alesT gl
2 pS ke 00 cdale AL sl e o bl Slgime g a5
Jsb G ab osalie (Jled Cumez X (sSelew $U 2
Cellad g Ll slaaid glyims (JS Judg S ole ey 5 a8l
0 cdale ol Joloe e o slan STy QL.%S—“‘" rve.}f‘
el s 4y Jo850 Comez x 55k gl 2 0 S oo
b Ji89,lS s 2 St «Olio (ke annlie gl ol
Ok $U il 2 S e 00 cale AL ol Lo 4
aly lid Slae (1Sl duwslio bs .l Bl Ol Comenx
e 0 elan slioe 5 ouile—gmil lime (it &S
Sore X ooSaliw ol i) pp S oo Ve cdile 3L Jolore
gl bl aS ols flis ol olesl bl ol camlie Je850

Myrcene «-Pinene «-Thujene alo >3l SL_ S5 )l

a- ¢ Carvone .>4— Limonene 4 a-phellandrene Carvone

By il 53 35290 ShasS 5 (508 5 o5 sbe: Thujene
0 sl Jlosd oy 2 3)50 lojled Hlie 5o il
O Ol5ee (PGt cOlved Cona X (558l b 20 0 S (e
Sy oo Hlai 4 18] ols Lzs |, Limonene ¢ Myrcene Thujene
5 Uy S—i3 5 5 () AUk (AU 4 elies Jdo &
s Myrcene «w-Thujene oy S iar o) (il —wl (gloizs
S i) 5 S oo D0 lalé 5 Jsle Jlas o (Limonene
2hdshoe 5 plaed Cone CoiS (laes Comexr X (g5l
S g i 4238 5Kl 56 ) 1 0 S i B il

g waly> alie lae Llyd s

ol (Lol glyxl as o S o oyl ols zol58 ) sl
gy a5 Jolied e Jse < Jo ST5,l5 Jols ous oLl
VIO b Jgloee a5 ols L_zi Rezghiyan et al., (2025) zLs
ol Gl Cn Gt 4 ol o 85l Yoo Lo
5% 55 oell 58 J920mll Oliee 0 5 G ot ailaalls oS 5o
Amiripour ef al., .dal Cewd 4 y3Sliwgl Yoo Lo +/0 oS
omilasl 0, Slee yaSodns cdale oli8l L W S lese 5.5 (2021)
ol Bl 5 as ol s , ol bl s .cdl (aol58l
«LCarvone Myrcene «-Pinene «@-Thujene ;| Wog &,le sygis
bl j0 09250 S )5 1 i yias g Limonene g a-phellandrene
aS oly s ad F g0 o, p bl 05 Carvone
a olgee |y pul—ul iz liz! oS 5 g cdale o ol s
rizan 5 iline e GbLis 5 e 5 o b, 5
g oo gl 1 5l uilisl a8 oLS 51 s 5 0y e sulio
Lyl s wesls p leg oopl o ogdle (Bhatia et al., 2023) sls coud
09y S 5 g 9,8bes (Ko gl G ST 5 6,
al> o y0 ol sliz! (Jianu et al., 2021) & I35 ).,.,L, G9rd
§ Q"’-:—**’_‘)L; 9 -l (gadd ‘Q)"‘:’M—é_wT =9
0395 Job )3 (ol izl ploie st 515 0995 ironmlil
sl e (Milenkovi'c ef al., 2024) wos olwbos oal8
wle (Gase polic 5 2wS yd ( oo S (g n «asb,
¢ mleo oy, Carvone .S 5 .(Kaur and Arora, 2010)
Ol & Carvone 5,5 cpaiz ol pegdle g0 ks 0,18 J g
de ) g, mais aax 3l (Sip Ao 10 9,15 iy pab g lac
b0 pulais g (Islam, 2019) b ,saus (Carvalho ef al., 2006
O rsise ! Cueal (Raphael and Kuttan, 2003)  ges! i
Wilgs sed Carvone oS cowl ool 5155 izmen WS s Ao
Siadd ) Sl 192 008 guilio> g ‘Sil)}Logj waiddpab lis jo
5 SoauST Sl (B oo pled sl uied g c il
(Kaur et al., 2021) el glb s ab yiored g (—iSo i
L asiles oo (gend 9 (199,18 oy ax il )3 S92 50 DLS 5
59 oaed 55T oIS, 5 (5enST Jlab (slaisS bi>
ax 51 (Zolfaghari et al., 2023) oS cdadbrs ¢ gu—lo S|
S S g codlad Lol el SIS s LS 5 8l sl
5 099,15 wile Jlog 5T slagy yisise 4 Glgi oo |y o] baswgie
J..._M.Ss)..\...b 6&03; u_ul..\.‘.p.c,..l.c as ol C—d u.aa.o...'



N4 OLSes 9 (ol (oo

BSVIRSY L U BUTRH PR W 1

Ahmad, P., Ahanger, M. A., Alam, P., Alyemeni, M. N.,
Wijaya, L., and Ali, S. (2019). Silicon (Si) supplementation
alleviates NaCl toxicity in mung bean (Vigna radiata L.)
through the modifications of physio-biochemica attributes
and key antioxidant enzymes. Journal of Plant Growth
Regulation, 38, 70-82.

Ahmadi, K., and Omidi, H. (2018). The effect of drought
stress on physiological traits, peroxidase activity and grain
yield of five populations of Lallemantia royleana
Benth. Iranian Journal of Medicinal and Aromatic Plants
Research, 34(3), 412-429.

Alam, T., Jalil, S., Jilani, Gh., Chaudhry, A.N., Ul-
Haq, Z., Naz, 1., Khan, M.A., Yang , X., Brestic, M.,
Skalicky, M., and El Sabagh, A. (2025). Enhancing crop
resilience to water stress through iron nanoparticles: A critical
review of applications and implications. Plant Stress, 16,
100905. https://doi.org/10.1016/].stress.2025.100905

Alharbi, K., Osman, H. S., Rashwan, E., Hafez, E. M.,
and Omara, A. E. D. (2022). Stimulating the growth,
anabolism, antioxidants, and yield of rice plants grown under
salt stress by combined application of bacterial inoculants and
nano-silicon. Plants, 11(24), 3431.
https://doi.org/10.3390/plants11243431

Alikhani, S., and Mahmoudi Zarandi, M. (2019). Effect
of coinoculation with endomycorrhiza, Pseudomonas
aeroginosa and Rhizobium meliloti on Medicago sativa under
water stress. Journal of Plant Research (Iranian Journal of
Biology), 32(1), 155-166.

Amiripour, A., Ghanbari Jahromi, M., Soori, M. K.,
and Mohammadi Torkashvand, A. (2021). Changes in
essential oil composition and fatty acid profile of coriander
(Coriandrum sativum L.) leaves under salinity and foliar-
applied silicon. Industrial Crops and Products, 168(3),
113599. https://doi.org/10.1016/j.indcrop.2021.113599

Asghari, B., Khademian, R., and Sedaghati, B. (2020).
Plant growth promoting rhizobacteria (PGPR) confer drought
resistance and stimulate biosynthesis of secondary
metabolites in pennyroyal (Mentha pulegium L.) under water
shortage condition. Scientia Horticulturae, 263, 109-132.

Badem, A., and Soylemez, S. (2022). Effects of nitric
oxide and silicon application on growth and productivity of
pepper under salinity stress. Journal of King Saud University-
Science, 34, 102189.

Bates, L. S., Waldern, R. P., and Tear, I. D. (1973).
Rapid determination of free proline for water stress studies.
Plant and Soil, 39, 205-207.

Ben Hsouna, A., Ben Halima, N., Smaoui, S., and
Hamdi, N.( 2017). Citrus Lemon Essential Oil: Chemical
Composition, Antioxidant and Antimicrobial Activities with
Its Preservative Effect against Listeria Monocytogenes
Inoculated in Minced Beef Meat. Lipids Health and Disease.
16: 146.

Bezerra, B. K. L., Lima, G. P. P., Reis, A. R. D., Silva,
M. D. A., and Camargo, M. S. D. (2019). Physiological and
biochemical impacts of silicon against water deficit in
sugarcane. Acta Physiologiae Plantarum, 41, 189.
https://doi.org/10.1007/s11738-019-2980-0

Bhatia, S., Al-Harrasi, A., Jawad, M., Shah, Y.A., Al-
Azri, ML.S., Ullah, S., Anwer, M.K., Aldawsari, M.F.,
Koca, E., and Aydemir, L.Y. (2023). A Comparative Study

&bo

of the Properties of Gelatin (Porcine and Bovine)-Based
Edible Films Loaded with Spearmint Essential Oil.
Biomimetics. 8: 172.

Camargo, M. S., and Keeping, M. G. (2021). Silicon in
sugarcane: Availability in soil, fertilization and uptake.
Silicon, 13,3691-3701.

Chahal, K., Monika, A. K., Bhardwaj, U., and Kaur,
R. (2017). Chemistry and biological activities of Anethum
graveolens L.(dill) essential oil: A review. Journal of
Pharmacognosy and Phytochemistry, 6(2), 295-306.

de Carvalho, C.C.C.R., & da Fonseca, M.M.R. (2006).
Carvone: Why and how should one bother to produce this
terpene. Food Chemistry, 95(3): 413-422.
https://doi.org/10.1016/j.foodchem.2005.01.003

Emamverdian, A., Ding, Y., Xie, Y., and Sangari, S.
(2018). Silicon Mechanisms to Ameliorate Heavy Metal
Stress in Plants. Biomed Research International, 2018,
8492898. https://doi.org/10.1155/2018/8492898

Etesami, H., and Jeong, B. R. (2018). Silicon (Si):
Review and future prospects on the action mechanisms in
alleviating biotic and abiotic stresses in plants. Ecotoxicology
and Environmental Safety, 147, 881-896.

Farahani, H., Sajedi, N. A., Madani, H., Changizi, M.,
and Naeini, M. R. (2021). Effect of foliar-applied silicon on
flower yield and essential oil composition of Damask rose
(Rosa damascena Miller) under water deficit stress. Springer
Nature.

Fattahi, B., Arzani, K., Souri, M. K., and Barzegar, M.
(2019). Effects of cadmium and lead on seed germination,
morphological traits, and essential oil composition of sweet
basil (Ocimum basilicum L.). Industrial Crops and Products,
138, 111584. https://doi.org/10.1016/j.indcrop.2019.111584

Ghorbanpour, M., Asgari Lajayer, H., and Hadian, J.
(2016). Influence of copper and zinc on growth, metal
accumulation and chemical composition of essential oils in
sweet basil (Ocimum basilicum L.). Journal of Medicinal
Plants, 15, 132—144.

Haghighi, T. M., Saharkhiz, M. J., Kavoosi, G., and
Jowkar, A. (2022). Monitoring amino acid profile and
protein quality of Licorice (Glycyrrhiza glabra L.) under
drought stress, silicon nutrition and mycorrhiza inoculation.
Scientia Horticulturae, 295, 110808.

Hajiboland, R., Cherghvareh, L., and Dashtebani, F.
(2016). Effect of silicon supplementation on wheat plants
under salt stress. Journal of Plant Process and Function,
5(18), 1-12.

Hajipour, H., and Jabarzadeh, Z. (2018). Growth and
photosynthetic responses of chrysanthemum to foliar
application of sodium and calcium silicate. Journal of plant
process and function, 6(19), 138-129.

Hameed, A., Ahmed, M.Z., Hussain, T., Aziz, E.,
Ahmad, N., Gul, B., and Nielsen, B.L. (2021). Effects of
Salinity Stress on Chloroplast Structure and Function. Cells,
10(8), 2023. https://doi.org/10.3390/cells 10082023

Handa, N., Kohli, S. K., Kaur, R., Sharma, N., and
Bali, P. (2018). Role of compatible solutes in enhancing
antioxidative defense in plants exposed to metal toxicity. In
B. B. Dhiman (Ed.), Plants under metal and metalloid stress:
Responses, tolerance and remediation (pp. 207-228).
Springer Nature.



Yv (VF 2le 05led) 1F+0 lawsli oF o)lous F 0,90 BLS sy gulio ;o Jingh alxo

Hassan, K. M., Ajaj, R., Abdelhamid, A. N., Ebrahim,
M., Hassan, 1. F., Hassan, F. A. S., Alam-Eldein, Sh. M.,
and Ali, M. A. A. (2024). Silicon: A powerful aid for
medicinal and aromatic plants against abiotic and biotic
stresses for sustainable agriculture. Horticulturae, 10(8), 806.
https://doi.org/10.3390/horticulturae 10080806

Hazrati Jahan, R., Zare, N., Dezhsetan, S., and
Sheikhzadeh Mosaddeg, P. (2017). Enhanced taxol-
precursor. Journal of System and Management Sciences, 33,
73-89.

Hussain, S., Mumtaz, M., Manzoor, S., Shuxian, L.,
Ahmed, 1., Skalicky, M., Brestic, M., Rastogi, A.,
Ulhassan, Z., Shafiq, 1., Suleyman, I., Allakhverdiev, A.,
Khurshid, H., Yang, W., and Liu, W. (2021). Foliar
application of silicon improves growth of soybean by
enhancing carbon metabolism under shading conditions.
Plant Physiology and Biochemistry, 159, 43-52.

Igbal, M., Khan, R., Nazir, F., Maheshwari, Ch.,
Chopra, P., Chhillar, H., and Sreenivasulu, N. (2023).
Mineral nutrients in plants under changing environments: A
road to future food and nutrition security. The Plant Genome,
16(4), €20362. https://doi.org/10.1002/tpg2.20362

Islam, ML.T. (2019). Literature & scientifically carvone is
an anticancer agent. Pharmacologyonline, 2: 24-30.
https://B2n.ir/d31982

Jain, R., Singh, S. P., Singh, A., Singh, S., Tripathi, P.,
Ram, K., Gaur, A., Jain, N., Shukla, S. K., Chandra, A.,
and Solomon, S. (2017). Changes in growth, yield, juice
quality and biochemical attributes of sugarcane in response to
orthosilicic acid granules. Sugar Tech, 19(3), 300-304.

Jain, R., Singh, S. P., Singh, A., Singh, S., Tripathi, P.,
Ram, K., Gaur, A., Jain, N., Shukla, S. K., Chandra, A.,
and Solomon, S. (2017). Changes in growth, yield, juice
quality and biochemical attributes of sugarcane in response to
orthosilicic acid granules. Sugar Tech, 19(3), 300-304.

Jianu, C., Stoin, D., Cocan, 1., David, L, Pop, G.,
Lukinich-Gruia, A.T., Mioc, M., Mioc, A.S., oica, C., and
Muntean, D. (2021). In Silico and In Vitro Evaluation of the
Antimicrobial and Antioxidant Potential of Mentha x
Smithiana R. GRAHAM Essential Oil from Western
Romania. Foods. 10: 815.

Kang, X., Zou, Y., Liu, X., Shi, W., Leng, Y., Niu, Z.,
and Zeng, X. (2026). Silicon Improves Salt Tolerance
through Osmotic Adjustment, Enhancing Antioxidant
Capacity and Up-Regulating Ions Transporter Genes
Expression in Vigna radiata L. Russian Journal of Plant
Physiology, 73(1).
https://doi.org/10.1134/S1021443725605543

Kaur, G.J., and Arora, D.S. (2010). Bioactive potential
of Anethum graveolens, Foeniculum vulgare and
Trachyspermum ammi belonging to the family Umbelliferae.
Journal of Medicinal Plants Research. 4: 087-094.

Kaur, V., Kaur, R., and Bhardwaj, U. (2021). A review
on dill essential oil and its chief compounds as natural biocide.
Flavour and Fragrance Journal. 36: 412-431.

Kazemi, F. (2002). Effect of different drying methods and
Essential method of obtaining on the essential qualitative and
essential oil components Roman chamomile flowers
[Dissertation]. Tarbiat Modares University.

Khan, A. L. (2025). Silicon: A valuable soil element for
improving plant growth and CO2 sequestration. Journal of

Advanced Research, 71,
https://doi.org/10.1016/j.jare.2024.05.027

Khan, A.L. (2024). Silicon: A valuable soil element for
improving plant growth and CO2 sequestration. J Adv Res,
71,43-54. https://doi.org/10.1016/j.jare.2024.05.027

Kim, Y. H., Khan, A. L., Waqas, M., and Lee, 1. J.
(2017). Silicon regulates antioxidant activities of crop plants
under abiotic-induced oxidative stress: a review. Frontiers in
Plant Science, 8, 510. https://doi.org/doi:
10.3389/fpls.2017.00510

Kriiger, H., and Hammer, K. (1996). A New Chemotype
of Anethum  graveolens L. Journal of Essential  Oil
Research, 8(2), 205-206.
https://doi.org/10.1080/10412905.1996.9700596

Kumar, A., Choudhary, A., Kaur, H., Singh, Kh.,
Guha, S., Choudhary, D. R., Sonkar, A., Mehta, S., and
Husen, A. (2025). Exploring the role of silicon in enhancing
sustainable plant growth, defense system, environmental

43-54.

stress mitigation and management. Discover Applied
Sciences, 7(5), 406. https://doi.org/10.1007/s42452-025-
06866-w

Lichtenthaler, H. K., and Buschmann, C. (2001).
Chlorophylls and  carotenoids: = Measurement  and
characterization by UV-VIS spectroscopy. Current Protocols
in Food Analytical Chemistry, F4(1).
https://doi.org/10.1002/0471142913.faf0403s01

Lord, H., and Pawliszyn, J. (2000). Evolution of solid-
phase microextraction technology. Journal  of
Chromatography A, 885(1-2), 153-193.

Manimaran, G., Duraisamy, S., Subramanium, T.,
Rangasamy, A., Alagarsamy, S., James, P., Selvamani, S.,
Perumal, D., Veerappan, M., Arunan, Y.R., and
Periakaruppan, J. (2025). Silicon-driven approaches to
salinity stress tolerance: Mechanisms, uptake dynamics, and
microbial transformations. Plant Stress, 16, 100825.
https://doi.org/10.1016/j.stress.2025.100825

Milenkovi’e, L., Ili’c, Z.S., Stanojevi’c, L., Danilovi’c,
B., Suni'c, L., Kevresan, Z., Stanojevi'c, J., and
Cvetkovi'c, D. (2024). Chemical composition and bioactivity
of dill seed (Anethum graveolens L.) essential oil from plants
grown under shading. Plants, 13: 886.

Mosapour Yahyaabadi, H., and Asgharipour, M. R.
(2016). Effects of drought stress and its interaction with
silicon on stimulates the antioxidant system and lipid
peroxidation in Fennel (Foeniculum vulgar). Plant process
and function, 5(16), 71-84.

Mostofa, M. G., Rahman, M. M., Ansary, M. M. U.,
Keya, S. S., Abdelrahman, M., Miah, M. G., Phan Tran,
L.-S., and Zaynab, Z. (2021). Silicon in mitigation of abiotic
stress-induced oxidative damage in plants. Critical Reviews in
Biotechnology, 41(6), 918-934.
https://doi.org/10.1080/07388551.2021.1892582

Mujovi‘c, M., §0ji'c, B., Peuli’c, T., Koci’c-Tanackov,
S., Ikoni’c, P., BoZovi'c, D., Tesli'c, N., Zupanjac, M.,
Novakovi’c, S., and Jokanovi'c, M. (2024). Effects of Dill
(Anethum graveolens) Essential Oil and Lipid Extracts as
Novel Antioxidants and Antimicrobial Agents on the Quality
of Beef Burger. Foods. 13: 896.

Mukarram, M., Khan, M., Kurjak, D., Lux, A., and
Corpas, F. J. (2023). Silicon nanoparticles (SiNPs) restore
photosynthesis and essential oil content by upgrading


https://acsess.onlinelibrary.wiley.com/authored-by/Khan/M.+Iqbal+R.
https://acsess.onlinelibrary.wiley.com/authored-by/Nazir/Faroza
https://acsess.onlinelibrary.wiley.com/authored-by/Maheshwari/Chirag
https://acsess.onlinelibrary.wiley.com/authored-by/Chopra/Priyanka
https://acsess.onlinelibrary.wiley.com/authored-by/Chhillar/Himanshu
https://acsess.onlinelibrary.wiley.com/authored-by/Sreenivasulu/Nese
https://acsess.onlinelibrary.wiley.com/journal/19403372
https://acsess.onlinelibrary.wiley.com/toc/19403372/2023/16/4

A ohles g (£l (oizmo

BSVIRSY L U BUTRH PR W 1

enzymatic  antioxidant metabolism in  lemongrass
(Cymbopogon flexuosus) under salt stress. Frontiers in Plant
Science, 14. https://doi.org/10.3389/{pls.2023.1116769
Nakano, Y., and Asada, K. (1981). Hydrogen peroxide
is scavenged by ascorbate-specific peroxidase in spinach

chloroplasts. Plant and cell physiology, 22(5), 867-880.

Qin, L., Kang, W., Qi, Y., Zhang, Zh., and Wang, N.
(2016). The influence of silicon application on growth and
photosynthesis response of salt stressed grapevines (Vitis
vinifera L.). Acta Physiologiae Plantarum, 38(3).
https://doi.org/10.1007/s11738-016-2087-9

Raphael, T.J., & Kuttan, G. (2003). Inmunomodulatory
activity of naturally occurring monoterpenes carvone,
limonene, and perillic acid. Immunopharmacology and
Immunotoxicology, 25(2): 285-294.
https://doi.org/10.1081/iph-120020476

Rastogi, A., Yadav, S., Hussain, S., Kataria, S.,
Hajihashemi, Sh., Kumari, P., Yang, X., and Brestic, M.
(2021). Does silicon really matter for the photosynthetic
machinery in plants...? Plant Physiology and Biochemistry,
169, 40-48.

Rezghiyan, A., Esmaeili, H., and Farzaneh, M. (2025).
Nanosilicon application changes the morphological attributes
and essential oil compositions of hemp (Cannabis sativa L.)
under water deficit stress. Scientific Reports, 27(15), 3400.
doi:10.1038/541598-025-87611-6

Rustaiyan, A., Masoudi, S., Ameri, N., Samiee, K., and
Monfared, A. (2006). Volatile constituents of Ballota aucheri
Boiss., Stachys benthamiana Boiss. and Perovskia

abrotanoides Karel. growing wild in Iran. Journal of

Essential Oil Research, 18(2),218-221.

Sharma, A., Singh, R. K., Singh, P., Vaishnav, A., Guo,
D. -J., Verma, K. K., and Srivastava, R. B. L. (2021).
Insights into the bacterial and nitric oxide-induced salt
tolerance in sugarcane and their growth-promoting abilities.
Microorganisms, 9(11), 2203.
https://doi.org/10.3390/microorganisms9112203

Shayesteh Pahangeh, E., Aliarab, A., Sadati, S.-E.,
Espahbodi, K., and Karimian, Z. (2022). Effect of soil
moisture content on survival, growth, and physiological
characteristics of wild cherry (Prunus avium L.) seedlings.
Iranian Journal of Forest, 13, 57-69.

Somogyi, M. (1952). Notes on sugar determination.

Journal of Biological Chemistry, 195, 19-23.

Tajik Esmaeili, S. (2025). Biostimulant effects of silicon-
rich horsetail extract on morphological and growth
characteristics of Zataria multiflora. Current Applied
Sciences. https://doi.org/10.22034/cas.2025.228771

Teixeira, G. C. M., de Mello Prado, R., and Rocha, A.
M. S. (2022). Low absorption of silicon via foliar in
comparison to root application has an immediate antioxidant
effect in mitigating water deficit damage in sugarcane.
Journal of Agronomy and Crop Science, 208(6), 805-814.

Thakral, V., Bhat, J. A.,, Kumar, N., Myaka, B.,
Sudhakaran, S., Patil, G., Sonah, H., Shivaraj, S. M., and
Deshmukh, R. (2021). Role of silicon under contrasting
biotic and abiotic stress conditions provides benefits for
climate smart cropping. Environmental and Experimental
Botany, 189, 104545.
https://doi.org/10.1016/j.envexpbot.2021.104545

Trejo-Téllez, L. I., Garcia-Jiménez, A., Escobar-
Sepilveda, H. F., Ramirez-Olvera, S. M., Bello-Bello, J. J.,
and Gémez-Merino, F. C. (2020). Silicon induces hormetic
dose-response effects on growth and concentrations of
chlorophylls, amino acids and sugars in pepper plants during
the early developmental stage. Peer Journal, 8(€9224), 1-28.

Ullah, M. S., Mahmood, A., Alawadi, H. F. N.,,
Seleiman, M. F., Khan, B. A., Javaid, M. M., Wahid, A.,
Abdullah, F., Wasonga, D. O., and Alawadi, H. F. N.
(2025). Silicon-mediated modulation of maize growth,
metabolic responses, and antioxidant mechanisms under
saline conditions. BMC Plant Biology, 25(1), 3.
https://doi.org/10.1186/s12870-024-06013-4

Ulloa, M., Nunes-Nesi, A., da Fonseca-Pereira, P.,
Poblete-Grant, P., Reyes-Diaz, M., and Cartes, P. (2021).
The effect of silicon supply on photosynthesis and
carbohydrate metabolism in two wheats (Triticum aestivum
L.) cultivars contrasting in response to phosphorus nutrition.
Plant  Physiology and Biochemistry, 169, 236-248.
https://doi.org/10.1016/j.plaphy.2021.11.022

Verma, K. K., Song, X. P, Li, D. M., Singh, M., Rajput,
V. D., Malviya, M. K., and Li, Y. R. (2020). Interactive role
of silicon and plant-rhizobacteria mitigating abiotic stresses:
A new approach for sustainable agriculture and climate.
[Publication information incomplete; assumed to be a review
or research article].

Verma, K. K., Song, X. P., Zeng, Y., Guo, D. J., Singh,
M., Rajput, V. D., and Li, Y. R. (2021). Foliar application of
silicon boosts growth, photosynthetic leaf gas exchange,
antioxidative response and resistance to limited water
irrigation in sugarcane (Saccharum officinarum L.). Plant
Physiology and Biochemistry, 166, 582—592.

Vieira-Filho, O., and Monteiro, F.A. (2022). Silicon
improves photosynthetic activity and induces antioxidant
enzyme activity in Tanzania guinea grass under copper
toxicity. Plant Stress, 3, 100045.

Wagner, G. J. (1979). Content and vacuole/extravacuole
distribution of neutral sugars, free amino acids, and
anthocyanin in protoplasts. Plant Physiology, 64(1), 88-93.

Wang, Y., Zhang, B., Jiang, D., Chen, G., and Wang,
X. (2019). Silicon improves photosynthetic performance by
optimizing thylakoid membrane protein components in rice
under drought stress. Environmental and Experimental
Botany, 158, 117-124.

Xu, L., Wang, F., Liu, Y., Wang, M., Chen, X., Wang,
E., and Yan, J. (2024). Beneficial elements silicon and
calcium can be used as supplements to improve the yield and
quality of the Mentha spicata L. essential oils. Industrial
Crops and Products, 214, 118506.
https://doi.org/10.1016/j.indcrop.2024.118506

Yang, L., Wen, K. S., Ruan, X., Zhao, Y. X., Wei, F., and
Wang, Q. (2018). Response of plant secondary metabolites to
environmental factors. Molecules, 23(4), 762.

Yang, Y., Huang, L., Yu, L., Zhu, F., Chang, J., Li, M.,
Wang, Sh., Wang, Ch., and Zhan, H. (2025). Silicon
Accumulation and Photosynthetic Capacity
of Dendrocalamus brandisii in Response to Sodium Silicate
Foliar Application Across Vegetative Phenological Stages.
Plants, 14(17),2624. https://doi.org/10.3390/plants 14172624

Yin, L., Wang, S., Tanaka, K., Fujihara, S., Itai, A.,
Den, X., and Deng, X. (2016). Silicon-mediated changes in
polyamines participate in silicon-induced salt tolerance in



Y4 (VF 2le 05led) 1F+0 lawsli oF o)lous F 0,90 BLS sy gulio ;o Jingh alxo

Sorghum bicolor L. Plant, Cell and Environment, 39(1), 245—
258.

Younis, A. A., Khattab, H., and Emam, M. M. (2020).
Impacts of silicon and silicon nanoparticles on leaf
ultrastructure and TaPIP1 and TaNIP2 gene expressions in
heat stressed wheat seedlings. Biologia Plantarum, 64(1),
343-352.

Yousefi, F., Abdali Mashhadi, A., Lotfi Jalal Abadi, A.,
Shafeinia, A., Jalily, S. and Soltani, N. (2025). The effect of
spraying tryptophan on the physiological characteristics of the
periwinkle plant (Catharanthus roseus L.) under drought
stress. BMC Plant Biology, 25,1782.
https://doi.org/https://doi.org/10.1186/s12870-025-0783 1-w

Yousefi, F., Abdali Mashhadi, A., Lotfi Jalal Abadi, A.,
Shafeinia, A., Jalily, S. and Soltani, N. (2025). Evaluation

of the expression pattern of TIAs pathway genes in response
to Tryptophan amino acid treatment and drought stress in
Catharanthus roseus. Plos one, 20(10), ¢0333313.
https://doi.org/https://doi.org/10.1371/journal.pone.0333313

Zahedi, M., and Asadi-Gharneh, H.A. (2024). Essential
Oil as Influenced by Foliar Application of Polyamines.
Journal of Medicinal Plants and By-products. 2: 353-360.
https://jmpb.areeo.ac.ir/article 129705.html

Zolfaghari, A., Bazargani-Gilani, B., and Aghajani, N.
(2023). Edible Film Based on Corn Zein Containing Dill
Extract and Essential Oil/B-Cyclodextrin Inclusion Complex:
Shelf Life Enhancement of Common Carp Fillet. Food
Sciences & Nutrition. 11: 4275-4288.


https://doi.org/https:/doi.org/10.1186/s12870-025-07831-w
https://doi.org/https:/doi.org/10.1371/journal.pone.0333313

ianon

Journal of Research in Plant Metabolites, Summer 2026,Vol 4, No. 2 41

Mo

9
and g™

ISSN: 3041-9638

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

Open Access

Research Article

Study of the Effects of Iron and Zinc Nano-Fertilizers on Phenolic and Antioxidant
Compounds of Grape (Vitis vinifera L.) cv. 'Bidaneh Sefid' at Two Stages: Veraison

and Ripening

S. Khodabakhsh zadeh!, M. Rasouli?, F. Borna® and M. Maleki!

! Department of Biology, Malayer University, Malayer, Iran

2 Department of Horticultural Science and Engineering, Faculty of Agriculture and Natural Resources, Imam Khomeini
International University, Qazvin, Iran.

3 Department of Horticultural Science, Agricultural Sciences and Natural Resources University of Khuzestan, Mollasani, Iran.

Received: 22 May 2026

Accepted: 01 Sep 2026 Published: 01 Sep 2026

Corresponding
Author:

Masoume Maleki
Email:
masoumemaleki@gma
il.com

Keywords:
Anthocyanin, Foliar
nutrition, Flavonoid,
Resveratrol.

Citation:
Khodabakhsh zadeh,
S., Rasouli, M., Borna,
F., & Maleki, M.
(2026). Study of the
Effects of Iron and
Zinc Nano-Fertilizers
on Phenolic and
Antioxidant
Compounds of Grape
(Vitis vinifera L.) cv.
'Bidaneh Sefid' at Two
Stages: Veraison and
Ripening. Journal of
Research in Plant
Metabolites, 4(2), 41-
56.
Doi:10.22034/jrpsm.2
026.593311.1126

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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