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ABSTRACT
This study investigated the effects of zinc oxide and iron oxide nanoparticles and two salinity levels on the morphological char-
acteristics and seed fatty acid profiles of two sunflower hybrids (G1601 and Shams). The research aimed to understand the im-
pacts of these treatments/stresses potentially leading to strategies for improving crop resilience in water-scarce environments, 
especially considering their potential roles as fertilizers and stress mitigators. This experiment utilized a randomized complete 
block design with a factorial arrangement (nanoparticle type, salinity levels, hybrid type, and age) of five treatments (50 and 
150 mM salinity, 20 ppm ZnO and Fe2O3 nanoparticles, and control samples) with 20 replications. Morphological measurements 
for the root, leaf, stem, and seed dimensions were taken using a digital caliper. For both hybrids, seed priming with Fe2O3 nano-
particles resulted in the highest root dimensions, while 150 mM salinity stress led to the lowest values for these parameters. For 
both hybrids, the highest and smallest yielded seeds belonged to the control and 150 mM salinity-stressed plants, respectively. In 
the G1601 hybrid, salinity stress (50 mM) produced the largest leaves, whereas Fe2O3 in second, third, and sixth week and ZnO 
nanoparticles in fourth and fifth week resulted in the smallest. In the Shams hybrid, the smallest leaves were recorded for the 
Fe2O3 nanoparticles treated in first to fourth week and the control plants in fifth to seventh week, while the biggest leaves be-
longed to the control in first to second week and ZnO nanoparticles treated samples in third, fifth, and seventh week. The Shams 
hybrid seed oil analysis showed linoleic acid as the dominant fatty acid (63.29%–72.98%), followed by oleic acid (15.33%–22.78%). 
Conversely, the G1601 hybrid seed oil was characterized by oleic acid as the primary fatty acid (46.54%–80.34%), with linoleic acid 
presented at a lower percentage (8.67%–40.29%). In the Shams hybrid, oleic acid amount significantly increased in all the treated/
stressed samples, except for those that were subjected to 50 mM salinity stress. Conversely, linoleic acid amounts decreased in 
these salinity-stressed samples. Meanwhile, in the G1601 hybrid, linoleic acid content increased significantly, while oleic acid 
content decreased in the treated/stressed samples. Additionally, the total percentages of saturated and unsaturated fatty acid 
amounts changed under these treatments/stresses. The responses of sunflower plants to nanoparticles and salinity stresses were 
not uniform; they varied based on several factors, including the plant's genetic structure (hybrid type), age, and the specific type 
of nanoparticle or salinity treatment/stress applied. Developing more tolerant sunflower hybrids requires understanding how 
different treatments affect fatty acid biosynthesis involved genes and how hybrids respond differently. Therefore, investigations 
into the effect of various treatments/stresses and expression of involved genes are recommended for future works.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

The common sunflower, Helianthus annuus L., is an econom-
ically important annual plant in the Asteraceae family. Native 
to North America, it was later introduced and cultivated 
globally for its oil, seeds, and other uses (Talebi et al. 2024). 
The seed of sunflower yields about 30%–50% oil, contains 
20%–30% proteins, and variable amounts of other compounds 
such as tocopherols. Additionally, a great part of this oil is 
composed of unsaturated fatty acids, which rise up to 90% in 
some hybrids (Rauf 2019). Alberio et al. (2017) indicated that 
the improvement and modification of oils are the important 
breeding goals in sunflower plants. Breeding programs aim to 
develop sunflower hybrids that improve oil quality and quan-
tity, enhance resistance to stress, and diversify oil production 
for various purposes. These goals include increasing oil yield 
and reducing saturated fatty acids percentages (OECD 2015), 
strengthening resistance against diseases and drought (Talebi 
et  al.  2024), and creating a range of oils for different appli-
cations (Shah et  al.  2023). For example, oil with high lin-
oleic acid content is more suitable for use in salad dressings 
(Chernova et al. 2021), and oils with a high level of saturated 
fatty acids exhibit more stability during cooking and deep 
frying (Romano et al. 2021).

The combination of climate change, population growth, and 
industrial development is leading to a global freshwater short-
age, making the use of saline water for agriculture increasingly 
necessary. This shift is driven by the rising demand for water 
in agriculture, coupled with reduced availability of freshwater 
resources (El-Bially et al. 2022).

Salinity stress negatively impacts plant growth by causing cell 
water loss, potentially leading to plant death. This stress can 
manifest in several ways, including decreased stem height, 
leaf number and size, biomass, and seed production (Han 
et al. 2022). Salinity stress can reduce oil yield, alter the oleic/
linoleic acids ratio, and increase the proportion of unsaturated 
fatty acids (Céccoli et  al.  2022). Additionally, the percentages 
of palmitic and stearic acids, both saturated fatty acids, can be 
increased (Noreen and Ashraf 2010). Salinity stress in sunflow-
ers decreases water uptake, negatively impacts photosynthesis, 
reduces chlorophyll and carotenoid contents, impairs gaseous 
exchange, and stunted growth, which ultimately decreases the 
amount of oil production (Ashraf and Siddiqi 2024; Younis and 
Mansour 2024).

Salinity stress significantly impacts plant lipid metabolism, car-
bon assimilation, and induces oxidative stress, which leads to 
variation in seed oil profiles. These effects are linked to ion tox-
icity, disruptions in seed development, and imbalances in cellu-
lar redox homeostasis (Taher et al. 2018; Jahanshahi et al. 2024). 
The impact of environmental factors on plants can differ greatly 
depending on the specific genetic structure (genotype or hy-
brid) of the plant, as highlighted by research conducted by Pan 
et al. (2021) and Céccoli et al. (2022).

Nanoparticles can significantly impact plant growth and de-
velopment, with effects ranging from beneficial to detrimen-
tal, depending on some parameters, such as concentration and 
type of nanoparticles, species, and environmental condition 

(Feng, Jan, and Seiler 2022; Feng, Kreslavski, et al. 2022). At 
optimal levels, they can enhance photosynthesis (improve the 
efficiency of the Calvin-Benson cycle, and activity of enzymes 
like Rubisco), nutrient uptake, and overall biomass by influ-
encing various physiological and morphological processes. 
However, excessive nanoparticle concentrations can induce 
oxidative stress, reduce chlorophyll content, and impair 
growth and development (Talebi 2024).

Iron (Fe) is a crucial micronutrient with significant roles in plant 
biology, notably in chlorophyll biosynthesis, organelle develop-
ment, and photosynthesis. It acts as a cofactor for numerous 
enzymes involved in these processes, making it vital for plant 
growth and health (Ning et  al.  2023). Moreover, this element 
mediates the synthesis of RNA and certain enzymes (Sági-Kazár 
et al. 2023). Iron oxide nanoparticles offer advantages over bulk 
iron or iron oxide due to their sizes and surface properties, lead-
ing to increased iron ion availability for plants. Their smaller 
size allows for a higher surface area, facilitating interactions 
with plant cells and enhanced nutrient uptake. Additionally, 
these nanoparticles can be engineered to form complex struc-
tures with other molecules, further optimizing iron delivery to 
plant organs (Poddar et al. 2020).

A prior study on sunflower seeds revealed that zinc oxide and 
iron oxide nanoparticles significantly influence both seed ger-
mination rate and the total polyphenol content in the result-
ing plants. These nanoparticles can either enhance or inhibit 
germination depending on the specific size and concentration. 
Additionally, the nanoparticles can affect the concentration of 
polyphenols, which are important phytochemicals, impact-
ing the overall phytochemical profile (Hafizi and Nasr  2018; 
Al-Sudani et al. 2024).

Several studies have been conducted on the effects of salinity 
stress (Han et  al.  2022; Bakhoum et  al.  2020) and nanopar-
ticle treatment on seed germination, morphological and 
phytochemical characteristics, oil yield, and composition of 
sunflower (Al-Sudani et al. 2024; Kornarzyński et al. 2020), 
while specific studies on the combined effects of salinity stress 
and nanoparticle treatment on morphological characteristics 
and seed oil composition of certain sunflower hybrids are 
limited.

The introduction of new sunflower hybrids is rapid, with many 
being registered annually, but there is a lack of in-depth re-
search on their performance in stressful conditions like salinity 
(Stepasyuk et al. 2024). Specifically, Shams and G1601 hybrids, 
among others, have not been thoroughly studied for their mor-
phological and oil composition responses to saline environ-
ments, or how they might benefit from nanoparticle treatments. 
This gap in knowledge highlights the need for research to un-
derstand how these new hybrids might adapt and potentially 
thrive in challenging conditions and increase their production 
under nanoparticle treatments.

This study aimed to investigate the effects of diverse levels 
of NaCl salinity stress, zinc oxide, and iron oxide nanoparti-
cle treatments on two sunflower hybrids, Shams and G1601. 
The research will focus on how these treatments impact seed 
oil fatty acid profiles and plant morphology. Specifically, the 
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study will examine variations in fatty acid profiles under 
different stress/treatments, the correlations between treat-
ments/stress and fatty acid variations, the influences of these 
stresses/treatments on morphological characteristics, and 
assess differences in morphological and phytochemical re-
sponses between these hybrids under various conditions. The 
research was unique because it examined the specific sun-
flower hybrids Shams and G1601 and their combined response 
to NaCl salinity and ZnO/Fe2O3 nanoparticles. Moreover, no 
prior study has investigated these hybrids with these specific 
nanoparticle treatments and saline conditions, either in Iran 
or globally.

2   |   Material and Methods

2.1   |   Seed Cultivation, Nanoparticles, and Salinity 
Treatment

Seeds of sunflower hybrids were obtained from Seed and 
Plant Certification and Registration Institute (Agricultural 
Research, Education and Extension Organization, Ministry 
of Agriculture, Karaj-Iran). Shams (Ha107F81-112) was 
improved by crossing between CMS line AF81-112 and re-
storer line RF81-82 using the simultaneous selection method 
(Ghaffari et al. 2019).

Seeds were disinfected with a 2% Carbendazim solution for 
5 min, followed by three washes with sterile water (Shen 
et al. 2014). For priming, 100 seeds of each hybrid were soaked 
in distilled water (control), 50 and 150 mM NaCl salinity levels, 
and 20 PPM of Fe2O3 and ZnO nanoparticles at 10°C for 7 days 
(Table 1). The nanoparticles concentrations were chosen accord-
ing to previous investigation (Pirzada et  al.  2022). The choice 
of 10°C for 7 days is a frequently used setting for priming sun-
flower seeds. This temperature range is often chosen because 
it is considered a relatively low, but not extremely stressful, 
temperature for sunflower seeds. The 7-day duration allows 
sufficient time for the seed to imbibe the priming solution and 
initiate the physiological changes associated with germination 
(Pavitramata et al. 2023).

The seeds were first placed between two moistened filter pa-
pers, then transferred to pots containing a 70/30 blend of Coco 
and Perlite. These pots were transferred to a greenhouse to 
grow under conditions on a 10 h light (25°C ± 3°C) and 14 h 
dark (20°C ± 3°C) cycle (He et al. 2024). One plant was kept 
per pot to create an appropriate density. After 4 weeks of cul-
tivation, one-half of Hoagland solution was utilized for plants 
feeding and irrigation. The study was designed to investigate 

the effects of two NaCl salinity levels (50 and 150 mM) and 
two nanoparticle treatments (Fe2O3 and ZnO, both at 20 Parts 
Per Million-PPM) on the morphological characteristics and 
seed oils fatty acid profile. The experimental design involved a 
factorial approach with 20 replications per nanoparticle treat-
ment and salinity conditions. The salinity treatments were 
performed by application of NaCl (Sigma-Aldrich Company) 
solutions to the pots containing seedlings. To mitigate osmotic 
shock from salinity stress, plants were exposed to a grad-
ual increase in salinity over three steps and simultaneously 
treated with nanoparticles through leaf spraying at sunset on 
a weekly basis for 7 weeks. In order to induce salinity stress, 
saline solutions (50 and 100 mM) were added to the soil a for 
each salinity stress level; gradually increasing the concentra-
tion was performed over time (20, 30, 50 mM, or higher) to 
simulate increasing salinity stress. It is a common method for 
inducing salinity stress in plants (Gupta et al. 2024).

Nanoparticles were sprayed onto plant leaves via foliar applica-
tion using an aerosol delivery method. This technique, known 
as aerosol spraying, involves dispersing nanoparticles into a fine 
mist that is then applied to the plant's foliage. The nanoparticles 
are absorbed by the plant, potentially improving nutrient up-
take, pest control, or other beneficial effects (Hong et al. 2021). 
Control plants received distilled water and were grown under 
identical conditions except for the salinity and nanoparticle 
treatments (Bami et al. 2021).

2.2   |   Morphological Examination

Measurements were taken on various plant parts at different 
times: rootlet length and diameter at the first week, and stem 
and seed dimensions at the seventh week. Leaf length and 
width were measured weekly using a digital caliper, with all 
measurements recorded in millimeters (mm). For each treat-
ment/stress group, 20 individuals were measured for each 
morphological trait.

2.2.1   |   Seed Oil Extraction

About 5 g (g) of mature and intact sunflower seeds from the 
control, nanoparticles, and salinity treated/stressed plants 
were processed to extract oils. The seeds were cleaned, ground, 
cooked, and dried. An automated extraction system (FOSS 
Soxtec 2055) was used, with n-hexane (Sigma-Aldrich) as the 
solvent (seed: solvent ratio of 1:10). After initial boiling at 70°C 
for 25 min (immersion phase), the samples underwent rinsing 
cycles for 30 min, followed by solvent (fresh n-hexane) recovery 

TABLE 1    |    The used factors and their levels for treatment of sunflower hybrids.

No. Factors Levels Characteristics CAS number and company

1 Salinity stress 50 mM Molecular weight 58.44 7647-14-5, Sigma-Aldrich

2 Salinity stress 150 mM Molecular weight 58.44 7647-14-5, Sigma-Aldrich

3 Fe2O3 nanoparticles 20 ppm crystal structure 30 nm 1317-61-9, Sigma-Aldrich

4 ZnO nanoparticles 20 ppm crystal structure 75 nm 1314-13-2, Sigma-Aldrich

http://www.areeo.ac.ir/en-US/AREEO/1/page/Home
http://www.areeo.ac.ir/en-US/AREEO/1/page/Home
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for 15 min and final drying at 50°C for 10 min under vacuum. 
The extraction procedure was repeated three times to improve 
oil recovery (Kostic et al. 2013).

2.2.2   |   Preparation of Fatty Acid Methyl Ester

The extracted oil samples were transferred into a three-neck 
round-bottom flask and preheated at 70°C for 30 min. Then 
the prepared potassium hydroxide (Sigma-Aldrich), methanol 
(Sigma-Aldrich) and n-hexane solutions were added to the pre-
heated oil samples, and the mixture was agitated at 500 rpm at 
65°C for 30 s. We boiled the mixtures at 70°C for 2 min. Then, 
HCl (Sigma-Aldrich) was added for neutralization. Following the 
transesterification of oils, the resulting mixtures were allowed to 
settle in a separating funnel for 24 h. This gravity settling process 
separated the glycerol (a byproduct) from the fatty acid methyl 
esters (FAME) phase. The collected ester-containing phase was 
washed with hot distilled water (around 50°C) to remove any re-
maining impurities, such as traces of catalyst, methanol, soaps, 
or glycerol. Subsequently, the mixture of methanol and water 
was evaporated using a rotary evaporator at 70°C, effectively re-
moving both components and leaving behind the purified ester 
phase (Salimon et al. 2014; Zamba and Reshad 2022).

2.2.3   |   GC and GC–MS Analyses

Gas chromatography (GC: 6890N Agilent, USA) and GC–MS 
(HP6890GC/5973MS Agilent Technologies, USA) apparatus 
were applied to determine seeds oil fatty acids profile in the 
control, salinity-stressed, and nanoparticles-treated samples of 
the sunflower hybrids. In the GC apparatus, an HP-5 capillary 
column (30 m × 0.32 mm × 0.25 μm) was employed, with helium 
as the carrier gas. The flow rate of the helium was maintained 
at a constant 1.5 mL/min. The oven temperature was initially 
regulated at 150°C and increased to 280°C with a heating de-
velopment rate of 3°C/min, and finally kept at 280°C for 5 min. 
According to the user guide and manuals of Agilent company, 
1 μL of each seed oil (diluted in haxan—1:20 v/v) was injected into 
the oven at 250°C with a split ratio of 50:1. In the GC–MS appa-
ratus, an HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) 
was used that applied helium as a carrier gas at a constant flow 
rate of 1.0 mL/min. The initial oven temperature was regulated 
at 150°C, increased to 260°C at a rate of 3°C/min, and finally 
kept at 260°C for 5 min. According to the user guide and manu-
als of Agilent company, 1 μL of each seed oil (diluted in haxan—
1:20 v/v) was injected into the oven at 250°C with a split ratio of 
50:1. The energy of electronic ionization was 70 eV. The obtained 
mass spectra were recorded for the GC and GC/MS analyses. 
The fatty acid profile of seed oils was determined by using the 
Adams library (Adams 1995) and the Wiley 7 library (NIST 17-
Wiley and Sons 2017) of mass spectra. This approach is a com-
mon method for identifying and quantifying the different fatty 
acids present in a sample by comparing their mass spectra to 
those in established databases. The relative percentages of de-
tected compounds were calculated by normalization of the gas 
chromatography area (Kumar et al. 2017).

The fatty acid methyl ester types in extracted oils were de-
termined by comparing their retention times (RT) in gas 

chromatography (GC) with known FAME standards, typically 
purchased from Sigma-Aldrich (Ltd). This method allows for 
accurate identification of different FAMEs by comparing their 
elution times in a GC column. The product number of the used 
standards was arachidic acid: 39,383; behenic acid: 11,909; 
eicosadienoic: E3127; erucic acid: 45,629; heptadecenoic acid: 
H8896; lignoceric acid: L6641; linoleic acid: 62,230; γ + linolenic 
acid: 62,174; margaric acid: H3500; myristic acid: 70,079; myris-
toleic acid: 41,788; oleic acid: 75,090; palmitic acid: 76,119; pal-
mitoleic acid: 76,169; and stearic acid: 85,679.

2.3   |   Statistical Analyses

Descriptive statistics such as average mean, minimum and 
maximum values, and standard deviation were calculated for 
each examined trait, with 20 replications. A one-way ANOVA 
test was used to determine if there are any statistically signif-
icant differences (p ≤ 0.05) between the means of examined 
traits within each group. Then post hoc tests like LSD (Least 
Significant Difference) or Turkey's HSD (Honestly Significant 
Difference) were used to pinpoint which specific group means 
differ significantly from each other (Kholghi et al. 2011).

Box and whisker plots, also known as boxplots, were used to 
visually represent the distribution of a dataset, particularly 
highlighting the median, quartiles, and potential outliers. They 
effectively display how the examined characteristics change 
in response to different treatments or stresses by showing the 
spread and central tendency of data within each treatment 
group (Hubert and Vandervieren 2008). The Pearson correlation 
coefficient test was used to assess the strength and direction of 
linear relationships between oil fatty acid composition and seed 
morphological characteristics. This statistical method helps de-
termine if changes in one variable (like fatty acid content) are 
associated with changes in another (like seed size), and to what 
extent. The coefficient, ranging from −1 to +1, indicates the na-
ture of the relationship (positive or negative) and its strength 
(strong or weak) (Boddy and Smith 2009). These analyses were 
conducted using SPSS ver. 17.

The data was first standardized, then subjected to Principal 
Component Analysis (PCA) and PCA-biplot analyses using 
the PAST software package to facilitate clustering. PCA is a 
statistical method used to reduce dimensionality in datasets, 
transforming correlated traits into a smaller set of uncorrelated 
principal components, but PCA-biplot graphically presents the 
relationships between samples and characteristics in the re-
duced principal component space (Gewers et al. 2021).

3   |   Results

3.1   |   Morphological Investigations

The examined morphological characteristics differed among 
the samples. Details of the examined morphological traits, in-
cluding maximum, minimum, and average values, and standard 
deviation were exhibited in Table 2, which provided a compre-
hensive overview of the examined morphological traits across 
the treated samples.
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3.1.1   |   G1601 Hybrid

In the first week after treatment, the statistical analyses 
(ANOVA, LSD, and Tukey tests) did not detect any significant 
difference for root length and diameter. However, rootlet size 
was affected by both Fe2O3 nanoparticles and salinity. The larg-
est (41.29 ± 5.64 mm) and widest (1.81 ± 0.14 mm) rootlets were 
observed in the Fe2O3 nanoparticle-treated plants, while the 
smallest rootlets (6.44 ± 1.78 and 1.39 ± 0.19 mm, respectively) 
were found in the 150 mM salinity-stressed plants. Conversely, 
leaf size was influenced differently, with the largest leaves 
(39.93 ± 1.95 × 15.92 ± 0.9 mm) recorded in the 50 mM salinity-
stressed plants and the smallest (27.98 ± 11.79 × 13.85 ± 2.99 mm) 
in the control group.

In the second (58.75 ± 30.30 × 24.24 ± 10.97 mm), third (67.22 
± 23.86 × 27.84 ± 11.73 mm), and sixth (76.70 ± 10.84 × 45.36 
± 22.86 mm) weeks, the biggest leaves belonged to the 50 mM 
salinity-stressed samples, while the smallest ones (29.98 ± 5 
.86 × 16.78 ± 7.87 mm, 41.62 ± 23.80 × 21.32 ± 12.68 mm, and 
58.05 ± 4.88 × 29.92 ± 3.34 mm, respectively) were detected in 
Fe2O3 nanoparticles-treated samples.

Meanwhile, in the fourth (57.30 ± 6.27 × 28.00 ± 1.02 mm) and 
fifth (63.65 ± 7.29 × 30.55 ± 2.49 mm) weeks, the zinc oxide 
nanoparticles-treated plants had the smallest leaves, but the 
biggest leaves were assigned to 50 mM salinity-stressed plants 
(74.01 ± 13.35 × 44.01 ± 21.94 mm and 76.14 ± 9.25 × 33.23 ± 14.4
3 mm, respectively).

According to the ANOVA test, a significant difference 
(p ≤ 0.05) was detected for stem length. In this regard, the larg-
est (92.00 ± 25.51 cm) and broadest (4.63 ± 1.29 cm) stems be-
longed to 150 mM salinity-stressed plants, and the shortest 
(65.40 ± 4.27 cm) and thinnest (3.50 ± 0.36 cm) stems belonged to 
the control and ZnO nanoparticles-treated samples, respectively.

Largest seed dimensions were detected in the control plants 
(15.11 ± 1.12 × 5.66 ± 0.87 mm), while the smallest (10.47 ± 0.98 
× 3.71 ± 0.65 mm) ones in the zinc oxide nanoparticles-treated 
plants. The ANOVA test results indicate that while most traits 
showed no significant difference across groups, stem length in 
the seventh week and leaf length in the fourth week did exhibit 
statistically significant differences (p ≤ 0.05). However, the LSD 
test only confirmed the significant difference in stem length of 
seventh week (p ≤ 0.05), and the Tukey test did not find any sig-
nificant differences across any of the traits (Table 3). Moreover, 
a significant positive correlation (r = 0.89, p ≤ 0.01) was detected 
between seed length and seed width.

The box and whisker plot analysis of morphological traits for 
the G1601 hybrid indicated a down-skewed (negatively skewed 
or left-skewed) distribution for most characteristics, with a few 
exceptions, like seed length and radicle diameter exhibiting up-
skewed (positively- skewed or right-skewed) distributions. This 
means that for most traits, the majority of the data points were 
clustered towards the lower end of the range, with a few larger 
values stretching the distribution the up. Conversely, traits like 
seed length and radicle diameter showed a tendency to be clus-
tered towards the upper end of the range, with a few smaller 
values creating an upward tail in the distribution (Figure 1).

3.1.2   |   Shams Hybrid

In the first week after treatment, while an ANOVA test indi-
cated a significant difference (p ≤ 0.05) in rootlet length, the 
subsequent LSD and Tukey tests did not confirm this variation. 
However, the largest rootlet dimensions (41.50 ± 12.82 × 1.44 ± 0 
.26 mm) were observed in the control samples, while the small-
est dimensions (19.36 ± 9.49 × 1.16 ± 0.21 mm) were found in the 
seedlings treated with 150 mM salinity stress.

Only the ANOVA test specifically identified a statistically signif-
icant difference (p ≤ 0.05) in leaf length during the fifth week, 
suggesting a notable change compared to the other weeks.

The biggest leaf dimensions in the first (37.69 ± 3.92 × 18.81 ± 3.52) 
and second (49.3 ± 6.49 × 21.83 ± 2.38 mm) weeks were detected 
in the control plants, but the smallest leaves (28.97 ± 9.47 × 17.
65 ± 4.87 mm) assigned to 150 mM salinity-stressed plants and 
Fe2O3 nanoparticles-treated samples (44.34 ± 3.83 × 20.24 ± 4.1
0 mm), respectively. In the third (5737 ± 9.90 × 38.36 ± 4.93 mm) 
and fourth (60.07 ± 8.19 × 32.02 ± 3.01 mm) weeks, the zinc oxide 
nanoparticles-treated samples had the biggest leaves, while their 
smallest dimensions belonged to the Fe2O3 nanoparticles-treated 
plants (40.03 ± 18.83 × 17.17 ± 6.17 and 48.93 ± 15.45 × 19.14 ± 3.4
5 mm, respectively). In the fifth week, the biggest (61.08 ± 8.14 
× 30.69 ± 4.06 mm) and smallest (46.13 ± 3.74 × 22.18 ± 3.30 mm) 
leaf dimensions were detected in the zinc oxide nanoparticles-
treated and the control plants, respectively. The same condi-
tions hold true for plants in the seventh week, and zinc oxide 
nanoparticles-treated samples had the biggest leaf dimensions 
(54.26 ± 2.42 × 28.93 ± 4.67 mm), while the smallest (42.93 ± 4.63 
× 23.83 ± 3.51 mm) ones belonged to the control plants.

The ANOVA test indicated a significant difference (p ≤ 0.05) in 
stem length, but LSD and Tukey analyses did not. Additionally, 
plants subjected to 150 mM salinity stress exhibited the largest 
stem dimensions (74.16 ± 9.78 × 3.98 ± 0.66 cm), while control 
plants displayed the smallest (48.83 ± 4.11 × 4.45 ± 0.20 cm). The 
control plants typically exhibited the largest seed dimensions 
(8.04 ± 0.98 × 3.99 ± 0.21 mm), while plants under 150 mM NaCl 
stress often have smaller (6.96 ± 0.66 × 3.25 ± 0.25 mm) seeds.

The ANOVA test revealed significant variation (p ≤ 0.05) for a 
subset of morphological traits (rootlet length and leaf width at 
Weeks 2–5, stem length at Week 7, and leaf length at Week 5), 
despite not showing significant differences for most examined 
traits. However, post hoc tests like LSD and Tukey did not con-
firm these significant differences, suggesting the ANOVA's sig-
nificant findings might be due to other factors not captured by 
the post hoc tests (Table 3).

A strong positive correlation (r = 0.83, p ≤ 0.05) existed between 
seed length and seed width, indicating that as one increased, the 
other tended to increase as well. Furthermore, the data in the 
box and whisker plot revealed specific skewness patterns. Seed 
length and width were negatively skewed (down skewed or left-
skewed), meaning the tail of this distribution was towards the 
lower end of the range. Conversely, radicle diameter and stem 
length were positively skewed (up skewed or right-skewed), with 
the tails towards the upper end of the range. The remaining char-
acteristics exhibit a symmetrical distribution (Figures 1 and 2).
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3.2   |   Seed Oil Fatty Acids Profile

The fatty acid profiles of different hybrids and their treated sam-
ples were summarized in Table 4, which provided a comparison 
of the percentage of each fatty acid in the samples.

3.2.1   |   Shams Hybrid

In the Shams hybrid, the seed oil composition included both 
saturated and unsaturated fatty acids. Regardless of treatments 
(control or stress/treament), a majority of the oil consisted 
of unsaturated fatty acids, ranging from 83.15% to 88.87%. 
Specifically, ZnO nanoparticle-treated plants had 83.15% unsat-
urated fatty acids, while Fe2O3 nanoparticle-treated plants had 
88.87% unsaturated fatty acids.

Linoleic acid, a major unsaturated fatty acid, had the highest 
concentration (72.98%) in 50 mM salinity-stressed plants, and 
the lowest (63.29%) in those treated with ZnO nanoparticles. 
Oleic acid, the second most abundant unsaturated fatty acid, 
varied from 15.33% (in ZnO nanoparticle-treated plants) to 
22.78% (in Fe2O3 nanoparticle-treated plants).

The analysis of fatty acids in various oil samples revealed the 
presence of several unsaturated fatty acids in trace amounts, 
with most being common to all samples. However, myristic 
acid, nervonic acid, and eicosadienoic acid were not found in all 
samples, indicating variations in the composition of the treated/
stressed oils.

The study revealed that total saturated fatty acids varied in a 
range of 11.08% (Fe2O3 nanoparticles) to 17.61% (ZnO nanopar-
ticles). Palmitic acid was the dominant saturated fatty acid, with 
the highest concentration (9.75%) in ZnO nanoparticles-treated 
plants and the lowest (7.28%) in the control samples. Stearic 
acid was detected as the second main saturated fatty acid in a 
range of 2.48% to 5.78% that were registered in Fe2O3 and ZnO 
nanoparticles-treated plants, respectively. A negative significant 
correlation was detected (r = −0.93, p ≤ 0.05) between oleic acid 
and linoleic acid percentages.

3.2.2   |   The G1601 Hybrid

The seed oils primarily consisted of unsaturated fatty acids, with 
oleic and linoleic acids being the most abundant. The amounts of 
these fatty acids differed significantly between various samples, 
with the control sample showing the highest unsaturated fatty 
acid amount (89.53%) and the ZnO nanoparticle treated plants 
having the lowest (82.52%).

The percentage of oleic acid, as the primary component, 
varied in a range of 46.54% (Fe2O3 nanoparticles-treated 
samples) and 80.34% (the control samples). Linoleic acid 
amounts, as the second one, varied among the samples and 
were detected in a range of 8.67% (the control samples) to 
40.29% (Fe2O3 nanoparticles-treated samples). Additionally, 
several unsaturated fatty acids were identified in a trace 
amount. However, most of them were common, appear-
ing in all samples (such as palmitoleic and gondoic acids) or C
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most samples (e.g., myristoleic and γ-linolenic acids), and 
a few were found less frequently (for instance, erucic, and 
eicosadienoic acids).

In seed oils, saturated fatty acids, primarily palmitic and stea-
ric acids, varied in concentration between the control samples 
and those treated with ZnO nanoparticles. The control samples 
had 10.43% saturated fatty acids, while treated plants showed 
17.45%. Palmitic acid ranged from 3.75% (the controls) to 8.87% 
(ZnO nanoparticle-treated plants), and stearic acid ranged from 
4.14% in salinity-stressed samples to 6.00% in ZnO nanoparticle-
treated plants. Margaric acid was notably absent in the ZnO 
nanoparticle-treated plants.

Salinity stress negatively correlates with oleic acid con-
tent (r = −0.87, p ≤ 0.05). Furthermore, there was a strong 
negative correlation between linoleic and oleic acid contents 
(r = −0.98, p ≤ 0.01).

PCA performed on chemical data to reduce dimensionality and 
identify principal components (PC). Nine components were de-
tected, which contained 100% of the total variances. The first 
(98.148%) and second (1.8077%) components were used to create 
a scatter plot (Table  5), where PC1 separated treated/stressed 
samples of both hybrids, and PC2 divided samples of each hy-
brid into two groups. Notably, zinc oxide nanoparticle-treated 
samples were distinctly separated from other samples of each 
hybrid (Figure 3).

4   |   Discussion

The regular sunflower oils containing a high percentage of lin-
oleic acidand are more suitable to use as a salad dresser. These 
oils are not ideal to utilize as deep-frying oil due to weak oxida-
tive stability (Chernova et al. 2021). Therefore, developing new 
hybrids with modified oil profiles is crucial for meeting specific 

FIGURE 1    |    Box and whiskers plots of some main morphological characteristics. Some traits exhibited a down-skewed (negatively skewed or left-
skewed), which means that more values clustered towards the lower end of the range, while others revealed up-skewed (positively skewed or right-
skewed), that means that more values clustered towards the higher end of the range. (A) Seed length, (B) seed width, (C) radicle length, (D) radicle 
diameter, (E) stem length, and (F) stem diameter.
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needs, including improved health benefits, industrial applica-
tions, and sustainable agriculture. This can be achieved through 
mutation, breeding, and hybrid development, or by manipulat-
ing cultivation practices to influence seed oil composition (Feng, 
Jan, and Seiler 2022; Feng, Kreslavski, et al. 2022).

Sunflower hybrids are primarily categorized into two main 
types: oilseed sunflowers and non-oilseed sunflowers. Oilseed 
sunflowers are grown for their high oil content and are used 
for oil extraction, while non-oilseed sunflowers, also known as 
confectionery sunflowers, are grown for their large seeds, which 
are consumed as nuts (Talebi et al. 2024). The Shams hybrid is 
associated with the oilseed type, and G1601 is a specific hybrid 
of the non-oilseed type.

The sunfloer hybrids were further categorized into three 
subclasses based on their oleic acid contents: standard 
(< 50% oleic acid), mid-oleic (50%–70% oleic acid), and high-
oleic (over 80% oleic acid). This classification is important 
because the oleic acid content significantly impacts the oil's 
properties and applications (Manalili et al. 2021). The G1601 
hybrid, initially categorized as high oleic acid, experienced 
a shift in fatty acid composition when exposed to salinity 
stresses or nanoparticle treatments. Specifically, the oleic acid 
content decreased, while the linoleic acid content increased, 
indicating a change in the seed's fatty acid profile under these 
conditions.

This shift in fatty acid composition is likely due to the plant's 
response to environmental stresses. Salinity and nanoparticle 
treatments can induce various physiological changes in plants, 
including alterations in enzyme activity related to fatty acid bio-
synthesis. The increase in linoleic acid, which is a polyunsatu-
rated fatty acid, could be a consequence of the plant's attempt 
to adapt to the stress conditions. This fatty acid is a common 
component of plant cell membranes. An increase in linoleic acid 
amount is often observed in plants exposed to stress, suggesting it 
plays a key role in the plant's stress response (He and Ding 2020). 
Similar results were reported by Céccoli et al. (2022), in which 
the salinity stress decreased oleic/linoleic acids ratio in four sun-
flower hybrids (ACA885, SRM779CL, TM, and SRM769). While 
a reverse pattern was reported by Flagella et al. (2004), whereas 
salinity stress enhanced the oleic acid amount and decreased 
linoleic acid percentage in oleic hybrids of sunflower.

Therefore, it seems that the effects of salinity stress on oleic and 
linoleic acids levels differ significantly between diverse hybrids of 
sunflower. Some hybrids may explore an increase in linoleic acid 
under salt stress, while others might represent a decrease or even 
an increase in oleic acid amount. There is no universal rule, and 
the specific response depends on the plant's genetic structure and 
plants adaptation to stress. Understanding these hybrid-specific 
responses is important for breeding programs aimed at developing 
salt-tolerant sunflower varieties with desirable fatty acid profiles 
for specific oil applications. For example, some research suggested 

FIGURE 2    |    Box and whiskers plots explored the main fatty acids of the evaluated hybrids. Linoleic acid and total unsaturated fatty acid amounts 
showed down-skewed distribution (negatively skewed or left-skewed) which means the majority of values are towards the lower end of measurement, 
while oleic acid exhibited up-skewed (positively skewed or right-skewed) distribution.

https://www.google.com/search?client=firefox-b-e&cs=0&sca_esv=5f6572bf4e7c5530&sxsrf=AE3TifNBfQ8HA-vfcexUpmY1T_8G-AVUqw%3A1754296550033&q=left-skewed&sa=X&ved=2ahUKEwiW2MX13_COAxXNSKQEHVLoJOMQxccNegQIAxAB&mstk=AUtExfCa63Rlu5DH3EVqgRg37wUZb8NOfVYXh4CtYyUlkpD6sP9mdoFSmp_k1rV7CGMAiZ0xn0WaNzM0P0O-MkMGy_SZobbMIo_3bYJQnJsvOFfOV5BvT6C00HyjHkb_7b3etiy_U1O6dRemVPyrN58JevmlHsvs5D1U0fLwu2841RhFefGFxd_J77b2xERH9VVW-b0RUISUAFvlbgRkVkDZcRxzZeovSYzaKiCfkUmHQGX1czTsK_SbKdxDzn2NhQ_yrCcdENkVIztWn1H5NmvixWqT&csui=3
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that linoleic acid is more desirable for certain uses like margarine 
and dressings, while oleic acid is better for high-temperature 
cooking and frying due to its stability (Cucci et al. 2007).

Oleic acid percentages in the G1601 hybrid plants decreased 
under salinity stress and nanoparticle treatment, with iron oxide 
nanoparticles causing the lowest percentage. According to Zhang 
et al. (2014), the delta-12 oleate desaturase gene (FAD2-1) converts 
oleic acid into linoleic acid. This is one of the key enzymes that 
determines the fatty acid profile of seed oil. It seems that the ap-
plication of different levels of salinity stress, zinc oxide, and iron 
oxide nanoparticle treatments in the G1601 hybrid increases the 
expression of the FAD2-1 gene and converts oleic acid into linoleic 
acid. Hernández et al. (2011) suggested that the FAD2 gene plays 
a prominent role in regulating the composition of lipids in the in-
tracellular membranes. Additionally, it regulates the biophysical 

properties and proper function of membrane-attached proteins in 
the salinity-stressed plants.

Environmental conditions significantly influence the amount of 
oleic acid in plants, particularly during the grain-filling period. 
Factors such as temperature, solar radiation, humidity, day length, 
and moisture availability can all affect the oil contents and the pro-
portion of oleic acid within those oils (Zuil et al. 2012). For exam-
ple, Echarte et al.  (2010) specifically highlighted that minimum 
night temperature and intercepted solar radiation have an additive 
effect on the oleic acid percentage in sunflower oil. This implies 
that both factors, when increased, contribute to a greater overall 
increase in oleic acid content. Alberio et al. (2017) reported simi-
lar results, where the oleic acid percentage in the oil of Pervenent 
(high oleic acid containing sunflower) hybrid varied in a range 
of 15%–91%, which significantly correlated with the temperature 

TABLE 4    |    Seed oils fatty acid profiles of the nanoparticles and salinity stressed sunflower hybrids.

Fatty acid 
name Formula

Shams G1601

Control 50 mM 150 mM Zn Fe Control 50 mM 150 mM Zn Fe

Myristic acid C14:0 0.06 0.09 0.11 0.30 0.07 0.02 0.03 0.02 0.20 0.03

palmitic acid C16:0 7.28 7.32 8.97 9.75 7.32 3.75 4.96 4.22 8.87 5.45

Margaric acid C17:0 0.05 0.05 0.03 0.05 0.04 0.04 0.05 0.06 ------ 0.06

Stearic acid C18:0 3.30 2.76 3.63 5.78 2.48 4.60 4.14 4.84 6.00 5.42

Arachidic acid C20:0 0.20 0.25 0.35 0.56 0.26 0.40 0.32 0.38 0.70 0.36

Behenic acid C22:0 0.51 0.54 0.59 0.80 0.55 1.28 1.08 1.27 1.21 1.05

Lignoceric acid C24:0 0.25 0.28 0.39 0.37 0.36 0.34 0.31 0.34 0.47 0.28

Total of 
saturated

11.65 11.29 14.07 17.61 11.08 10.43 10.89 11.13 17.45 12.65

Myristoleic 
Acid

C14:1 0.02 ------ 0.04 0.07 0.02 0.02 0.01 0.01 ------ 0.02

Palmitoleic 
acid

C16:1 0.17 0.12 0.39 0.27 0.30 0.09 0.07 0.07 0.17 0.09

trans-10-
Heptadecenoic 
acid

C17:1 0.05 0.03 0.04 0.03 0.06 0.04 0.04 0.03 ---- 0.04

Oleic acid C18:1 17.71 15.33 17.93 18.43 22.78 80.34 52.49 64.34 49.47 46.54

Linoleic acid C18:2 70.11 72.98 67.19 63.29 65.44 8.67 36.11 24.10 32.44 40.29

γ-Linolenic 
acid

C18:3 0.06 0.06 0.07 0.16 0.07 0.09 0.12 0.10 ------ 0.13

Gondoic acid C20:1 0.11 0.10 0.07 0.07 0.13 0.25 0.20 0.17 0.15 0.16

eicosadienoic 
acid

C20:2 0.02 ------ 0.09 0.80 0.04 0.01 ------ ------ 0.29 ------

Erucic acid C22:1 0.03 0.02 0.12 0.03 0.02 ------ 0.01 ------ ------ 0.01

Nervonic acid C24:1 0.01 0.02 ------ ------ 0.01 0.02 0.01 ------ ------ 0.01

Total of 
unsaturated

88.29 88.66 85.94 83.15 88.87 89.53 89.06 88.82 82.52 87.29

Other 0.06 0.05 ------ 0.04 0.05 0.04 0.05 0.05 0.03 0.06

Note: The information presented included the names, chemical formulas, and percentages of both saturated and unsaturated fatty acids found in samples. Dotted lines 
indicates the absence of specific fatty acids in the examined samples.

https://en.wikipedia.org/wiki/%CE%93-Linolenic_acid
https://en.wikipedia.org/wiki/%CE%93-Linolenic_acid
https://en.wikipedia.org/wiki/Gondoic_acid
https://en.wikipedia.org/wiki/Nervonic_acid
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during the reproductive phase of plants. Moreover, the sowing 
time, humidity, and rainfall affect the percentage of oleic acid in 
sunflower oils (Akkaya et al. 2019).

The Shams sunflower hybrid, classified within standard sun-
flower types, exhibits an increased oleic acid content under 
various treatments, except for 50 mM salinity-stressed samples. 
A study on sunflower hybrids (Alberio et  al.  2016) suggested 
that induced mutations or breeding programs, specifically 
those affecting oleic acid composition, can significantly influ-
ence how each cultivar responds to different stress conditions. 
Furthermore, the current study indicated that this influence is 
not uniform; the changes in oleic acid composition due to these 
interventions vary depending on the type of stress encountered.

Due to time and budget limitations, we were unable to investi-
gate the expression of genes involved in the biosynthesis of the 
main fatty acids of seed oils. While, according to former investi-
gations (Rauf 2019; Dimitrijević et al. 2017), the biosynthesis of 
high oleic acid percentage was controlled by a single dominant 
mutated gene. Additionally, salinity stress can influence the 
expression of Δ-12 fatty acid desaturase genes at the transcrip-
tional level (Zhang et al. 2014).

When plants are subjected to increasing levels of salinity stress, the 
content of linoleic acid tends to diminish in both hybrids. This re-
duction in linoleic acid is often accompanied by an increase in other 
fatty acids, such as oleic acid. Ghorbannia-Delavar et  al.  (2023) 

TABLE 5    |    Principal component analysis of the seed oils fatty acids 
of the treated samples.

Principal components Eigenvalue % variance

1 1046.82 98.148

2 19.28 1.8077

3 0.145283 0.038936

4 0.0418062 0.0039197

5 0.00881665 0.00082663

6 0.00383286 0.00035936

7 0.000722608 0.0000677505

8 0.000416793 0.00003907805

9 0.000194651 0.00001825078

Note: In this analysis, nine principal components were extracted from the 
phytochemical traits, with the first two components, which have the highest 
eigenvalues and variance, being used to create a 2D plot for sample comparison.

FIGURE 3    |    PCA plot of the salinity and nanoparticle-treated sunflower hybrids. This plot effectively visualizes the impact of salinity stresses, 
zinc oxide and iron oxide nanoparticle treatments on different sunflower hybrids. Component 1, explaining 98% of the variation, separated samples 
based on hybrid type, which indicated that the sunflower hybrid is the primary factor differentiating the samples. Then, component 2, with 1.8% of 
the variance, further distinguished each hybrid into zinc oxide nanoparticle-treated and remaining groups, which highlighted the significant influ-
ence of zinc oxide nanoparticle treatment on phytochemical traits. Abbreviations: G.Co: G1601 control, G.50s: G1601 50 mM salinity-stressed, G.150s: 
G1601 150 mM salinity-stressed, G.Fe: G1601 Iron oxide nanoparticle-treated, G.Zn: G1601 Zinc oxide nanoparticle-treated, S.Co: G1601 control, 
S.50s: G1601 50 mM salinity-stressed, S.150 s: G1601 150 mM salinity-stressed, S.Fe: G1601 Iron oxide nanoparticle-treated, S. Zn: G1601 Zinc oxide 
nanoparticle-treated.
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suggested that under drought stress conditions, moderate stress 
increased the amount of linoleic and linolenic acids, whereas the 
level of linolenic and linolenic acids reached the lowest level under 
severe drought stress. A similar result was reported for two sun-
flower hybrids. Di Caterina et al. (2007) found that under severe 
salt stress conditions, sunflower plants, specifically the hybrids 
Tenor (high oleic acid type) and Carlos (standard type), showed 
a significant increase in oleic acid content while experiencing 
a decrease in linoleic acid content. This suggests that salinity is 
likely inhibiting the enzyme oleate desaturase, which is responsi-
ble for converting oleic acid into linoleic acid in developing seeds 
(Sarmiento et al. 1998).

In shams hybrid, linoleic acid percentages generally decreased in 
samples treated with nanoparticles and salinity, except in plants 
stressed by 50 mM salinity. The G1601 hybrid revealed an opposite 
trend, with the highest linoleic acid amount observed in iron oxide 
nanoparticles-treated plants. In experiments with sunflower hy-
brid SY Neostar, the application of iron oxide nanoparticles re-
sulted in a decrease in oleic acid content and a corresponding 
increase in linoleic acid content compared to the control group. 
This suggests a potential shift in the fatty acid profile of sunflower 
oil due to nanoparticle treatment (Ernst et al. 2023).

This suggested that the response to nanoparticles and salinity 
treatments varies depending on the plant hybrid, the specific 
stress level, and nanoparticle type. Similar results were re-
ported by Batool et al. (2021) where Ag nanoparticle treatment 
significantly increased linoleic acid amount in sunflower oil. 
According to former investigations, some environmental pa-
rameters can influence linoleic acid amount in seed oils. For 
example, Flagella et  al.  (2002) indicated that the linoleic acid 
percentage significantly correlated with the cultivation time and 
early sowing increases linoleic acid percentage in seed oil.

The induced salinity stress and nanoparticle treatments sig-
nificantly impacted the total unsaturated fatty acids in both 
hybrids, with the lowest amounts observed in the zinc oxide 
nanoparticles-treated samples. ZnO nanoparticles likely reduce 
unsaturated fatty acids through a combination of oxidative 
stress, altered enzyme activity, and other cellular interactions. 
These nanoparticles can induce the production of reactive oxy-
gen species (ROS), leading to oxidative stress, which can dam-
age cellular components, including unsaturated fatty acids. 
Additionally, ZnO nanoparticles can interfere with the activity 
of enzymes involved in fatty acid metabolism and degradation 
(Saliani et al. 2016).

Safavi et al. (2018) examined the effects of zinc oxide and iron 
oxide nanoparticles on the oil profile of Pleurotus ostreatus 
(Jacq. ex Fr.) P. Kumm. and detected that ZnO nanoparticles 
strongly and Fe2O3 nanoparticles slightly diminished the total 
unsaturated fatty acids amount. Unsaturated fatty acids offer 
nutritional benefits and contribute to certain desirable qualities 
in oils, while decreasing their overall amounts can improve oils 
stability and shelf life. This is because unsaturated fatty acids 
are more susceptible to oxidation that leads to rancidity and a 
decrease in quality.

In contrast to the G1601 hybrid, the Shams hybrid explored a 
decrease in the percentage of total polyunsaturated fatty acids 

when treated with nanoparticles. This indicates that these 
nanoparticles had an inverse effect on polyunsaturated fatty 
acid levels in these particular hybrids. The similar results were 
reported in some previous investigations (Safavi et  al.  2018; 
Ogwok et al. 2017).

Nanoparticle treatment and salinity stress can alter the fatty acid 
composition of sunflower oil, impacting its quality and stabil-
ity. Oils with high polyunsaturated fatty acid contents are more 
prone to oxidation, while those with higher saturated or mono-
unsaturated fatty acid amounts are more stable during cooking 
and have a longer shelf life (Romano et al. 2021). However, sat-
urated fatty acids can also contribute to increased cholesterol 
levels (Astrup et al. 2021).

The PCA analysis on the seed oil fatty acid composition grouped 
together samples of each hybrid. The most notable finding was 
the distinct separation of zinc oxide nanoparticle-treated sam-
ples from other samples of each hybrid. This suggested that 
these nanoparticles have a significant impact on the chemical 
composition, making them distinct from other members of the 
same hybrid. The observation that zinc oxide-treated nanopar-
ticle samples of each hybrid exhibited a higher total saturated 
fatty acid content compared to other samples suggested that zinc 
oxide treatment significantly alters the fatty acid profile, poten-
tially differentiating these specific samples. This increase in sat-
urated fatty acids could have implications for the overall quality 
and characteristics of the treated samples. A similar result was 
reported by Ma et  al.  (2025). ZnO nanoparticles can enhance 
the bioavailability of zinc, which is a cofactor for enzymes in-
volved in fatty acid desaturation. Desaturation is the process of 
converting saturated fatty acids into unsaturated fatty acids. By 
increasing zinc availability, these nanoparticles might indirectly 
inhibit this conversion, potentially leading to a higher propor-
tion of saturated fatty acids.

For detecting significant differences among morphological 
traits, ANOVA, LSD, and Tukey tests were performed, while 
only the ANOVA test revealed significant differences for a few 
traits. This often occurs because the ANOVA test is more sen-
sitive to detecting overall differences, while post hoc tests are 
more conservative in controlling for Type I error (false positives). 
Moreover, the ANOVA test might detect a small but statistically 
significant difference that is not practically meaningful, while 
the post hoc tests require a larger difference to be considered 
significant (Gurvich and Naumova 2021).

For both hybrids, the first and second largest rootlet dimen-
sions (length and width) belonged to the nano-priming seeds. 
Gupta et al. (2024) suggested that some growth factors, includ-
ing plant biomass, root development, leaf size, total phenolic and 
anthocyanin contents, and antioxidant activity, significantly 
increased in the iron oxide nanoparticles-priming sunflowers. 
It seems that these nanoparticles develop photosystem I and II 
activities in sunflower plants. Nile et al.  (2022) suggested that 
nano-priming is one of the effective approaches to seed prim-
ing, which develops seed capability to uptake nutrients and ren-
ovate seed metabolism. Additionally, nanoparticle treatment 
positively influences seedling traits, such as vigor index, root 
formation, and seedling growth in diverse plant species (Abbasi-
Khalaki et al. 2021).



16 of 19 Food Science & Nutrition, 2025

Results exhibited that seed priming with iron oxide nanoparti-
cles was more effective than zinc oxide nanoparticles. Sundaria 
et  al.  (2018) also reported similar results. Iron oxide nanopar-
ticles, when used as a treatment, can hinder leaf growth, par-
ticularly in the G1601 hybrid during the second, third, and 
sixth weeks, and in the Shams hybrid during the first to fourth 
weeks. The exact mechanisms by which iron oxide nanoparti-
cles inhibit leaf growth are still being investigated. They could 
involve altered cell division, reduced chlorophyll synthesis, or 
interference with nutrient transport (Gowtham et al. 2024).

These results explored that nanoparticles effect is stronger on 
certain hybrids and during specific time periods, and indi-
cated that the interaction between iron oxide nanoparticles 
and plant growth is complex and may be influenced by vari-
ous factors, including plant genotype (hybrid type), age, and 
developmental stage.

In plants of the G1601 hybrid, a moderate level of salinity stress 
(50 mM) caused a notable increase in leaf size, except for those 
treated during the seventh week. The findings suggest that a mod-
erate salinity stress can induce leaf enlargement in this specific 
hybrid. Bakhoum et  al.  (2020) suggested that a moderate level 
of salinity stress increased the dimensions of some morpholog-
ical characteristics in sunflower plants, including shoot length, 
number of leaves, stem circumference, and shoot fresh and dry 
weights. Additionally, the Indole-3-acetic acid (IAA) content sig-
nificantly increased in sunflower plants under moderate salinity 
stress. This hormone develops the defense system of plants against 
environmental stress through antagonistic or synergistic interac-
tion with other growth regulators (Abass and Mohamed  2011). 
Similar results were reported for other taxa; for example, 50 mM 
NaCl salinity stress significantly increased growth parameters in 
Crithmum maritimum L.—Apiaceae (Vahdati et al. 2012), Lotus 
creticus L.–Fabaceae (Rejili et al. 2007), and Centella asiatica (L.) 
Urban-Apiaceae (Hoang and Rehman 2023).

Salinity stress significantly impairs root growth and development 
in plants compared to non-stressed controls. This stress creates 
multiple challenges which inhibit root growth and development. 
These include osmotic stress, ion toxicity, nutrient imbalances, 
and cellular changes, all of which contribute to decreased 
root size and function under saline environments (Chaudhary 
et al. 2024). Moreover, salinity stress can also lead to changes in 
auxin gradients within the root, potentially impacting the devel-
opment of lateral roots and other root structures in contrast to 
the enhancing effect of IAA on cell expansion in upper plant or-
gans (Edelmann 2022). Moreover, Ismail et al. (2024) indicated 
that high salinity stress can negatively impact sunflower growth 
by reducing leaf area and root length. This is likely due to chlo-
ride ion accumulation in the roots, which can have a toxic effect 
on both root and leaf development.

The biggest leaves dimensions in the third to fifth and seventh 
week belonged to zinc oxide nanoparticle-treated samples of 
shams hybrid. This suggested a positive impact of zinc oxide 
nanoparticles on leaf growth in this specific hybrid. Similar 
results were reported by Amin-Jafari et  al.  (2024), who indi-
cated that Zn fertilization improves leaf area index, yield (grain 
weight), and physiology (water use efficiency and protein per-
centage). However, nanoparticles type and genetic structure 

(hybrid type) are the determining factors. The interactions be-
tween nanoparticles and plants are influenced by both the spe-
cific properties of the nanoparticles, such as their sizes, shape, 
surface chemistry, and the inherent genetic characteristics of the 
plant. These factors collectively determine the extent and nature 
of nanoparticle uptake, translocation, and their impacts on plant 
physiology and gene expression (Wang et al. 2023).

The box and whisker plots would visually show that G1601 
hybrid generally had higher values for most traits than Shams 
hybrid, indicated by a higher median and/or larger quartiles. 
In addition, the longer whisker on the lower end suggested a 
wider range of lower values in G1601 hybrid, indicating a skew 
towards the lower end of the distribution. This condition could 
be due to outliers or simply a wider spread of values towards the 
lower end of the scale. The Shams hybrid may have a more bal-
anced or different distribution of traits in box and whisker plots.

It is recommended to investigate the effects of various nanopar-
ticles on plant growth and health, particularly under different 
salinity levels, by examining morphological traits and fatty acid 
composition. This research should explore a range of nanopar-
ticle types, concentrations (including standard and elevated 
levels), and salinity conditions to understand their impact on 
plant response. Examining the expression of genes involved in 
seed oil biosynthesis is crucial for understanding and potentially 
improving seed oil quality and quantity. By analyzing gene ex-
pression, breeders can identify key enzymes and regulatory 
pathways involved in the synthesis of fatty acids.

5   |   Conclusion

The study investigated the effects of iron oxide and zinc oxide 
nanoparticles, alongside salinity stresses, on two sunflower hy-
brids (G1601 and Shams). Salinity stresses increased leaf size 
in G1601 samples, while nanoparticle treatments decreased 
it. In the Shams hybrid, Fe2O3 nanoparticle treatment initially 
reduced leaf size, while ZnO nanoparticles increased it in later 
weeks. Despite these trends, statistical analysis (ANOVA, Tukey, 
and LSD) showed no significant difference for most morpholog-
ical traits. G1601 was classified as a high oleic acid hybrid, and 
linoleic acid was found in a lower concentration, while Shams 
was a standard type, with linoleic acid dominating its seed oil 
profile. Under various nanoparticle treatments and salinity 
stress conditions, the percentages of both saturated and unsat-
urated fatty acids in the examined hybrids changed. Sunflower 
responses varied based on genetic structure (hybrid type), age, 
treatment type, and concentration. To fully understand how 
salinity/nanoparticle treatments induce variations in morpho-
logical and phytochemical traits, further research is needed to 
identify the underlying genetic basis. This research should focus 
on analyzing the genetic diversity and gene expression patterns 
in these hybrids under stress conditions, utilizing techniques 
like transcriptomics and genome-wide association studies.
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