
Citation: Ghiyasi, M.; Rezaee

Danesh, Y.; Amirnia, R.; Najafi, S.;

Mulet, J.M.; Porcel, R. Foliar

Applications of ZnO and Its

Nanoparticles Increase Safflower

(Carthamus tinctorius L.) Growth and

Yield under Water Stress. Agronomy

2023, 13, 192. https://doi.org/

10.3390/agronomy13010192

Academic Editor: Alessandro Miceli

Received: 13 December 2022

Revised: 4 January 2023

Accepted: 5 January 2023

Published: 6 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Foliar Applications of ZnO and Its Nanoparticles Increase
Safflower (Carthamus tinctorius L.) Growth and Yield under
Water Stress
Mahdi Ghiyasi 1,*, Younes Rezaee Danesh 2,*, Reza Amirnia 1, Solmaz Najafi 3 , José M. Mulet 4 and
Rosa Porcel 4,*

1 Department of Plant Production and Genetics, Faculty of Agriculture, Urmia University,
Urmia 5756151818, Iran

2 Department of Plant Protection, Faculty of Agriculture, Urmia University, Urmia 5756151818, Iran
3 Department of Field Crops, Faculty of Agriculture, Van Yüzüncü Yıl University, 65090 Van, Türkiye
4 Instituto de Biología Molecular y Celular de Plantas, Universitat Politècnica de València-Consejo Superior de

Investigaciones Científicas, 46022 Valencia, Spain
* Correspondence: m.ghiasi@urmia.ac.ir (M.G.); y.rdanesh@yahoo.com or y.rdanesh@urmia.ac.ir (Y.R.D.);

roporrol@upv.es (R.P.)

Abstract: Foliar application or minerals is a methodology to promote growth and/or yield and to
protect plants against different kinds of stresses. Currently there is a great interest in evaluating the
effect of nanoparticles for enhancing the effect of these treatments. This study was performed to
evaluate and compare the effect of foliar application of zinc oxide (ZnO) and zinc oxide nanoparticles
(ZnO-NPs) on the growth and yield of safflower under different irrigation regimes. Foliar applications
of ZnO in all concentrations (4, 6, 8, 10, 12, and 14 g L−1) led to an increase in biomass yield, number
of capitula per plant, number of seeds per capitulum, and grain yield of plants compared with control
plants. The maximum increase in the studied traits was obtained with a ZnO concentration of 6, 8,
and 10 g L−1. In a second round of experiments, we observed the effect of nanoparticles and found
that spraying with ZnO and ZnO-NPs at a concentration of 10 g L−1 may ameliorate the deleterious
effects of water deficit. The results of the present study support the idea that foliar application of ZnO
improves safflower yield, especially under drought stress, and showed that using of nanoparticles
increases the efficiency of the application.

Keywords: irrigation regimes; grain yield; zinc oxide; drought stress; Carthamus tinctorius; oilseed

1. Introduction

Safflower (Carthamus tinctorius L.), an annual species of Asteraceae, is cultivated as an
oilseed crop in most areas of the world, as well as a traditional dye for yellow color. Owing
to its anatomy (a xerophytic plant with deep taproot and spines), safflower is considered
drought tolerant and is mainly grown in dry hot climates. Safflower seeds contain about
25% to 45% high quality oil, due to its content in unsaturated fatty acids, especially oleic
and linoleic acid. It can also be used as an animal feed supplement [1]. In addition to food
uses, safflower oil has also been considered for industrial and medicinal purposes. Petals
and extracted oil are used as herbal medicine in the treatment of blood pressure, rheumatic
and vascular diseases [2]. Moreover, the dye extracted from its leaves is used in the textile
industry and as food colorant [3].

In general, safflower can tolerate different environmental stresses and can be a suit-
able crop for cultivation in arid and semi-arid areas [4]. Although safflower is considered
drought-resistant, in large part owing to its strong taproot, identification of management
practices for mitigating drought stress would increase production on dryland or in areas
where irrigation water is limited. Abiotic stresses are a limiting factor for agricultural
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yield. Drought is the most common of these stresses and, on average, causes a 50% reduc-
tion in crop yield. Drought stress in plants causes disturbances in processes such as the
transfer of water and nutrients, closure of stomata, reduction in photosynthesis, reduction
in leaf area, removal of flowering, oxidative stress and finally reduction in quantitative
and qualitative yield of crops [5]. Foliar microelement feeding is a technique that improves
the quality and quantity of crop production, especially under different abiotic stresses [6].
Zinc (Zn) is an essential micronutrient that can have a major impact on plant life, including
protein, DNA, and RNA synthesis. Zinc is essential as a cofactor of many antioxidant
enzymes and as the central component of the Zn fingers which regulate protein transcrip-
tion [7]. Its deficiency symptoms in plants are many and disparate, including membrane
protein damage, reduction in photosynthesis, reduction in indole acetic acid synthesis, and
disruption of the activity of several enzymes, such as phosphatase, alcohol dehydrogenase,
thymidine kinase, and carboxypeptidase, thus restricting plant growth [8]. Zinc deficiency
is a common issue in most parts of the world. Its availability can be reduced in calcareous
soils with high pH and high consumption of phosphate fertilizers [9].

Foliar application of micronutrients is one of the efficient ways of nutrient supply
to plants, which can correct potential nutritional deficiencies. Micronutrients can be
utilized with high efficiency in a fast manner [10]. Foliar application of Zn and man-
ganese significantly increased safflower yield quality and vigor of harvested seeds un-
der drought stress conditions [11]. It can also be effective on fatty acids quality and oil
yield [12]. Several studies indicated that foliar application of Zn and other micronutri-
ents led to an increase in the quality and quantity of yield in many crops such as black
cumin (Nigella sativa L.) [13], rice (Oryza sativa L.) [14], faba bean (Vicia faba L.) [15], corn
(Zea mays L.) [16], canola (Brassica napus L.) [17], chamomile (Chamomilla recutita L.) [18],
and soybean (Glycine max L.) [19].

Nanotechnology can be used in different agricultural aspects [20,21]. Nanoparticle
(NP) fertilizers are produced through this technology. Nanoparticles size is 1 to 10 nm.
Small fertilizer particles at the nanoscale provide faster absorption of nutrients than conven-
tional formulations [20,22]. It was reported that foliar application of iron NPs significantly
increased tomato yield [23]. Moreover, an increase in yield and morphological characteris-
tics of soybean by using nano-fertilizers (in the form of nano-iron oxide) was indicated [24].
Nano-fertilizers (i.e., magnetite nano-fertilizer) significantly improved the quality and quan-
tity of basil [25]. The beneficial impact of nano-fertilizers (in the form of nano-bentonite and
nano-active carbon-coated nitrogen fertilizer) was also proved in cabbage [26]. It should
be also noted that negative effects have been reported in the literature concerning ZnO
NPs [27]. For example, the application of ZnO-NPs at elevated concentrations (10–2000 mg
L−1) in buckwheat (Fagopyrum esculentum L.) caused a biomass drop, damaged root surface
cells, and induced an altered response against reactive oxygen species [28]. Moreover, ZnO-
NPs in high concentrations decreased the Mitotic Index (MI) and increased chromosomal
abnormalities in onion (Allium cepa L.) [29]. However, there is no report on the use of foliar
application of Zn NPs in safflower, and the comparison without using of NP.

This study is aimed to assess the effect of foliar applications of zinc oxide and zinc
oxide NPs on morphological characteristics and yield of safflower under different irriga-
tion regimes.

2. Materials and Methods
2.1. Experimental Design

The study was carried out at the Agronomy Research Farm of the University of Agri-
culture, located in Urmia (37◦10′45′′ N, 45◦21′56′′ E, 1275 m altitude) during the years 2020
and 2021. The studied safflower cultivar was Goldasht. This cultivar was prepared from
the Research Institute of Seedling and Seed Breeding of the Ministry of Agriculture of Iran.
The seed category under study was certified seed. This is a spring cultivar, spineless with
red flowers. In the first year, the best concentrations of ZnO as foliar fertilizer of safflower
were determined among a range of seven concentrations in a randomized complete block
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design (RCBD) with three independent replications. The ZnO was applied at 4, 6, 8, 10,
12, and 14 g L−1 plus a non-treated control. After harvest and initial assessments of the
best concentrations of ZnO foliar applications, a second experiment was established in
2021 to evaluate the effect of foliar application of ZnO and ZnO-nanoparticles (Zn-NPs)
on safflower growth and yield under different irrigation regimes. The second experiment
was established in a factorial experiment based on RCBD with three replications. The first
factor included foliar applications of ZnO in five levels, (control, 5 g L−1 ZnO, 5 g L−1

ZnO-NPs, 10 g L−1 ZnO, and 10 g L−1 ZnO-NPs) and the second factor was irrigation
regimes with three levels, i.e., irrigation after 100, 140, and 180 mm evaporation from class
A pan. Characteristics of the ZnO-NPs used in the experiment and soil characteristics of the
experimental field are shown in Tables 1 and 2, respectively. The size of the nanoparticles
was also determined using the dynamic scattering method.

Table 1. Zinc oxide nanoparticle characteristics.

Variable Value

Density (kg m−3) 105
Interpretive levels (m2 g−1) 40

Purity (%) 99.8
Diameter (nm) 6
Particle shape Spherical

Color Yellowish white

Table 2. Soil characteristics.

Variable Value

Nitrogen (%) 6
Phosphorus (ppm) 10.4
Potassium (ppm) 250

Organic carbon (%) 0.6
Zn (mg/kg) 0.19
Fe (mg/kg) 4.12

Sand (%) 39
Silt (%) 35

Clay (%) 26
Lime T.N.V. 13

Saturation % (SP) 43
Electrical conductivity (dSm−1) 1.1

pH 7.8
Texture Loamy clay

Depth (cm) 0–30

The field was prepared with conventional soil tillage (moldboard plow, disk harrowing,
and cultivator) in the fall of the previous year. A pass with a cultivator was performed one
week before sowing. Seeds of safflower variety IL-111 were used in the study. Sowing was
performed on April 19 in both years. Before sowing, seeds were disinfected by using the
fungicide VITAVAX-T in a ratio of 1:1 (g/v). The seeds were planted in rows spaced 50 cm
apart with a plant-to-plant distance on the row 10 cm in dry soil. Immediately after planting,
plots were uniformly irrigated. The experimental field was fertilized with triple phosphate,
potassium sulfate, and urea at 100, 75, and 55 kg ha−1 rates, respectively. Nitrogen (urea)
fertilizer was applied in three splits, as follows: 30% of the total urea quantity was applied
during soil preparation and incorporated into the soil, 40% of the total urea quantity was
top-dressed at the safflower bolting stage, and the remaining quantity was top-dressed at
the safflower flowering stage. Investigated irrigation regimes were used after full seedling
emergence. The Parshall flume device was used to control input water to each plot during
irrigation. Plot size was 3 m by 3 m and consisted of six crop rows. Foliar applications
of ZnO were conducted 4 times, starting at the beginning of the vegetative stage (when
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plants were approximately at 10 cm height) and every 15 days (i.e., three times during the
vegetative phase and once in the reproductive phase simultaneously with the formation of
seeds in the heads). Applications were conducted in the early morning, using a backpack
sprayer with an appropriate spray volume to achieve full coverage of the plant canopy,
until foliage wash-off. Basic weather data during growing seasons are shown in Table 3.

Table 3. Basic weather data during growing seasons.

Month
Mean Temperature (◦C) Total Rainfall (mm)

2020 2021 2020 2021

April 12.6 12.4 21.8 9.6
May 17.3 17.0 50.4 42.2
June 21.8 22.8 2.2 3.1
July 24.9 25.9 0.0 0.0

August 25.0 23.9 0.3 10.0
September 20.1 20.1 3.2 2.4

Average 20.3 20.4 13.0 11.2

Safflower plants were harvested within the first ten days of September of each year
from four central rows of each plot just before full maturity to minimize shattering and
seed dispersal. The date of harvest was determined based on the maturity of the seeds.

2.2. Irrigation of the Field

Immediately after planting in both years, field irrigation was conducted. In the first
round, irrigation was performed until reaching the field capacity in all plots. The water
potential of the field up to a depth of 30 cm 24 h after the completion of irrigation was −1.5
MPa on average. To determine soil water potential, three tensiometers were used in each
treatment and the average result was reported as field soil water potential. In the first year,
the repeated irrigation test was performed after the evaporation of 100 mm of water from
the standard Class A evaporation pan. Irrigation was carried out by leakage method and
the amount of water entering each plot was calculated using a water meter with an accuracy
of 0.0001 m3. Moreover, in order to increase the accuracy of the amount of water entering
the irrigation channel of the farm, The Parshall flume device was also used. In the irrigation
process, the amount of effective rainfall was considered in both years. In the second year,
the irrigation was carried out based on the evaporation rate from the standard class A
pan in treatments (100, 140, and 180 mm evaporation). The total volume of water used in
the above treatments was 5181.4, 4163.3, and 3080.1 m3 ha−1, respectively. Investigated
irrigation regimes were used after full seedling emergence. Water use efficiency (WUE)
was calculated by following formula:

WUE =
D

Wp + Wi
(1)

where:
WUE is the water use efficiency (kg m−3);
D is the seed or biological yield (kg ha−1);
Wp is the rainfall (m3 ha−1);
Wi is the irrigation water (m3 ha−1).

2.3. Determination of Growth and Yield Parameters

In the first experiment, biomass yield, the number of capitula per plant, the number
of seeds per capitulum, seed yield, and 1000 seeds weight were determined. Measured
variables in the second year included plant height, biomass yield, number of capitula per
plant, number of seeds per capitulum, seed yield, 1000 seeds weight, harvest index, oil
content, and oil yield.
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The middle 4 rows of the plants were used to measure the morphological traits. The
height of the plant was measured with an accuracy of 1 mm. A caliper was also used to
measure the diameter of the stem. The stem diameter was calculated in the lower, middle,
and upper parts of the stem (below the capitula) and the average obtained was reported
as the stem diameter. The number of branches per plant, number of pods per plant, and
number of seeds per plant in the rows mentioned in each plant were counted and the
total average obtained was used to report them [30]. To measure the weight of 1000 seeds,
after harvesting and separating the seeds from the capitols, the seeds were first dried
under shade conditions at 25 ◦C until reaching a humidity of about 12%. Next, three
replicates from each plot were randomly selected and weighed with an accurate scale with
an accuracy of 0.001 g. Finally, based on the obtained data, the weight of a thousand seeds
was calculated and the average obtained was reported as the weight of 1000 seeds [31]. To
measure the biological and seed yield, the plants of the middle 4 rows of each plot were
harvested. Harvesting was performed in the physiological ripening stage. At this stage, the
color of the capitols becomes dark (at least brown). After transporting the harvested plants
to the laboratory, their weight was measured with a scale with an accuracy of 0.1 g. Then
the seeds were separated from the capitols and after drying and cleaning, the seed yield
was recorded at 12% humidity. The final report was biological yield and grain yield based
on kg ha−1. To measure the percentage of oil, a 50 g sample of seeds was randomly selected
from each plot and ground. A total of 2 g of the dried sample of each plot was selected and
its oil was extracted by Soxhlet method for 16 h in the presence of petroleum ether solvent.
The percentage of oil per gram of dry matter was calculated and reported [32]. Harvest
index was determined by the following formula:

Harvest index = [seed yield/biomass yield] × 100 (2)

2.4. Statistical Analyses

All data were statistically analyzed by analyzing variance (ANOVA) separately for
each year using MSTATC and SAS-9.1. Treatment means were compared with Fisher’s
protected LSD test at p < 0.05.

3. Results
3.1. Effect of Zn Application on Plant Growth (First-Year Data)

First, we studied the effect of ZnO application in plant yield. In the first year, the foliar
application of ZnO significantly affected (p < 0.01) in all studied traits, except 1000 grains
weight (Table 4). The maximum values of biomass yield, capitula per plant, seeds per
capitula, and seed yield were recorded with foliar applications of ZnO at 6, 8, and 10 g L−1

(Table 5). The effect of ZnO sprayings at these concentrations (6, 8, and 10 g L−1) was more
pronounced in the number of capitula per plant (14.7% to 15.6% increase compared with
control) and the number of seeds per capitula (11.2% to 18.4% increase compared with
control). By contrast, the effect of ZnO foliar applications at concentrations of 6, 8, and
10 g L−1 was less pronounced on biomass yield (3.4% to 3.8% increase compared with
control) and seed yield (2.8% to 3.4% increase compared with control). Overall, ZnO at
concentrations of 6, 8 and 10 g L−1 had the greatest impact on the measured traits.

Table 4. ANOVA (mean squares) for measured traits influenced by foliar application of ZnO (first year).

Source of
Variance BY CP SC SY 1000 SW

Replication 4809.0 ns 0.12 ns 0.16 ns 190.3 ns 53.0 **
ZnO application 57,159.8 ** 1.1 ** 0.65 ** 3190.9 ** 50.2 ns

Error 3559.7 0.1 0.058 65.3 51.2
CV (%) 8.8 9.7 8.2 65.3 13.19

** Significant at p < 0.01, ns: non-significant; BY: biomass yield (kg ha−1); CP: capitula per plant; SC: seeds per
capitula; SY: seed yield (kg ha−1); 1000 SW: 1000 seeds weight (g).
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Table 5. Effect of foliar application of ZnO on biomass yield, number of capitula per plant, number of
seeds per capitula, and seed yield of safflower (first year).

ZnO Rate (g L−1) BY CP SC SY

0 6583 c 30.81 c 27.30 c 1974 d
4 6721 b 34.00 b 28.89 b 2007 c
6 6806 a 35.33 a 30.37 a 2030 ab
8 6827 a 35.47 a 31.51 a 2038 ab
10 6833 a 35.61 a 32.33 a 2042 a
12 6823 b 32.23 b 28.48 b 2027 b
14 6813 b 32.01 b 28.39 b 2024 b

Different letters indicate statistically significant differences at p < 0.05 based on Fisher’s protected LSD test. BY:
biomass yield (kg ha−1); CP: capitula per plant; SC: seeds per capitula; SY: seed yield (kg ha−1).

3.2. Effect of Nano Zn Particles Application on Plant Growth under Different Irrigation Regimes
(Second Year)

After assessing the effect of ZnO foliar application, we studied the separated effect of
irrigation regime and ZnO-NP foliar application. It had a significant impact on all studied
traits, without significant interaction for height, stem diameter, number of branches per
plant, and number of seeds per capitulum (Table 6). Therefore, the main effects of each
factor are presented for these traits (Figures 1 and 2). The recorded values of the measured
characteristics were reduced with increasing irrigated intervals (Figure 1). The greatest
effect was observed on plant height, the number of branches per plant, and the number
of seeds per capitulum. The average plant height of safflower plants under irrigation
after 140 mm and 180 mm evaporation was decreased by 15.0% and 33.7%, respectively,
compared with irrigation after 100 mm evaporation. Similarly, the average number of
branches per safflower plant under irrigation after 140 mm and 180 mm evaporation
was decreased by 19.2% and 27.9%, respectively, while the average number of seeds per
capitulum under irrigation after 140 mm and 180 mm evaporation was decreased by 20.5%
and 33.8%, respectively. The other variables suffered lower reduction under irrigation after
140 mm and 180 mm evaporation (Figure 1). Foliar application of ZnO, irrespective of form
and rate, showed a beneficial effect on all studied traits, except stem diameter (Figure 2).
Averaged over Zn forms and rates, the maximum beneficial effect of ZnO foliar applications
was 13.2% for branches per plant, 11.5% for plant height, 10.4% for the number of capitula
per plant, and 10.4% for the number of seeds per capitulum compared with control. The
ZnO-NPs at 10 g L−1 showed the maximum values of the aforementioned traits (Figure 2).

3.3. Effect of ZnO and ZnO-NP in Alleviating Water Stress

Having determined the individual effect of water stress and foliar application of
zinc we wanted to determine the joint effect of these two factors. A significant interaction
between irrigation and ZnO foliar application was observed for biomass yield, seed yield,
oil yield, harvest index, and 1000 seeds weight (Table 6). The interaction effects between
irrigation regime and Zn foliar application for these traits are presented in Figure 3. Foliar
applications of Zn, irrespective of form and rate, increased biomass yield, seed yield, and
oil yield in each irrigation regime compared with control. The greatest effect was observed
for oil yield, where an average increase of 10.4%, 11.3%, and 13.7% under irrigation after
evaporation of 100 mm, 140 mm, and 180 mm, respectively, was observed with ZnO
foliar applications. Among ZnO treatments, the NP form of Zn (ZnO-NPs) at the rate of
10 g L−1 provided the highest values under any irrigation regime. The effect of ZnO foliar
applications on harvest index was marginal, whereas a significant increase in 1000 seeds
weight was observed with ZnO foliar applications, particularly under irrigation after
evaporation of 180 mm. In the latter case, the NP form of Zn (ZnO-NPs) at the rate of
10 g L−1 provided the highest values of 1000 seeds weight under any irrigation regime.
The foliar spraying of zinc at all irrigation levels led to a significant increase in water use
efficiency based on grain and biological yield (Figure 3).
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Table 6. ANOVA (mean squares) for measured traits influenced by foliar application of ZnO (second year).

Source of
Variance BY CP SC SY 1000 SW PH SD BP HI OY OC WUE

(SY)
WUE
(BY)

R 2189 ns 2.0 ns 1.1 ns 325.4 ns 0.1 ns 7.9 ns 0.8 ns 0.1 ns 0.1 ns 186.7 ns 0.22 ns 0.02 ns 0.00002 ns

I 3,986,641 ** 158.6 ** 429.5 ** 3088 ** 56.6 ** 3798.5 ** 20.6 ** 13.4 ** 7.7 ** 98,064.7 ** 47.7 ** 0.12 ** 1.16 **
Z 143,066 ** 21.0 ** 17.0 ** 23,521 ** 3.8 ns 133.4 ** 0.9 ** 1.1 ** 0.33 ** 12,930.8 ** 10.6 ** 0.001 ** 0.009 **

I × Z 3233 ** 0.21 ns 0.1 ns 650.8 ** 0.8 ** 0.18 ns 0.005 ns 0.01 ns 0.32 ** 166.8 ** 0.144 ns 0.0035 ** 0.0005 **
Error 760.58 0.561 0.569 141.6 0.024 4.2 0.6 0.023 0.02 35.2 0.18 0.009 0.003

CV (%) 9.3 3.3 2.9 6.2 8.4 5.9 3.3 6.6 6.4 9.2 5.21 1.61 1.37

** Significant at p < 0.01, ns: non-significant; R: replication; I: Irrigation; Z: ZnO application; BY: biomass yield (kg ha−1); CP: capitula per plant; SC: seeds per capitula; SY: seed yield
(kg ha−1); 1000 SW: 1000 seeds weight (g); PH: plant height (cm); SD: stem diameter (mm); BP: branches per plant; HI: harvest index (%); OY: oil yield (kg ha−1); OC: oil content (%);
WUE (SY): water use efficiency based on seed yield (kg m3); and WUE (BY): water use efficiency based on biological yield (kg m−3).
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Figure 3. Interaction effects of irrigation regime and zinc spraying level on safflower traits. Different
letters within each variable indicate significant differences at p < 0.05 based on Fisher’s protected
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4. Discussion

This study assessed the effect of foliar applications of ZnO on safflower growth and
yield under different irrigation regimes. Our results indicated that foliar sprayings with
ZnO increased safflower yield. Specifically, the optimal spraying concentration was de-
termined in the 5 to 10 g L−1 range. It is known that foliar Zn application may increase
the yield of wheat under alkaline soils [33]. Here, we showed that ZnO application also
increased the yield of a different crop under a different stress condition. In our study, the
biomass yield was increased by improving photosynthesis and dry matter accumulation in
the plant. Moreover, the number of capitula per plant and seeds per capitula significantly
increased by ZnO foliar applications. Drought stress is a major cue for agriculture. It is
known that drought decreases yield and affects plant mineral nutrition [34]. Previous stud-
ies reported that drought stress reduced oil yield, chlorophyll fluorescence, and membrane
stability in safflower [35,36]. Previous research also reported that reducing water supply in
safflower plants decreased stomatal conductance and led to an increase in leaf temperature
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during the seed-filling stage [37]. The quality and quantity of safflower oil yield were af-
fected by irrigation regimes. Increasing irrigation intervals reduced the amount of palmitic,
stearic, oleic, and linoleic acid in safflower [38,39]. We observed in our study the reduction
in growth due to water stress, thus validating our experimental design.

As expected, water restriction led to a significant reduction in growth parameters
and seed yield of safflower, but foliar sprayings either with ZnO or ZnO-NPs significantly
improved growth parameters and yield. The positive impact of foliar Zn application was
evident under water limitation. This finding indicated that applying this element can help
the plant to maintain its biological efficiency and high production under suboptimal growth
conditions. Zn availability is a limiting factor in most arid and semi-arid regions [40]. Zn
plays a major role in alleviating plant drought stress by increasing the amount of photo-
synthetic pigments and the amount of reactive oxygen species (ROS) scavengers as well as
reducing lipid peroxidation, as recently reported in wheat and maize [41,42]. Production of
ROS and sensitivity of plants to photo oxidative damage in chloroplasts caused by drought
stress are aggravated under low Zn conditions [43]. Keeping in view the above facts, the
results described in this report can be of great help for farmers, given the essentiality of Zn
for plant development, and the requirement for safflower cultivation [44,45].

The use of nano-fertilizers leads to increasing the efficiency of the consumption of
nutrients, reducing the negative environmental effects of using chemical fertilizers, and
reducing the frequency of fertilization. As a result of drought stress and a decrease in
soil moisture, the absorption of nutrients, especially micronutrients, including iron and
zinc, shows a significant decrease [46]. This decrease in the absorption of elements is one
of the critical factors in reducing the quantitative and qualitative yield in crops such as
safflower that are cultivated in arid and semi-arid areas. Many enzymes require nutrients
such as zinc for activation [47]. According to the results of this research, the morphological
and physiological condition of the plant has been improved, especially under drought
conditions. This improvement in yield may be explained by counteracting the known
symptoms of Zn deficiency at the developmental level [48] including the observed increase
in oil content in the seed [49]. Results of this study showed that the use of nanomaterials
and the application via foliar spraying leads to increased growth and yield. This can be
attributed to the nature of nanomaterials. Nanoparticles are easily and efficiently absorbed
after being sprayed on the surface of the plant. There are not many studies in the literature
describing the effects of nanoparticles on plant growth or stress response and the behavior
of various NPs in plants is not entirely clear [27]. In this study, we described that using of
10 g L−1 ZnO-NPs had the most favorable impact on the improvement of safflower growth
parameters, especially when increasing irrigation intervals, suggesting that ZnO-NPs are
absorbed by safflower better than its normal form. Due to their small dimensions (1 to
100 nm), the availability of ZnO-NPs to plants can be greater compared to the standard
ZnO. The main advantage of nano-fertilizers, in addition to promoting the growth and
performance of products, is their compatibility with the environment compared with
conventional chemical fertilizers. So, the use of NP can be a great molecular tool for
enhancing plant nutrition and stress resistance. It is also important to remark that using
of NP allows a decrease in the amount of ZnO, due to a more efficient absorption or
transport, thus NP is a good strategy to enhance efficiency, and save minerals, which may
be expensive or limited. The results in the present study provide a description for a novel
and useful tool for farmers especially in arid and semi-arid areas.

5. Conclusions

Foliar sprayings with ZnO in the range of 5 to 10 g L−1 led to an increase in safflower
yield. Based on our results, foliar micronutrients such as zinc improve safflower quantita-
tive and qualitative traits of growth and yield, under conditions of limited water availability.
Spraying with ZnO and ZnO-NPs at a concentration of 10 g L−1 can be beneficial to saf-
flower growth by counteracting the effect of limited water availability. Specifically, plant
height, stem diameter, number of branches per plant, number of pods per plant, number of
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seeds per pod, the weight of 1000 seeds, seed yield, biological yield, harvest index, and oil
yield were improved upon foliar application of Zn-NP. The use of NP allows using ZnO in
a most efficient manner; therefore, provide a useful tool for farmers.
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