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Introduction

Salinity in water and soil stands as a crucial environmental factor that significantly hampers global agricultural
production. Over recent decades, the escalating demand for irrigation in arid and semi-arid regions has intensified this
issue, making it a major agricultural challenge. Salinity stress, characterized by reduced water absorption, heightened
salt uptake (especially sodium, chlorine, and boron), and the generation of reactive oxygen species, induces oxidative
stress in plants, severely impacting their growth and overall performance. To enhance plant tolerance to salinity stress,
elicitors are employed as a short-term and viable solution to mitigate the adverse effects of stress. Copper, serving as
a cofactor and essential element for numerous enzymes involved in photosynthesis and respiration processes, plays a
crucial role in sustaining natural plant growth and metabolism. Copper ions function as cofactors in enzymes like
superoxide dismutase (Cu/Zn SOD) and polyphenol oxidase, contributing to the removal of reactive oxygen species.
However, the absence of this element in plants cultivated in alkaline and saline soils of arid and semi-arid regions can
lead to nutritional disorders. In this context, copper nanoparticles emerge as a suitable alternative to chemical
fertilizers due to their rapid and efficient effects. Their use not only mitigates the negative consequences of excessive
fertilizer application but also decreases the frequency of applications. The Persian leek (Allium ampeloprasum subsp.
Persicum) is a valuable edible-medicinal plant native to Iran, belonging to the Amaryllidaceae family. It holds
significancein Iran as a key leafy vegetable, valued for its freshness and high processing potential among horticultural
plants. Given the nutritional and medicinal importance of Persian leek and the prevalence of salinity stress, this study
aims to explore the impact of copper nanoparticle spray in modifying the effects of salinity stress on the

morphophysiological and biochemical characteristics of Persian leek.

Materials and Methods
A factorial experimentwas conducted using a completely randomized design with three replicationsin the research
greenhouses of Lorestan University's Faculty of Agriculture. The experimental conditions included daytime
temperaturesranging from 20 to 28 °C, nighttime temperatures from 15 to 20 °C, relative humidity set at 60-70%, and
a light intensity of 400-500 pmol.m2.s%, The first factor involved foliar spraying of copper nanoparticles at control
levels (zero), 150, and 300 mg.I"%, while the second factor comprised salinity stress at control levels (zero), 50, 100,
and 150 mM sodium chloride. F1 seeds were obtained from Pakan Bazr Company and planted in 1.5-liter pots, with
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each pot containing three plants. The copper nanoparticles were applied through foliar spraying twice on the shoot
parts at the four-leaf and six-leaf stages. Salinity stress was introduced one week after the foliar application,
implemented through irrigation once every three days at a level corresponding to 90% of the field capacity. The soil
mixture comprised an equal ratio of agricultural soil, cow manure, and sand, maintaining a clay-sand loam texture.
Following three months of applying salt stress, a comprehensive assessment of morphophysiological characteristics
was carried out. This included the measurement of plant height, stem and bulb diameter, leaf count, fresh and dry
weights of stem, root leaf, root volume and length, shoot/root ratio, dry matter (%), stress tolerance index, relative
water content (RWC), electrolyte leakage, malondialdehyde content, photosynthetic pigments, chlorophyll stability
index, as well as the activity of peroxidase and ascorbate peroxidase.

Results and Discussion

The results indicated that salinity stress had a detrimental impact on various aspects of plant growth, including a
decrease in plant height, stem and bulb diameter, leaf number, and the fresh and dry weights of the stem, bulb, and
root. Additionally, there was a reduction in root volume and length, along with decreased levels of photosynthetic
pigments. The percentage of electrolyte leakage, malondialdehyde content, and the activity of antioxidant enzymes,
namely peroxidase and ascorbate peroxidase, also increased, highlighting the adverse effects of salinity stress on plant
development. The decline in plant growth can be attributed to multiple factors, including diminished cell division,
ionic imbalance, reduced water absorption, impaired uptake of essential elements, and the impact of toxic ions,
particularly sodium and chlorine. Other contributing factors include impaired absorption, regeneration, and
metabolism of nitrogen and protein, as well as stomatal closure, collectively resulting in reduced photosynthetic
efficiency. Salinity stress further leads to a reduction in soil water potential and an increase in the osmotic pressure of
the soil solution. Consequently, the plant requires more energy to absorb water from the soil, leading to increased
respiration and alterations in the hormonal balance of plant tissues, ultimately causing a decrease in growth and
negative effects on the plant. The application of copper nanoparticles at both concentrations demonstrated positive
effects on various growth components, including plant height, stem and bulb diameter, leaf count, and the fresh and
dry weights of the stem, bulb, and root, as well as increased root volume and length. Additionally, the use of copper
nanoparticles resulted in a decrease in the percentage of electrolyte leakage and malondialdehyde content, coupled
with an increase in the concentration of photosynthetic pigments and the activity of antioxidant enzymes, including
peroxidase and ascorbate peroxidase. Notably, the concentration of 150 mg.liter* exhibited a more pronounced effect
in enhancing plant growth, with a diminishing impact observed at higher concentrations. Copper \nanoparticles
improve plant growth under stress conditions by influencing the content of cellular antioxidants and modulating the
hormonal balance of plant tissues.

Conclusions

The findings of this study indicated that increased salinity stress led to higher electrolyte leakage and
malondialdehyde content, along with a reduction in RWC and photosynthetic pigments. These changes caused a
decline in the morpho-physiological characteristics of Persian leek. However, salinity stress also increased the activity
of peroxidase and ascorbate peroxidase enzymes. Foliar application of copper nanoparticles under these conditions
had beneficial effects on the plants. Specifically, at a concentration of 150 mg.liter?, the negative effects of salinity
stress on the morpho-physiological indices of Persian leek were alleviated. This improvement was due to an increase
in the activity of antioxidant enzymes, RWC, and the concentration of photosynthetic pigments.
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Table 3- The effect of copper nanoparticles on the growth characteristics of Persian leek under salinity stress
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E 22 95 9& 28 38§ F2 26 AL 42 58 w= 280
1 22 A8 38 72 4% D5 45 3% 38 4 &g &g
92 33 3£ 3§ 2% 3 DE \}E 5 > 3F £ xng-=
- £ O 99 = ~ 35 S 0 P2 =) ’3— ~5 9 »n ) © o © E
T gri ° c Au = g 3's 5 J 4o I - = ‘3‘36
n z e S B 4 3 = -~ = S 3 o ) g ' 9 E
& S 2 s 2 > © g 4 s ™23
N o 75} » i [a) 14 <
0 7.73a 12.84a 74.66a 5.804a 13.80a 2.912a 20.07ef 8.466a 100a 90a 0.1514g
0 150 6.28bc 10.82e 72.51b 5.384b 12.84b 2.707ab 21.43bcd 7.977a  94b 87bcd 0.2036e
300 6.40b 11.81b 68.68c 5.476ab 12.57bc 2.539bc 20.53def 7.428b  90c 88hc 0.2193de
0 5.13ef 10.74e 39.02f 3.107d 11.59d 2.398cde 20.53def 4.973e  61f 85def 0.1770f
50 150 5.87d 11.09cd 45.36d 3.753c 12.29bcd 2.598bc  19.60f 6.429c  74d 89ab 0.2082¢
300 5.95cd 11.26c 43.33e 3.443cd 11.81cd 2.447cd 20.40ef 5.907d 69 87cd 0.2621b
0 6.38b  9.51h 24.44h 2.126g 9.55ef 2.082fg 22.47a 3.963f 48h 84efg 0.1843f
100 150 5.29¢e 10.39f 32.62g 2.638e 10.26e 2.398cde 20.27e¢f 4.944e  58f 86¢de 0.2139%
300 5.06ef 10.95de 33.38g 2.421ef 10.03e 2.227def 21.70bc 4.705e  54g 83fg 0.2345cd
0 4509 8.67) 17.69] 1.980g 8.98f 19579 22.07ab 3.148g  41i 81h 0.2167e
150 150 4.82fg 9.17i 25.24h 2.660e 10.1le 2.470bcd 20.97cde 3.989f 53g 83fg 0.2445¢c
300 5.38e 10.13g 22.55i 2.131fg 9.45ef 2.163efg 19.80f 3.663f  46h 82gh 0.2924a
STI: Stress Tolerance Index
W P L)L"“) l) o yd A Jl.o.ol a.\mu)b )Ibua.u oM LSD u}a}i u»l.ml).v Qg 2 5 aliss d5)>
In each column, different letters show significant difference at 5% of probability level based on LSD test.
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Table 4- Theeffect of salinity stress on the morphophysiological characteristics of Persian leek
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0 58.7a* 6.22a 73.44a 68.06a 0.522a 10.60c 22c 0.0374d 4.704a 1.885a 1.715a 6.589a 11la  3.576c
50 51.5b 4.56b 56.2b 62.81b 0.417b 9.95d 22c 0.0671c 3.468b 1.302b 1.270b 4.770b 8lb  4.226b
100 47.2c 4.67b 36.11c 35.78c 0.353c 12.1b 26b 0.0896b 3.454b 1.257b 1.214bc 4.711b 80b 4.213b
150 44.2d 4.22b 22.1d 24.520d 0.389b 14.46a 34a 0.1350a 3.306b 0.979c 1.110c 4.286c 73c  5.026a
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CSlI: Chlorophyll stability index

In each column, different letters show significant difference at 5% of probability level based on LSD test.
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Table 5- The effect of copper nanoparticles on the morphophysiological characteristics of Persian leek
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0 46.83a* 49.17a 50.269a 28a 0.0927a 3.207c 1.201c 1.107c 4.408c 75c 3.423c
150 50.81b 44.67b 45.448b 23c 0.0746b 4.421a 1.544a 1.549a 5.965a 10la 4.998a
300 53.54c 47.08c 47.662c 26b 0.0795b 3.571b 1.323b 1.326b 4.894b 83b 4.360b

CSI: Chlorophyll stability index
A3 o i |y 3o yd gy sl gedaws )3 13 me BMiS] LSD 9051 bl oyt y 5 cilisee gy
* In each column, different letters show significant difference at 5% of probability level based on LSD test.
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