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Abstract

In this study, the effect of salicylic acid and sodium nitroprusside on the toxicity of zinc
oxide nanoparticles (ZnONPs) and zinc sulfate (ZnSO4) in Phlomis tuberosa was
investigated. The purpose of this research was to investigate new methods of increasing
the tolerance threshold of Phlomis plants under the influence of zinc oxide and zinc
sulfate nanoparticles toxicity. This experiment was conducted in the form of a
completely randomized design with three replications in the form of pot cultivation in a
perlite bed, and the plants were harvested after 21 days of treatment. The measured
factors included total chlorophyll, carotenoid, total phenol, flavonoid, the activity of
phenylalanine ammonia lyase, catalase, superoxide dismutase, and ascorbate
peroxidase. The results of the analysis of the variance of the data in the laboratory
showed that the application of 1000 mgL™ of zinc oxide nanoparticles or zinc sulfate
caused more toxicity. The interaction effect of salicylic acid and sodium nitroprusside
pretreatments on zinc oxide nanoparticles in Phlomis seedlings was significant and
salicylic acid pretreatment increased the amount of proline in the treatment of zinc
oxide nanoparticles. Phenol antioxidants increased significantly under the effect of zinc
oxide and zinc sulfate nanoparticles, which was associated with an increase in the
activity of the phenylalanine ammonia lyase enzyme. Salicylic acid pretreatment
showed the greatest effect in the Phlomis plant compared to the combination of salicylic
acid and nitric oxide.

Introduction

Engineered zinc oxide nanoparticles (ZnONPs), due to their unique physicochemical
properties, have many applications in industrial, optical, electrical, cosmetic,
biomedical, pharmaceutical, and agricultural fields (Pullagurala et al., 2018; Mosquera-
Sanchez et al., 2020). Despite the application of Zn nanoparticles in agriculture, some
reports show that Timarin nanoparticles can lead to Zn accumulation and toxic effects in
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plants (Molnér et al., 2020; Zoufan et al., 2020). The toxicity mechanism of zinc oxide
nanoparticles is better understood by using compounds that increase the tolerance and
performance of plants during the treatment of nanoparticles. Salicylic acid, as a phenolic
compound, plays a role in controlling plant growth, seed germination, photosynthesis
and flowering (Arif et al., 2020). Under heavy metal stress, treatment with salicylic acid
reduces the toxic effects of these metals and increases plant tolerance through changes
in the antioxidant system (Zengin, 2014; Kotapati et al., 2017; Lu et al., 2018). When
stresses cause the accumulation of excess reactive oxygen species, nitric oxide reacts
with superoxide anions, thereby reducing the formation of other oxygen radicals
(Domingos et al., 2015). There are few studies on the effects of nitric oxide on the
tolerance of nanoparticle toxicity in plants, which confirms this hypothesis (Siddiqui et
al., 2015). Tripathi et al. (2017) showed that sodium nitroprusside reduces the
accumulation of zinc, reactive oxygen species and malondialdehyde and increases the
amount of chlorophyll and the efficiency of photosynthesis in wheat shoots under the
stress of zinc oxide nanoparticles. In this research, in order to better understand the
effects of zinc oxide nanoparticles, the physiological and molecular reactions of the
plant when exposed to zinc were compared to zinc sulfate. The importance of the role of
salicylic acid and nitric oxide in reducing the tension of zinc oxide nanoparticles in
plants was mentioned. These results showed that salicylic acid pretreatment alone is
effective for Phlomis tuberosa plants under the stress of zinc oxide nanoparticles.

Materials and Methods

The seeds of Phlomis tuberos (Jerusalem sage) were collected from Madagh near
Marand city, 65 km south of Tabriz (45°38'E and 38°22'N) at an altitude of 1800 meters
in East Azarbaijan province (Northwest of Iran). The seeds were planted in cylindrical
plastic pots containing perlite and then watered with 500 ml of Hoagland solution. For
pre-treatment, the seeds of gerbera and phlomis were soaked in solutions of sodium
nitroprusside (SNP, as NO donor) and salicylic acid (SA) at a concentration of 0.1 mM
for 12 hours). Sixteen weeks after sowing, when the plants were about 10 cm (30
inches) tall, the pots were irrigated with 1000 ppm ZnONPs or ZnSO4 solution dissolved
in tap water for 21 days (Zn treatment). Plants in the greenhouse with day and night
temperatures of 25-30 degrees Celsius and 19-21 degrees Celsius respectively, day and
night light periods of 16 and 8 hours respectively, relative humidity of 60-65% and
daily light flux density of about 350-400 micromoles per square meter per second were
tested during the maintenance period. After 21 days of Zn treatment, plants were
harvested for morphological and physiological analysis. After the determination of fresh
weight (FW), leaves were dried for 48 h at 70 °C for the determination of dry weight
(DW). For the latter physiological analysis, samples were stored immediately in liquid
N, until assay. For the determination of leaf concentration of chlorophyll and
carotenoids, samples were homogenized in the methanol according to Lichtenthaler and
Wellburn (1983). Proline was calculated as described by Bates et al., 1973. Soluble
sugar concentrations were determined according to the method of Quentin et al. (2015).
The resulting precipitate was used for starch analysis following the method of Magne et
al. (2006). The activity of phenylalanine ammonialyase was determined by measuring
the absorbance of cinnamic acid with spectrophotometry at a wavelength of 290 nm
based on the modified method of Zucker (1965). Superoxide dismutase (SOD, EC
1.15.1.1) activity was estimated according to the method of Giannopolitis and Ries
(1977). Nitric oxide concentration was measured using the modified method described
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by Wu et al. (2016). The digested plant solution was diluted in distilled water, and zinc
content was estimated by Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES, INTEGRA XL2, GBC, Australia). HPLC analysis was performed using an
Agilent 1290 Santa Clara, CA, USA HPLC high-performance liquid chromatography
system with a diode array detector (DAD) according to Sinrod et al. (2019).
Experiments were done in a complete randomized block design with 3 replications.
Statistical analysis was carried out using Sigma Stat (3.5) with the Tukey test (P<0.05).

Results and Discussion

This research showed that the effect of pretreatment of seeds with salicylic acid, nitric
oxide and the combination of salicylic acid and nitric oxide at a concentration of 0.1
mM on the physiological and biochemical parameters of Phlomis under the influence of
the application of zinc oxide nanoparticles and zinc sulfate at a concentration of 1000
mM Gram per liter was studied and the following general results were obtained: Zinc
oxide and zinc sulfate nanoparticles at a concentration of 1000 ppm caused a significant
decrease in plant growth due to the increase in zinc content, lipid peroxidation,
hydrogen peroxide and oxidative stress. The amount of sinapyl alcohol, chlorogenic
acid, ascorbic acid and cinnamic acid compounds of salicylic acid pretreated leaves
showed a significant increase under the influence of zinc oxide nanoparticles. The
greatest effect of priming seeds with salicylic acid under the influence of zinc stress
with the accumulation of phenolic compounds (sinapil-alcohol, chlorogenic-acid,
ascorbic-acid, cinnamic-acid) and the amount of flavonoid, activity of antioxidant
enzymes (superoxide dismutase), increased proline Obtained. Salicylic acid may have
an important function in increasing the integrity of membranes by controlling the
function of the antioxidant system.

Conclusion

We showed that both ZnONPs and ZnSO, adversely decreased growth, due to enhanced
levels of Ag and significant lipid peroxidation. Strong amelioration of Zn-induced stress
was achieved under SA priming. These findings provide valuable information for the
development of sustainable strategies in order to reduce the negative impact of ZnONPs
and ZnSO4 on crops.
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Figure 1- Effect of NO and SA on the germination Phlomis tuberosa of seeds. Seeds were exposed to 0, 0.05, 0.1,
0.5, 1,5 and 10 mM SNP or SA for 12 h.
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Figure 2- Effect of ZnONPs on the germination of Phlomis tuberosa seeds. Seeds were exposed to 0, 5, 50, 100, 1000
and 2000 ppm ZnONPs for 48 h.
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Figure 3- Effect of SA and NO addition on the shoot and root fresh and dry weight of Phlomis tuberosa under

ZnONPs or ZnSO,-stressed conditions. Bars indicated with the same letter are not significantly different (p<0.05,
Tukey test). Values are the mean + SD (n=3)
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Table 1- Effect of SA and NO addition on the Ag concentration (ug g') within Phlomis tuberosa under ZnONPs or
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different (P<0.05, Tukey test). Values are the mean + SD (n=3).
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Figure 4- Effect of SA and NO addition on the chlorophyll a and b content Phlomis tuberosa leaves under ZnONPs or

ZnSOg-stressed conditions. Bars indicated with the same letter are not significantly different (p<0.05, Tukey test).
Values are the mean + SD (n=3)
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Figure5- Effect of SA and NO addition on the soluble sugars (mg g FW), starch (mg g"' FW) and proline (ugg™
DW) content in Phlomis tuberosa leaves under ZnONPs or ZnSOg-stressed conditions. Bars indicated with the same
letter are not significantly different (p<0.05, Tukey test). Values are the mean + SD (n=3)
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Figure 6- Effect of SA and NO addition on the total phenol and flavonoids content, and the activity of phenylalanine
ammonia-lyase (PAL) in Phlomis tuberosa leaves under ZnONPs or ZnSOy-stressed conditions. Bars indicated with
the same letter are not significantly different (p<0.05, Tukey test). Values are the mean + SD (n=3)
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Table 2- Effect of SA and NO addition on the content of phenolics (mg ml™") in leaves of Phlomis tuberosa under

ZnONPs or ZnSOy-stressed conditions. Data of each row within each parameter indicated by the same letter are not
significantly different (p<0.05, Tukey test). Values are the mean + SD (n=3)
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Control 0.17£0.02° 0.00120.00 © 1.64+0.06 ¢ 0.024+0.00°
SA 0.38+0.06° 0.0220.003° 2.62+0.16™ 0.033+0.002 *
NO 0.16+0.01° 0.023+0.004" 1.75+0.09¢ 0.023+0.003°
SA+NO 0.17+0.04° 0.014+0.003 ™ 2.26+0.04 " 0.0420.005 >4
ZnONPs 0.11+0.01% 0.023+0.007 ° 2.070.17 0.039£0.005
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Figure 7- Effect of SA and NO addition on the activity of superoxide dismutase (SOD), catalase (CAT) and ascorbate
peroxidase (APX) in Phlomis tuberosa leaves under ZnONPs or ZnSO,-stressed conditions. Bars indicated with the
same letter are not significantly different (p<0.05, Tukey test). Values are the mean + SD (n=3)
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Figure8- Effect of SA and NO addition on the concentration of nitric oxide (NO), hydrogen peroxide (H,0,) in in
Phlomis tuberosa leaves under ZnONPs or ZnSOy-stressed conditions. Bars indicated with the same letter are not
significantly different (p<0.05, Tukey test). Values are the mean + SD (n=3)
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