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Abstract

Introduction: The use of nanotechnology has an important role in improving plant growth, photosynthesis, and
yield in agriculture. The human has been interested in therapeutic effects of secondary metabolites of medicinal
plants such as flavonoids, phenolic acids, alkaloids, and carotenoids. The use of abiotic elicitors is one of the
strategies used to increase the production of secondary metabolites in medicinal plants. In recent years, the use of
nanoparticles as a new elicitor to increase secondary metabolites has been proposed. Nanoparticles cause changes
in primary and secondary metabolism in medicinal plants based on application, concentration, and size. Therefore,
in this study the effects of different concentrations of zinc oxide nanoparticles in in vitro culture on germination,
seedling growth, and production phenolic compounds and rosmarinic acid of lemon balm were investigated.
Materials and Methods: In order to investigate the effect of replacing the zinc source in the culture medium with
zinc oxide nanoparticles, an experiment was conducted in vitro in a completely randomized design with three
repetitions. After preparation of zinc oxide nanoparticles using an ultrasonic bath, they were added to MS culture
medium. The sterilized seeds were transferred to culture media containing different concentrations of zinc oxide
nanoparticles (at concentrations of 0 as the control, 0.016, 0.08 and 0.4 mg/L) and then placed in growth chambers
with a photoperiod of 16 light/8 darkness at 25°C. At the end of the experiment, the germination percentage,
growth parameters, photosynthetic pigments, phenylalanine ammonia-lyase enzyme activity, phenol and
rosmarinic acid contents were measured under the influence of different concentrations of zinc oxide nanoparticles
treatments. Statistical analysis of the data was performed, and upon observing a significant difference in analysis
of variance, comparison of means was performed using Duncan's test at a probability level of 5%.

Results: Based on the results of this research, the presence of zinc oxide nanoparticles in the medium reduced the
germination percentage compared with the control. The highest reduction (50%) was observed in the treatment
with a concentration of 0.016 mg/L of zinc oxide nanoparticles. The radicle length in plants grown in the medium
containing zinc oxide nanoparticles increased by 3 to 5 times compared with the control. The dry weight of the
radicle, plumule and seedling also increased by 1.5 to 2 times in the presence of zinc oxide nanoparticles compared
with the control. The amount of chlorophyll a, chlorophyll b, total chlorophyll and carotenoids increased by 1.5 to
2 times in the treatments with zinc oxide nanoparticles of concentrations of 0.08 and 0.4 mg/L compared with the
control. The increase in the activity of phenylalanine ammonia-lyase enzyme, the amount of phenolic compounds
and rosmarinic acid in the treatments with zinc oxide nanoparticles compared with the control was significant. The
greatest increase in phenylalanine ammonia-lyase enzyme activity, phenolic compounds, and rosmarinic acid was
observed in the treatment with zinc oxide nanoparticles at a concentration of 0.08 mg/L.

Conclusion: In recent years, nanoparticles have been used as a new elicitor to increase growth and secondary
metabolites in medicinal plants. According to the results of this study, an increase in growth and the amount of
photosynthetic pigments and, secondary metabolites was observed in the presence of zinc oxide nanoparticles at
concentrations much lower than the concentration of zinc element in MS culture medium. The increase in the
amounts of phenolic compounds and rosmarinic acid was consistent with an increase in the activity of the
phenylalanine ammonia-lyase enzyme under the influence of zinc oxide nanoparticles in in vitro culture of lemon
balm. Finally, the use of zinc oxide nanoparticles as an effective strategy to improve primary and secondary
metabolism in lemon balm can be recommended.
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