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Table 1. Analysis of variance of seed germination, growth components and physiological activity as
affected by seed priming with ZnO nanoparticles
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** * and ns are significant at 1% and 5% and non-significant, respectively.
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Table 2. Analysis of variance of proline and nitric oxide content and antioxidant system activity as
affected by seed priming with ZnO nanoparticles
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** * and ns are significant at 1% and 5% and non-significant, respectively.
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Figure 1. The effects of different concentrations of ZnONPs on the seed germination rate and shoot dry
weight of lemon balm plantlets. Bars indicated with the same letter are not significantly different (p<0.05
Tukey test). Values are the mean £+ SD (n=4).
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Figure 2. The effects of different concentrations of ZnONPs on the shoot length and root length of lemon
balm plantlets. Bars indicated with the same letter are not significantly different (p<0.05 Tukey test).
(Values are the mean £ SD (n=4))
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Figure 3. The effects of different concentrations of ZnONPs on the chlorophylls and carotenoids contents
of lemon balm plantlets. Bars indicated with the same letter are not significantly different (p<0.05 Tukey
test). Values are the mean = SD (n=4).
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Figure 4. The effects of different concentrations of ZnONPs on the proline and nitric oxide contents of

lemon balm plantlets. Bars indicated with the same letter are not significantly different (p<0.05 Tukey
test). Values are the mean + SD (n=4).
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Figure 5. The effects of different concentrations of ZnONPs on the chlorophyll & fluorescence induction
curve of lemon balm plantlets.
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Figure 6. The effects of different concentrations of ZnONPs on the distribution plot of maximum
flourencense (Fm) in lemon balm plantlets leaves.
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Figure 7. The effects of different concentrations of ZnONPs on the distribution plot of initial
flourencense (F,) in lemon balm plantlets leaves.
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Figure 8. The effects of different concentrations of ZnONPs on the distribution plot of maximum quantum
yield (Fv/Fm) in leaves of lemon balm plantlets.
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Figure 9. The effects of different concentrations of ZnONPs on the distribution plot of oxygen-evolving

complex efficiency of PSII (Fv/F,) in leaves of lemon balm plantlets.
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Figure 10. The effects of different concentrations of ZnONPs on the distribution plot of on the

performance index (Plans) in leaves of lemon balm plantllets.
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Figure 11. The effects of different concentrations of ZnONPs on the activity of SOD and CAT in lemon

balm plantlets. Bars indicated with the same letter are not significantly different (p<0.05 Tukey test).
Values are the mean = SD (n=4).
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Figure 12. The effects of different concentrations of ZnONPs on the HO, and MDA contents of lemon balm plantlets.
Bars indicated with the same letter are not significantly different (p<0.05 Tukey test). Values are the mean = SD (n=4).
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Figure 13. The analysis of the contribution rate of the principal components. Scree plot showing eigenvalues in
response to the number of components for the estimated variables (a). PCA biplot showing the correlations between
variable parameters and SG (seed germination percentage) under different concentrations of ZnONPs (b).
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Abstract

The purpose of this research was to investigate the tolerance threshold of lemon balm plantlets
(Melissa officinalis) under the influence of zinc oxide nanoparticles (ZnONPs) toxicity. This experiment
was conducted in the form of a completely randomized design in the form of pot cultivation in a perlite
bed, and the plants were harvested after 28 days of treatment. The results showed that ZnONPs priming
at 50 and 100 mg/l had a promoting effect on the seed germination percentage (SG), while ZnONPs
stress at 2000 mg/1 had an inhibitory effect. Lemon balm plants primed with 100 and 1000 mg/l ZnONPs
exhibited higher synthesis of carotenoid pigments. A further increase in H202 content was observed in
NP-primed plants, which was attendant with the high level of NO content as well as CAT activity. The
results of growth parameters together with measurement of malondialdehyde (MDA) indicated that
exposure to 2000 mg/l ZnONPs exerted more toxicity. Under ZnONPs stress at 2000 mg/l, the
fluorescence intensity at the IP phase and the Fv/Fm of leaves showed a significant decrease compared
to the control group. Principal component analysis (PCA) revealed that there is a high correlation
between SG and chlorophyll fluorescence parameters as well as between SG and oxidant (H202 and
MDA) attributes. Among the chlorophyll fluorescence parameters, Fv/Fm and Fv/Fo exhibit a strong
correlation with SG values, which demonstrates that chlorophyll fluorescence techniques have great
potential in elucidating the physiological mechanism of ZnONPs stress in lemon balm.

Keywords: Chlorophyll fluorescence; Correlation; Lemon balm; Malondialdehyde; Nitric oxide;
Seed germination percentage; Zinc oxide nanoparticles
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