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Abstract

Industrialization and excessive application of chemical fertilizers have led to
widespread contamination of agricultural soils with heavy metals such as cadmium.
Lemon balm (Melissa officinalis), a medicinal plant, is also susceptible to cadmium
pollution. Chitosan nanoparticles, due to their high biological properties, are able to
improve plant tolerance to environmental stresses, including cadmium stress.
Therefore, this study aimed to investigate the effect of chitosan nanoparticles on the
morpho-physiological and biochemical characteristics of lemon balm plants under
cadmium stress. The experiment was arranged as a factorial based on a completely
randomized design with three replications, including four levels of cadmium (0, 50,
100, and 200 ppm) and four levels of chitosan nanoparticles (0,0.2,0.4,and 0.8 g
L™). The results showed that both cadmium and chitosan nanoparticles had
significant effects on the studied traits. Application of chitosan nanoparticles
significantly increased shoot length, leaf number, chlorophyll (SPAD) index,
number of lateral buds, and root length, whereas higher concentrations of cadmium
reduced these traits. In addition, chitosan nanoparticles treatment increased phenolic
and flavonoid contents in response to cadmium stress. The highest phenolic content
(26.4 mg gallic acid/g) and flavonoid content (35.05 mg quercetin/g) were observed
in the combined treatment of 0.8 g L' chitosan nanoparticles and 200 ppm
cadmium. Furthermore, increasing cadmium concentration led to higher
malondialdehyde (MDA) levels, while treatmentsof chitosan nanoparticle showed a
relative reduction in this trait. These results suggest that chitosan nanoparticles can
mitigate the adverse effects of cadmium stress and enhance the growth and
physiological characteristics of lemon balm under stress conditions.
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Figure 1. Electron microscope image A- Control B and C- Plants treated with chitosan nanoparticles
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Table 1. Analysis of variance of the effect of chitosan nanoparticles on some morphological characteristics of lemon balm plants under
cadmium stress conditions. *, ** and ns indicate significance at the 5% level, 1% level, and non-significance, respectively.

SPAD Root Number of Number of Shoot df source
index length lateral buds leaves length

57.67*%* 69.85%* 23.5%* 47.08** 33.23%* 3 Chitosan

44.28** 134.09** 36.56** 40.02** 37.95%* 3 Cadmium
6.29% 2 1.02m 3.39m 0.84" 9 Cadmium#Chitosan
2.28 393 2.67 3.63 2.57 32 Error
6.57 10.72 22.79 13.19 10.89 CV
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Figure 2. Mean comparison of simple effect of chitosan nanoparticles (a) and the simple effect of cadmium (b) on the shoot and root length
of lemon balm plants. Similar letters indicate no significant difference.
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Figure 3. Mean comparison of simple effect of chitosan nanoparticles (a) and the simple effect of cadmium (b) on the number of leaves and
lateral bud of lemon balm. Similar letters indicate no significant difference.
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Figure 4. Mean comparison of interaction effect of chitosan nanoparticles and cadmium on the SPAD index of lemon balm plant. Chitosan
nanoparticle treatments include: NC0=0, NC1=0.2 gr/L, NC2=0.4 gr/L and NC3=0.8 gr/L and cadmium include: Cd0=0, Cd1=50 ppm,
Cd2=100 ppm and Cd3=200 ppm. Similar letters indicate no significant difference.
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Table 2. Analysis of variance of the effect of chitosan and cadmium nanoparticles on some biochemical traits of lemon balm plant. *, ** and
ns indicate significance at the 5% level, 1% level, and non-significance, respectively.

Flavonoid Phenol

MDA content content (an source
0.87** 48.6%** 28.55%* 3 Chitosan
3.03** 71.33%* 55.42%* 3 Cadmium
0.23* 4.84%* 3.5]1%%* 9 Cadmium +Chitosan

0.06 1.16 0.49 32 error
10.45 3.6 3.14 CV
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Figure 5. Mean comparison of interaction effect of chitosan nanoparticles and cadmium on the phenolic content (A) and flavonoid (B) of
lemon balm. Chitosan nanoparticle treatments included: NC0=0, NC1=0.2 gr/L, NC2=0.4 gr/L, and NC3=0.8 gr/L, and cadmium included:
Cd0=0, Cd1=50 ppm, Cd2=100 ppm, and Cd3=200 ppm. Similar letters indicate no significant difference.
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Figure 6. Mean comparison of interaction effect of chitosan nanoparticles and cadmium on MDA levels in lemon balm. Chitosan
nanoparticles treatments included: NC0=0, NC1=0.2 gr/L, NC2=0.4 gr/L and NC3=0.8 gr/L and cadmium included: Cd0=0, Cd1=50 ppm,
Cd2=100 ppm and Cd3=200 ppm. Similar letters indicate no significant difference.
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