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Abstract

Heavy metal pollution in agricultural soils, particularly in industrial areas, is a growing concern that can negatively
affect plant growth, performance, and the health of herbal products. This two-year study evaluated the enzymatic and
metabolic responses of five medicinal plant genotypes—Peppermint (Mentha piperita), Chamomile (Matricaria
chamomilla), Thyme (Thymus vulgaris), Basil (Ocimum basilicum), and Rosemary (Rosmarinus officinalis)—exposed
to various levels of Lead (Pb) and Cadmium (Cd) in heavy metal-contaminated soils of the Arak region.The split-plot
factorial experiment was conducted in a completely randomized design with three replications over two consecutive
years. Three levels of Lead (0, 200, 400 mg/kg soil) and three levels of Cadmium (0, 5, 10 mg/kg) were tested. At the
end of each growing season, the activity of antioxidant enzymes, including Superoxide Dismutase (SOD), Catalase
(CAT), Peroxidase (POD), the content of Malondialdehyde (MDA), and the total concentration of alkaloids, were
measured.The results showed that exposure to Lead and Cadmium significantly (at the 1% level) affected all measured
parameters in both years. Cadmium at a concentration of 10 mg/kg soil led to a significant increase in the activity of
antioxidant enzymes, particularly SOD and CAT, by 42% and 37%in the first year, and 45%and 40%in the second year,
respectively. Concurrently, MDA content increased by 55%and 58%, respectively. The combination of
Pb400+Cd10showed the highest level of lipid peroxidation at 68%in the first year and 71% in the second year. Under
moderate stress, alkaloid levels increased by 18-20%, while severe stress significantly reduced alkaloid levels by
23-25%. In species-dependent responses, Rosemary (Rosmarinus officinalis) exhibited the strongest antioxidant
defense system, while Basil (Ocimum basilicum) showed the highest level of lipid peroxidation. These findings
emphasize the necessity of long-term monitoring of heavy metal contamination in agricultural soils and its impact on
the quality and safety of medicinal plants, providing a reference for selecting heavy metal-tolerant genotypes in
medicinal plant breeding programs.
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Table 1: Physical and chemical properties of the studied soil (0-30 cm depth)
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Table 2: Analysis of variance (ANOVA) table for various parameters
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Table 3: Mean comparison table for the interaction of three Lead (Pb) levels x three Cadmium (Cd) levels x five
genotype (G) levels
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10a 75a 8a 21.5a 140 a 135a 130 a 125a Pb0 x CdO x G1
11a 8a 85a 22a 145 ab 140 ab 135 ab 130 ab Pb0 x Cd0O x G2
12a 85a 9a 22.5ab 150 be 145 be 140 be 135 abc Pb0 x Cd0 x G3
13 ab 9a 9.5ab 23 ab 155 be 150 be 145 be 140 abc Pb0 x Cd0 x G4
14 ab 9.5 ab 10 ab 23.5 abc 160 ¢ 155¢ 150 ¢ 145 be Pb0 x Cd0O x G5
11a 8a 85a 22a 145 ab 140 ab 135 ab 130 ab Pb0 x Cd5 x G1
12a 85a 9a 22.5 ab 150 be 145 be 140 be 135 abe Pb0 x Cd5 x G2
13 ab 9a 9.5 ab 23 ab 155 be 150 be 145 be 140 abc Pb0 x Cd5 x G3
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14 ab 10a 10.5a 25 ab 185 be 180 be 175 be 170 be Pb200 x Cd5 x G2
15 ab 10.5a 11a 25.5 abc 190 be 185 be 180 be 175 be Pb200 x Cd5 x G3
16 b 11a 11.5ab 26 abc 195 be 190 be 185 be 180 be Pb200 x Cd5 x G4
17b 11.5a 12 ab 27b 200 ¢ 195¢ 190 ¢ 185 ¢ Pb200 x Cd5 x G5
13 ab 10a 10.5a 26 ab 205¢ 200 ¢ 195 ¢ 190 ¢ Pb400 x Cd0 x G1
14 ab 10.5a 11a 26.5 abc 210 ¢ 205 ¢ 200 ¢ 195¢ Pb400 x Cd0 x G2
15 ab 11a 115a 27 ab 215¢ 210 ¢ 205¢ 200 ¢ Pb400 x Cd0O x G3
16 b 115a 12a 27.5 abc 220 ¢ 215¢ 210 ¢ 205 ¢ Pb400 x Cd0 x G4
17b 12 a 12.5a 28b 225¢ 220 ¢ 215¢ 210 ¢ Pb400 x Cd0O x G5
14 ab 10.5a 11a 26.5 abc 210 ¢ 205 ¢ 200 ¢ 195 ¢ Pb400 x Cd5 x G1
15 ab 11a 115a 27 abc 215¢ 210 ¢ 205¢ 200 ¢ Pb400 x Cd5 x G2
16 b 115a 12a 27.5 abe 220 ¢ 215¢ 210 ¢ 205 ¢ Pb400 x Cd5 x G3
17b 12a 12.5a 28 abc 225¢ 220 ¢ 215¢ 210 ¢ Pb400 x Cd5 x G4
18b 125a 13a 29b 230 ¢ 225¢ 220 ¢ 215¢ Pb400 x Cd5 x G5

* pgesls :CdO (S> ﬁ)fglgsﬁf’)fu;lﬁ‘\c”

{Mentha piperita) Jals gliss :Gl (S p,59lS 1 o5 Joo Vo pgeeols CAI0 (S5 6 55lS 5 0,5 o O pgodls :Cd5 (S p SelS 1 p )5 Lo

(Rosmarinus officinalis) s ,lo;, :GS (Ocimum basilicum) ;> , :G4 (Thymus vulgaris) &y, 5—| :G3 (Matricaria chamomilla) 44l :G2
Pb0: Lead 0 mg/kg soil, Pb200: Lead 200 mg/kg soil, Pb400: Lead 400 mg/kg soil, Cd0: Cadmium 0 mg/kg soil, Cd5: Cadmium 5

mg/kg soil, Cd10: Cadmium 10 mg/kg soil, G1: Peppermint (Mentha piperita), G2: Chamomile (Matricaria chamomilla), G3:
Thyme (Thymus vulgaris), G4: Basil (Ocimum basilicum), G5: Rosemary (Rosmarinus officinalis)
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Fig. 1: Interaction effect of treatments on superoxide dismutase enzyme activity
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Fig. 2: Interaction of treatments on catalase enzyme activity (units per mg protein)
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Table 5: Differences among genotypes in terms of the relative activity level of the CAT enzyme and the degree of

resistance
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Table 6: Comparison of genotypes regarding resistance ranking based on enzyme activity
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Py T R b glacdale Je as REX g ul'““" uJI (-
Sload 42y B ali conl oo

Jsiz 50 rdyeml cod i ) 5l lacadsi) (e damlis

MDA )"u".’.l" )JOLGA ‘wlﬁ.o U‘»’“ 5o el 00 'al}u‘ \s

S| “"'.':"“"] ﬁ‘ﬁ I wy) preves; CMSLEA OMOQL&J

#Y

slae i golonnS] el samolas ] YL Slade
MDA 0lie wab oo odolin T S 0 a5 les

poeesls 5 (Pb) oy cbale (I3 L lacsss (ooles (sln
A sgam 5D wbioo il S lpsh g atugy yob 4 (Cd)



o p3200lS g oy &y (S M (s 1000 g (Sl

Syl i s MDA (50 Blod 5l lageisis Sglis ¥ Jgor

Table 7: Differences among genotypes regarding MDA levels and vulnerability ranking
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Fig. 5: Interaction of treatments on total alkaloid content (mg/g dry weight)
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Table 9: Comparison of genotypes regarding ranking of alkaloid production capacity
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Fig. 6: Interaction effect of treatments on proline content (mg/g fresh weight)
Table 10: Comparison of genotypes regarding osmolite production capacity ranking
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Table 11: Comparison of genotypes based on antioxidant capacity ranking
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Table 13: Comparison of genotypes regarding resistance levels based on the six factors examined (enzymes, MDA
(inverse), proline, alkaloids, phenolics, and chlorophyll)
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