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Introduction

Human activities, including industrial development, agriculture, and urbanization, have significantly increased environmental pollution,
especially from heavy metals such as lead. Lead as one of the most hazardous heavy metals, poses a serious threat to biological sustainability. It directly
disrupts plant physiological processes, including photosynthesis, nutrient uptake, growth, and the production of secondary metabolites. Lead affects not
only plant growth and biomass, but also the production of secondary metabolites and phytochemical properties by causing changes in enzyme activity,
reducing stomatal conductance, and disrupting the ionic balance of cells. Plants use mechanisms such as avoidance, changing root growth patterns, and
secretion of defense compounds to cope with heavy metal stress. Among them, secondary metabolites play a key role in protecting plants against biotic
and abiotic stresses. Brassicaceae species such as Capsella bursa-pastoris, exhibit a high capacity to tolerate abiotic stresses, largely due to production
of secondary metabolites such as phenols, flavonoids, and terpenes. Investigating the responses of this plant to lead stress may uncover key resistance
mechanisms, providing insights into adaptive strategies against heavy metal toxicity. Therefore, the present study was conducted to determine the effects
of lead nitrate on growth, physiological indices, and secondary metabolites of the C. bursa-pastoris plant under hydroponic conditions.

Material and methods

This study was conducted as a pot experiment using a completely randomized design (CRD) with four replications at Yasouj University, Iran,
in 2024. After sterilizing the seeds of C. bursa-pastoris, they were sown in perlite-filled pots.and subjected to lead nitrate treatments at concentrations
of 0, 5, 10, 25, 50, and 100 uM. The pH of half-strength Hoagland nutrient solution was adjusted to 5.5 using MES buffer. Following three weeks of
treatment application, measurements were recorded for: growth parameters (root/shoot length and dry weight), physiological markers (total chlorophyll,
anthocyanin, soluble sugars, and protein content), and biochemical traits (total phenols and flavonoids). To measure the lead content of roots and shoots,
0.1 g of the dried and powdered aerial parts and roots of the plant were transfetred to test tubes, and three ml of 65% nitric acid were added to them and
kept under the hood for 12 h. In the next step, they were placed in a boiling water bath at 90°C for two h. After the solution cooled in the laboratory,
one ml of hydrogen peroxide was added to it and they were placed in a boiling water bath at 90°C for one h. Finally, the volume of the samples was
brought to 10 ml by adding distilled water. The lead concentration was determined on a flame atomic absorption spectrophotometer (Hitachi, Z-2000,
Japan). Data were analyzed using one-way ANOVA, and post-hoc mean comparisons were conducted using the LSD test at a significance level of p <
0.05.

Results and Discussion

The study revealed that lead nitrate exposure significantly influenced lead accumulation and key biochemical parameters-including chlorophyll,
anthocyanins, soluble sugars, and protein content-in C. bursa-pastoris. Elevated lead nitrate concentrations resulted in progressively higher lead
accumulation in both roots and shoots, peaking at 100 uM. Exposure to highest concentration (100 pM), lead nitrate significantly increased anthocyanin
accumulation, and levels of soluble sugars, proteins, and flavonoids in the leaves. Elevated lead nitrate concentrations also caused significant reductions
in both root and shoot dry weights. The findings demonstrated that the plant’s root plays a major role in the lead absorption and accumulation. While
roots effectively prevent the lead translocation to the shoots at low concentrations (up to 10 uM), this ability diminishes at higher concentrations. To
counteract the lead-induced oxidative stress, the plant utilized phenolic compounds (including anthocyanins and flavonoids) as well as soluble sugars
and proteins.

Conclusion

The study revealed that lead nitrate exposure significantly impaired growth and physiological performance in C. bursa-pastoris, causing
marked reductions in both root and shoot dry weight. These effects were likely caused by lead toxicity, the induction of oxidative stress, and disruptions
in nutrient uptake. At lower concentrations, plants trigger defense mechanisms-like boosting soluble sugars and anthocyanins-to counteract lead toxicity.
However, under elevated levels, these protective responses diminish as oxidative damage overwhelms the plant's biochemical pathways. While elevated
flavonoid production under high-stress conditions reflects the plant's adaptive response to oxidative damage, this protective mechanism fails to fully
mitigate the observed decline in growth. These findings indicate that C. bursa-pastoris exhibits tolerance to lead stress at lower concentrations (<50
1M), but exposure to higher levels (>100 pM) induce severe physiological damage, compromising plant viability. Additionally, investigating the effects
of other heavy metals could help determine the plant’s overall tolerance capacity.
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Table 1. Analysis of variance (mean squares) for the effect of lead nitrate on Capsella bursa-pastoris parameters under

hydroponic conditions.

Mean
Source of Squares
variation df Shoot Shoot-to- Total Leaf Total
Root lead lead root lead chlorophvll  antocyanin soluble
ratio phy Y sugars
Lead nitrate 5 175578™ 98.27™ 0.0002"" 0.324™ 41.90™ 359
Error 12 5414 2.508 1.816 0.0001 0.17 24.73
C.V. (%) 22.29 42.05 15.34 0.46 7.94 7.74
Y Jgas deld!
Source of df S(ilel;l;le Eeontsllic Total Root Shoot  Root'dry Shoot dry
variation . p flavonoids length  length weight weight
protein  compounds
Lead nitrate 5 4.12™ 26126™ 581183™ 2.309" 418" 0.0012™ 0.013™
Error 12 0.35 27489 79630 0.5904 1.03 0.00006 0.001
C.V. (%) 13.3 4.12 7.09 13.48 8.09 25.28 18.47

L o WS 1y Aoy Y g do 3 B zolaw 1D (gl ne g (o)b xe pis Cui

## g % NS

ns, *and ** jndicate non-significant, and significant at p < 0.05, and p < 0.01, respectively.
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