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Abstract

:

This study investigated whether moderate soil contamination by Cd and Pb may negatively affect seed germination, photosynthesis and foliar accumulation in the medicinal plant Hypericum perforatum. Seeds were incubated with Cd and Pb solutions of 10 and 100 µM, and two-month-old plants were watered weekly for three weeks with the same solutions. Control samples were treated with deionized water. The percentage of seed germination and seedling length, as well as chlorophyll content, chlorophyll fluorescence and foliar reflectance, were measured, along with the foliar Cd and Pb concentrations. The results indicated that seed germination is not affected, while seedling length is decreased by approximately 81% by high Cd levels. Cadmium was subjected to foliar translocation from the soil depending on the supplied concentration, thus causing reductions in the chlorophyll content (−24%). It is of interest that foliar Cd levels in Cd-treated plants were close to or above the limit for the European Pharmacopoeia. Negative effects of Pb were not detected, but accumulation and blockage of this metal at the root level, although not approached experimentally, cannot be ruled out.
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1. Introduction


Environmental pollution by heavy metals is of great concern worldwide, especially in developing countries. In Europe, during recent decades, metal deposition has been considerably reduced thanks to policies regulating their emission [1], such as the Aarhus Protocol [2], which targeted three toxic metals: cadmium (Cd), lead (Pb) and mercury (Hg).



Cd and Pb are among the commonest heavy metals in polluted environments, being very often released by the same source, e.g., power-generating plants, metal and steel production, incinerators and cement works [3]. Pb pollution experienced a huge decrease after the phasing out of leaded gasoline [4]. In non-contaminated soils, total concentrations of Cd and Pb are ca. 0.1 µg·g−1 and 17 µg·g−1, respectively [5]. However, following the effects of pollution, their levels may be strongly increased, reaching concentrations even several orders of magnitude higher [6,7].



High concentrations of toxic metals in the soil may affect the physiology of plants and limit seed germination, thus hampering the ability of plants to thrive and survive in polluted environments. Cd and Pb are known to inhibit seed germination and seedling development but with a species-specific effect. For example, albizia plants (Albizia lebbeck) showed negative effects in both seed germination and seedling development after exposure to very low concentrations (10 µM) of these metals [8], while mustard (Sinapis alba) clearly indicated a higher toxicity for Cd than for Pb [9]. Similarly, seeds and seedlings of white leadtree (Leucaena leucocephala) showed a lower tolerance for Cd compared to Pb following exposure to concentrations as high as 50 µg·g−1 [10]. Exposure to Cd and Pb also caused toxic effects in adult plants, affecting their metabolism, photosynthesis, water balance and respiration [11]. Cd seems to be more toxic to plants than Pb, causing a greater reduction in the yield of barley (Hordeum vulgare) [12] and in the leaf area and dry biomass of beech (Fagus sylvatica) [13], besides inhibiting the root length and stem height of Indian mustard (Brassica juncea) [14].



Hypericum perforatum L., Saint John’s wort, is a herbaceous plant with a long history in folk medicine, being used for remedies of physical and non-physical disorders [15], and to fight mild to moderately severe depressive disorders [16]. Presently, therapeutic plants hold a large share of the pharmacological market and there is thus an increasing concern for their trace metal content [17] in order to protect consumers from their potential toxic effects [18], as well as to understand the relationships between trace metals and the expression of their active compounds [19,20].



Several studies investigated the accumulation of toxic heavy metals in H. perforatum [21,22,23,24,25,26] and some recommended caution for its harvesting on polluted soils [27] since this plant seems to show good features as a Cd accumulator [28]. Conversely, studies on the toxicity of heavy metals on their seed development are lacking, and information on their effects on the physiology of adult plants is largely unexplored [21]. For this purpose, this study aimed to investigate if ecologically relevant soil contamination by Cd and Pb may negatively affect seed germination, photosynthesis and foliar accumulation in the medicinal plant H. perforatum.




2. Materials and Methods


2.1. Seed Experiment


2.1.1. Seed Collection


Spontaneous plants of H. perforatum were collected in the Botanical Garden of the University of Siena (Italy) during July 2019. In the laboratory, seeds were removed by rubbing flowers by hand pressure. The seeds were then put inside a paper bag and stored at room temperature until their use.




2.1.2. Seed Pre-Treatment and Exposure


Five batches of 25 seeds, counted under a stereomicroscope, were randomly collected inside 2 mL tubes and then stored at 4 °C for two weeks for cold stratification [29], the process that breaks seed dormancy and induces germination. After the stratification, seeds were surface sterilized by dipping in 3% sodium hypochlorite (NaClO) for two minutes and then washed thoroughly with sterile deionized water. Later, each batch of 25 seeds was randomly divided and put into five Petri dishes (Ø = 145 mm) with two filter papers (Ø = 125 mm). Each Petri dish was then treated with 5 mL of single solutions containing sterile deionized water (control), Cd 10 µM, Cd 100 µM, Pb10 µM and Pb100 µM, prepared by diluting a stock solution (1 mM) of each water-soluble metal salt, namely cadmium chloride (CdCl2) and lead nitrate (Pb(NO3)2) in sterile deionized water. After the treatment, all Petri dishes were incubated in total darkness at 22 °C using a growth chamber. To avoid seed drying and ensure the adequate exposure of the seeds to the two metals, an additional volume of 1.5 mL of solutions was added every three days to each respective Petri dish. The experiment lasted 10 days because no further germinations were observed (this parameter was, however, checked additionally for another five days). After 10 days, the number of germinated seeds and the length of the seedlings were quantified under a stereomicroscope. The experiment was replicated independently three times.



Before the beginning of the experiment, all the materials used (Petri dishes, filter papers, pipette tips, tweezers and deionized water) were UV sterilized for one hour to avoid the growth of pathogens (e.g., fungi and bacteria) inside the Petri dishes. The selected Cd and Pb exposure concentrations were within the range of concentrations detected in the exchangeable fraction and hence potentially phytoavailable [30] in geochemically altered (ultramafic serpentine) soils [24].





2.2. Plant Experiment


2.2.1. Plant Growth


Plants of H. perforatum were obtained from seedlings germinated in deionized water (as indicated for control samples in Section 2.1.2). After their separation from the seed coat, 25 seedlings were transplanted inside pots (Ø = 200 mm) filled with soil (pH = 7.2) from the Botanical Garden of the University of Siena. Five pots (statistical replicates) were prepared for each treatment. After the transplantation, seedlings were allowed to grow inside a climatic chamber (volume = 1.5 m3) at 22 ± 2 °C, RH = 80 ± 5%, photoperiod of 16 h at a photosynthetic photon flux density (PPFD) of 600 μmol m−2 s−1, corresponding to a daily light integral (DLI) of 35 mol m−2 d−1 for 60 days, a period necessary to obtain approximately 10–15 plants with an average height of ca. 15 cm for each pot. To enhance plant growth, soils were fertilized with 50 mL of a commercial liquid fertilizer; this procedure was carried out only once, 30 days after the transplantation. All pots were regularly watered with 100 mL of mineral water every two days. The volume of 100 mL was accurately selected to provide the complete hydration of each pot without generating water leaks from their bottom. All pots were randomly rotated every two days to avoid the possible influence of microclimatic conditions.




2.2.2. Plant Exposure


After 60 days, each pot was contaminated with 100 mL of a freshly prepared solution containing deionized water (control), Cd 10 µM, Cd 100 µM, Pb10 µM and Pb100 µM prepared as described in Section 2.1.2. Metal contamination was carried out at the beginning of every week and the experiment lasted three weeks.




2.2.3. Physiological Parameters


Photosynthetic parameters (namely, total chlorophyll content, chlorophyll a fluorescence and foliar reflectance as NDVI, see below), used as indicators of plant vitality and health, were investigated immediately before the first contamination and one week after the last treatment. Ten measurements were taken for each pot, randomly selecting the leaves to measure.



The total chlorophyll content index (CCI), expressed as chlorophyll content per square meter of biological material (mg·m−2), was evaluated using a chlorophyll content meter (CCM-300, Opti-Science, Hudson, USA).



Chlorophyll a fluorescence was assessed using the widely used indicator of photosynthetic efficiency FV/FM, which indicates the maximum quantum efficiency of Photosystem II (PS II) photochemistry, and the performance index (PI), an overall indicator of Photosystem I (PS I) and PS II functionality. Prior to the analysis, leaves were dark-adapted for 15 min. The analysis was carried out by flashing samples with a saturating (3000 μmol m−2 s−1) red light (650 nm) pulse for one second, using a plant efficiency analyzer (Handy PEA, Hansatech Ltd., Norfolk, UK).



Measurements of the normalized difference vegetation index (NDVI), a general indicator of plant health, were carried out using a handy NDVI device (PlantPen NDVI 310, Photon System Instruments, Brno, Czech Republic).




2.2.4. Accumulation of Cd and Pb


The aerial parts of the plants were harvested and dried at 65 °C for six hours. Then, the leaves were crushed by hand pressure and powdered using a ceramic mortar and pestle. Dry samples (200 mg) were mineralized for 20 min with a mixture of 3 mL of 70% nitric acid (HNO3) and 0.5 mL of 30% hydrogen peroxide (H2O2) in a microwave system (Milestone Ethos 900). The content of Cd and Pb was quantified by inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer–Sciex, Elan 6100). The certified standard reference material NCS DC73350 “Leaves of Poplar” was used to evaluate the analytical quality, which indicated recoveries in the range 98–102%. The precision was estimated by the coefficient of variation of four replicates and was within 5% for both elements. Results are expressed on a dry weight basis (μg·g−1 dw).





2.3. Statistical Analysis


Differences in the percentage of germinated seeds, seedling length and foliar accumulation of Cd and Pb were checked using a pairwise permutation t-test for independent samples, applying a correction for multiple testing according to [31]. Prior to the analysis, percent data were arcsin transformed. In order to account for the temporal dimension and for some variability in pre-exposure values in photosynthetic parameters, the results of all investigated physiological variables were expressed as ratios between post- (after three weeks) and pre-exposure values. A generalized linear mixed model (GLMM) was run to check for statistically significant differences between treated and control samples as well as between treatments, with treatment as a fixed effect and pot as a random effect. The significance of the GLMM model was checked with the analysis of deviance (type II Wald chi-square). Post hoc pairwise comparisons were run with the Tukey test. All calculations were run using the free software R [32].





3. Results


Exposure to Cd and Pb did not inhibit the germination of H. perforatum seeds, while seedling length was significantly impaired at the highest (100 µM) Cd concentration (Table 1).



Compared to controls, plants grown in soils contaminated with 100 µM Cd showed a reduction of the chlorophyll content (−24%), while NDVI, photosynthetic efficiency and performance index showed only modest and statistically insignificant reductions (Table 2). Plants grown in soils contaminated with 10 µM Cd showed only a reduction of the chlorophyll content (Table 2). Plants grown soils contaminated by 10 µM and 100 µM Pb did not show negative alterations in any of the investigated photosynthetic parameters, even though the NDVI and the performance index showed a slight but not statistically significant increase (Table 2).



Cd and Pb concentrations in control samples were consistent with background levels reported for several spontaneous plants [33]. Cadmium was significantly translocated in leaves of H. perforatum depending on the concentration supplied to the soil: leaves of plants grown in soils contaminated with 10 µM Cd showed concentrations four times higher than those measured in control values, while in plants treated with 100 µM Cd, values were 11 times higher (Figure 1). Plants grown in soils contaminated with 10 µM and 100 µM showed Pb enrichment in their leaf content, but these values were not statistically significantly different from those in the control (Table 2).




4. Discussion


The exposure of H. perforatum seeds to the investigated Cd and Pb concentrations (10 and 100 µM) did not generate alterations in the seed germination, while seedling length was impaired only at the highest Cd concentration. The coat of the seeds is the first barrier to Cd and Pb penetration [11], thus explaining why inhibition of seed germination occurs only at high exposure levels [9]. Consistent with our observations, Ahmad et al. [34] reported a higher ability of Cd to inhibit seedling development than seed germination. Negative effects on seedling development following Cd exposure may occur as a consequence of its toxic action on respiration and sugar metabolism [35]. Cd may affect all seed respiration phases [35] as well as the activity of the enzymes responsible for the hydrolysis of starch (i.e., α- and β-amylase) [35,36,37], leading to reductions in the energy available for seed development. Additionally, Cd is also known to impair the mechanism of sugar translocation from the seeds to the newly forming seedlings, leaving the process of seedling development without energy [37], as observed in rice (Oryza sativa) seeds following exposures to Cd 10 and 100 µM [38]. We did not experimentally assess the sugar content of our H. perforatum seeds, but we can suggest that a similar mechanism may have occurred. The lack of negative effects on seedling development following Pb exposure may be related to a mechanism of resistance to Pb accumulation at the intracellular level. Pb is largely blocked extracellularly in the cell wall [39], and this may occur as a consequence of its complexation to crystals or amorphous deposits on the cell wall [40], as observed in corn (Zea mays) plants following exposure to Pb solutions provided as soluble lead chloride (PbCl2) and Pb(NO3)2 salts [41].



Plants exposed to Cd showed leaf Cd enrichment, with levels increasing with soil concentrations, while those exposed to Pb did not show appreciable accumulations compared to control plants treated only with water. These results suggest a great soil–plant translocation for Cd in H. perforatum, as reported for native H. perforatum plants grown in geochemically polluted soils [24]. Cd is characterized by a high mobility in plants [42], owing to its chemical similarity to Zn [43], and it is distributed around the whole plant through its release in the xylem [44] following the common dilution process: roots > shoot > leaves [45]. A limited soil–plant (at least soil–leaf) translocation was evident for Pb, which, contrary to Cd, is also characterized by a limited mobility in adult plants since its accumulation mainly occurs at the root level [46]. Higher Pb accumulation in roots compared to shoots has been reported in ca. 75% and 92% of the plants investigated by Rotkittikhun et al. [47] and Yoon et al. [48], respectively. Plants of H. perforatum grown in Pb-enriched soils at concentrations ranging from 360–7250 µM showed a clear trend of Pb accumulation for roots, while the dynamic of shoot accumulation was not clear [19]. The limited Pb translocation to the epigeal parts is determined by the blocking of this toxic metal at the root level, as a consequence of the passive action of several defense barriers: carboxyl groups of mucilage uronic acids, the ion exchange sites of the cell wall and the root endodermis [39]. Among these, the latter seems to be the most involved mechanism [49,50]. Lead values measured in our study are in line with the concentrations reported for commercial H. perforatum plants [51]. Cadmium concentrations found in our control leaves are in line with those measured in the shoots of spontaneous Hypericum plants growing in non-contaminated soils [22], while those grown on Cd-enriched soils are 3–10 times lower than those detected in shoots of H. perforatum plants from mining sites [23]. It is noteworthy that leaves of H. perforatum grown in soils contaminated with the highest Cd concentration (100 µM) showed an average Cd concentration 2.5 times higher than the limit of 1 mg·kg−1 proposed for St. John’s wort herb, but slightly lower than the limit for the European Pharmacopoeia (4 mg·kg−1) [52]. It should be noted that the most common Hypericum preparations derive mainly from hydroalcoholic extraction of their aerial parts [53], including flowers, stems and leaves, which are obviously not free from metals such as Cd and Pb [54], but characterized by concentrations generally below the limit proposed for dried plant materials, based on acceptable daily intake values [55].



The accumulation of Cd determines several toxic effects on plants, such as impairment of the water balance, stomatal opening, oxidative stress, lipid peroxidation and damage to the photosynthetic system [45,56,57]. Data on the effects of Cd accumulation on the photosynthesis of H. perforatum are not available, but the toxicity of this metal on several physiological processes of this plant is well documented [58]. A decrease in chlorophyll content following Cd accumulation has been observed for several plant species following exposure to Cd concentrations comparable to those tested in this study [59,60,61]. Additionally, and similarly to our results, reductions of the chlorophyll content of maize (Zea mays) leaves were observed as a consequence of an accumulation of 1.7 µg·g−1 of this metal [62]. Harmful effects of Cd on chlorophyll are related to the replacement of Mg in PSII [63], including its action on chlorophyll biosynthesis steps, such as protochlorophyllide reductase, or its action on PSII-related electron transport [64]. The latter may explain the additional effect on NDVI expression. Consistently with our observations, Cd caused a modest decrease in the NDVI value of barley (Hordeum vulgare) following exposure to very high (1 and 10 mM) Cd concentrations [65]. On the contrary, NDVI was not influenced in tomato (Solanum lycopersicum) plants after Cd exposure of up to 10 mM [66].



Although Pb has been reported to have several negative effects on a number of plant species, e.g., to inhibit photosynthesis, impair mineral nutrition and water balance, change the hormonal balance and affect membrane structure and permeability [67], H. perforatum seems to be a tolerant species. This resistance, as highlighted above, is probably determined by the capacity of this species to block Pb extracellularly, preventing entrance into the cytosol and consequent toxicity. Nevertheless, plants exposed to Pb, as well as Cd, are known to synthesize phytochelatins, cysteine-rich low molecular weight polypeptides, which bind to Pb ions sequestering them, thus acting as an important detoxification mechanism in plants [68]. Additionally, although no Pb accumulation was found in H. perforatum leaves, treatments with Pb generated a modest, yet not statistically significant, increase in reflectance (+21%) and photosynthetic performance (+20%). These outcomes may be related to the fact that Pb was supplied as nitrate (Pb(NO2)3), which may have acted as a source of nitrogen, although modest (i.e., 12.4 mg·kg−1), but still able to increase these parameters, as commonly observed in plants fertilized with nitrogen [69,70,71,72].




5. Conclusions


This study investigated the ability of H. perforatum to thrive in soils moderately polluted by Cd and Pb, and the results indicated that seed germination is not affected, while seedling length is decreased by high Cd levels. Cd was subjected to foliar translocation from the soil depending on the supplied concentration, thus generating reductions in the chlorophyll content. It is of interest that foliar Cd levels in Cd-treated plants were close to or above the limit for the European Pharmacopoeia. Effects of Pb were not detected, but accumulation and blockage of this metal at the root level, although not assessed experimentally, cannot be ruled out.
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Figure 1. Concentrations (µg·g−1 ± SE) of Cd and Pb in leaves of H. perforatum after 3 weeks of the exposure to solutions containing either water (Cd 0 and Pb 0), Cd or Pb (10 and 100 µM). Different letters indicate statistically significant (p < 0.05) differences between treatments. 
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Table 1. Results (mean ± SE) of germination (%) and seedling length (mm) of H. perforatum after 10 days of exposure to solutions containing either water (Control), Cd or Pb (10 and 100 µM).
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	Treatment
	Germination
	Seedling Length





	Control
	73.06 ± 3.27 a
	4.27 ± 0.26 a



	Cd 10 µM
	81.06 ± 1.49 a
	4.71 ± 0.19 a



	Cd 100 µM
	83.50 ± 3.40 a
	0.82 ± 0.25 b



	Pb 10 µM
	66.11 ± 4.06 a
	4.42 ± 0.63 a



	Pb 100 µM
	79.61 ± 4.96 a
	3.72 ± 0.52 a







Different letters in each column indicate statistically significant (p < 0.05) differences between treatments.
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Table 2. Expressions (mean ± SE) of the investigated physiological parameters in H. perforatum after three weeks of exposure to solutions containing either water (Control), Cd or Pb (10 and 100 µM).
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	Treatment
	Chlorophyll

(mg·m−2)
	NDVI
	FV/FM
	PI





	Control
	1.14 ± 0.05 a
	1.05 ± 0.04 ab
	0.99 ± 0.01 a
	0.83 ± 0.07 a



	Cd 10 µM
	0.92 ± 0.02 b
	1.17 ± 0.12 ab
	0.99 ± 0.03 a
	0.92 ± 0.12 a



	Cd 100 µM
	0.85 ± 0.03 b
	0.90 ± 0.03 a
	0.98 ± 0.01a
	0.84 ± 0.06 a



	Pb 10 µM
	1.04 ± 0.02 a
	1.27 ± 0.09 b
	1.01 ± 0.004 a
	0.87 ± 0.05 a



	Pb 100 µM
	1.04 ± 0.02 a
	1.26 ± 0.10 b
	1.00 ± 0.01 a
	1.03 ± 0.06 a







NDVI: normalized difference vegetation index; FV/FM: indicator of photosynthetic efficiency; PI: performance index; Different letters in each column indicate statistically significant (p < 0.05) differences between treatments.
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