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Abstract:



There is much concern about the cleanup of toxic contaminants in the environment as human activities increase. The objective of this research was to study the effects of different rates (0, 0.3 and 0.5 g·L−1) of (CuCl2) used for irrigation and its translocation in shoots and roots of three varieties: Romaine lettuce (local), Redina lettuce (red) and iceberg lettuce (Lactuca sativa L.) after 97 days. There was a significant difference in fresh weight and dry weigh for all varieties of lettuce. Differential accumulation and translocation of copper (Cu) in the root and leaf of vegetables were investigated using atomic absorption spectrophotometer. Red plant accumulated higher amounts of Cu (1.89 mg·kg−1) in root and (0.71 mg·kg−1) in shoot compared to the other three plant species. The accumulation coefficient (AC) and translocation factor (TF) of Cu in three varieties was higher in red followed by local and iceberg. At high concentrations (CuCl2: 0.5 g·L−1), the light micrographs obtained from the leaf samples of copper-treated plants showed changes and a reduction in the number and the distribution of chloroplasts in palisade and spongy parenchyma cells. All cultivars were able to accumulate significant amounts of Cu, but they have severe symptoms of phytotoxicity when the copper concentration was high.
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1. Introduction


Heavy metal accumulation in soils is one of the concerns in agricultural production due to the adverse effects on food quality and crop growth [1]. Metal-accumulating plants are directly or indirectly responsible for much of the dietary uptake of toxic heavy metals by humans and other animals [2]. Linked with environmental pollution, water pollution is a problem of worldwide concern, and ground water is extremely polluted due to unplanned disposal of industrial effluents into watercourses [3]. All heavy metals at high concentrations have strong toxic effects on biota and are regarded as environmental pollutants [4]. This contamination can be dangerous for human health, being that lettuce is one the most consumed vegetables [5]. Copper toxicity is a problem of both agricultural and environmental significance. Sources of Cu contamination include mining and smelting, urban, industrial and agricultural wastes and the use of agrochemicals [6]. While Cu is an essential micronutrient, exposure to excess Cu has a detrimental effect on plant growth. Cu acts as a structural element in regulatory proteins and participates in photosynthetic electron transport, mitochondrial respiration, oxidative stress responses, cell wall metabolism and hormone signaling [7,8]. Metal uptake differences of leafy vegetables are attributed to plant differences in tolerance to heavy metals [9]. Leafy vegetables are high accumulators of metal ions as compared to root vegetables and legumes [10]. Vegetables such as lettuce (Lactuca sativa L.) cultivated in wastewater-irrigated soils take up heavy metals in large enough quantities to cause potential health risks to the consumers [11].



The absorption capacity of heavy metals depends on the nature of vegetables, and some of them have a greater chance of accumulating a higher content of heavy metals than others [10,12]. Vegetables found in Jordan, such as lettuce, spinach, carrots, radish, cabbage, potato, tomato, turnip, etc., are commonly grown in peri-urban areas of Jordan and irrigated by city effluents. Lactuca sativa has been identified as a high biomass production plant with the capacity to accumulate high concentrations of nutrients in plant cells [13]. Because of the extensive root system, their high biomass and low-input cultivation, trees are attractive phytoremediators. Leaves can absorb gaseous heavy metals through the stomata. The use of plants in environmental cleanup of such toxic metals can guarantee a greener and cleaner planet for all of us at a lesser cost. The phytoremediation method is one of several methods for cleaning up heavy metals. Phytoremediation, i.e., using plants to remove pollutants from the environment or to render them harmless, is considered as a promising, cost-effective and environmentally-friendly technology to clean up the contaminated environment [14]. As plants are unable to avoid the absorption of heavy metals, various species have developed multiple mechanisms to tolerate them [15]. Absorption capacity of heavy metals depends on the nature of vegetables, and some of them have a greater chance to accumulation higher concentrations of heavy metals than others [16]. The phytoremediation method is one of several methods for cleaning up heavy metals. However, the objectives of this study were to measure the concentration of copper in soil and evaluate the capacity of three different selected lettuce plants to accumulate copper in their shoots and roots, as well as to identify leaf anatomic structural changes caused by copper accumulation in leaves by light microscopy.




2. Materials and Methods


Effect of Copper in Irrigation Water on Plants’ Growth


The three varieties (Romaine lettuce (local), Redina Lettuce (red) and iceberg (ice)) of lettuce were used for the phytoaccumulation experiments that involve measures of their capacity to accumulate copper. These species were planted in pots of 25 cm in diameter filled with 2 kg of potting mix. The physical and chemical properties of the soil are presented in (Table 1). Lettuce (Lactuca sativa L.) seeds of three commercial varieties were obtained locally. Ten seeds were sown in each pot, and one plant was kept for growing for 97 days in the pot. All pots were irrigated when needed with a half liter of water with copper treatments (0, 0.3 and 0.5 g·L−1) of CuCl2 during the growing season. Pots with control soil samples were irrigated with tap water, which has a copper concentration of 0.13 mg/L. All types of lettuce are short-day plants, which means the plants only need 10 to 12 h of sunlight daily. Average temperature varied from 15 °C (night) to 30 °C (day). Shoots and roots’ fresh and dry weights were recorded by using an electronic balance. After 97 days of plants cultivation in soil, leaves were cut into several discs and the fresh weight of these discs quickly obtained. Leaf discs were placed into distilled water in a covered Petri dish for 1 h, and then, the discs were blotted dry and the “turgid weight” determined. Discs were placed in a paper bag and labeled, then put into an oven to dry. Relative water content (RWC %) was recorded according to the formula: Relative Water Content = (Fresh wt. − Dry wt.)/(Turgid wt. − Dry wt.). All plants were grown in greenhouse conditions at Jordan University. All the treatment groups were arranged in a completely randomized design (CRD) with five replicates in each Cu treatment and means separated by the Duncan multiple range test at p < 0.05. The results were analyzed by using SAS statistical software (SAS Institute Inc., Cary, NC, USA), and the least significant difference was used for comparisons between means of the treatment.



Table 1. Some physical and chemical properties of the experimental site.







	
Soil Factors

	
Value






	
Soil particle size: Sand (%)

	
20




	
Silt (%)

	
38




	
Clay (%)

	
42




	
Texture class

	
Clay loam




	
Organic matter

	
1.9




	
Mineral N content: NH4+ N (ppm)

	
6.7




	
NO3− (ppm)

	
12.7




	
pH

	
6.3




	
Electrical conductivity (dS·m−1)

	
0.21




	
Copper concentration (mg·kg−1)

	
3.5




	
Extractable phosphorus (ppm)

	
17.1




	
Extractable potassium (ppm)

	
428




	
Bulk density

	
1.02




	
Water holding capacity

	
0.35












3. Plant Samples’ Analysis


3.1. Effect of Copper in Irrigation Water on Copper Content in Plants


Lactuca sativa was harvested after 97 days, and various parts of the plants (shoots and roots) were separated. Plant samples were air-dried for two weeks at room temperature by spreading them on nylon fabric, followed by oven-drying at 78 °C for 48 h. Thereafter, the samples were ground using a mortar and pestle. For analysis, a 1.0-g dry plant sample was placed in a test tube, treated with 5 mL of a 5:1 mixture of aqua regia (HNO3-HCl) and perchloric acid (HClO4) and then digested in a hot air oven at 95 °C for approximately two hours until complete digestion [12]. After digestion, the samples were left to cool and then transferred to 100-mL volumetric flasks. The test tubes used for digestion were rinsed with distilled water, and the rinsing water was added to the volumetric flasks to make the volume up to 100 mL. The solution was then filtered. The filtered solutions were analyzed for copper concentrations using inductively-coupled, plasma-atomic emission spectrometry (ICP-AES).




3.2. Determination of Copper in Soil Samples


The soil samples were oven dried at 105 °C for 16 h and grounded to fine particles using a mortar and pestle. The ground particles were sieved using a 1-mm sieve. A measured quantity (2.0 g) of the soil samples was put into an acid-washed centrifuge vial (scintillation bottle). Soil samples were extracted using 35 mL of 0.1 M HNO3 at room temperature (25 ± 2 °C). The scintillation bottles were attached to the lid and equilibrated in an end-over-end mechanical shaker and shacked vigorously for sixteen hours; after which, the samples were centrifuged at 3000 rpm for five minutes. The supernatant was decanted into the scintillation bottles for analysis. The analysis of the copper was done by using the Shimadzu atomic absorption spectrophotometer (Model AA6300) [17].




3.3. Translocation Factor


Cu translocation from shoot to root was measured by TF, which is given below:


TF = C shoot/C root








where C shoot and C root are the metals’ concentration in the shoot (mg·kg−1) and root of the plant (mg·kg−1), respectively. TF > 1 represents that translocation of metals was effectively performed to the shoot from the root.




3.4. Accumulation Coefficient


Bioaccumulation factor AC of Cu was calculated by:


AC = C shoot/C soil








C shoot and C soil are metals concentration in the plant shoot (mg·kg−1) and soil (mg·kg−1), respectively.




3.5. Microscopy


The leaf samples were excised 2 cm above the leaf-stem intersection of the plants for light microscopy (LM) studies. Plant samples for LM analysis were immediately fixed in formaldehyde-acetic acid (FAA) and then alcohol dehydrated, ultramicrotomed and subjected to 1% Toluidine blue staining for further observation [18].





4. Results


The effects of CuCl2 toxicity on the growth and morphology of lettuce are generally consistent with the reported symptoms of CuCl2 toxicity in the plants. This represented root damage, severe wilting and death of the shoot tip. There was a little chlorosis of the leaves accompanied by a pale green to white chlorosis on mature leaves. Treatment with CuCl2 caused inhibition of shoot and roots fresh and dry weight (Figure 1, Figure 2, Figure 3 and Figure 4). The reduction of growth was observed at the levels of 0.3 and 0.5 g·L−1 of copper. At a high concentration (CuCl2) of 0.5 g·L−1, all cultivars showed an effect on shoot RWC percentage (Figure 5). Copper concentration increased in soil irrigated by (CuCl2) 0.5 g·L−1 compared to the other treatments (Figure 6). CuCl2 of 0.5 g·L−1 resulted in the greatest increase in shoot and root followed by the remaining treatment. Copper metal concentrations in leaves and roots of lettuce are presented in Figure 7 and Figure 8. The highest copper concentration was in root and shoot of the red cultivar, and it ranged between 0.5 mg·kg−1 in shoots and 1.79 mg·kg−1 in roots. The initial plant copper content was 0.1 mg·kg−1 and 2.3 mg·kg−1 at the end of growing season, while the initial soil copper concentration was 3.5 mg·kg−1, and the final soil copper concentration was 119.6 mg·kg−1. The initial total copper in both plant and soil was 3.6 mg·kg−1, and the final plant-soil copper was 121.9 mg·kg−1.


Figure 1. Effect of copper concentrations in irrigation water on shoot fresh weight of three lettuce (Lactuca sativa L.) cultivars (red, local and iceberg (Ice)) after 97 days. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.



[image: Agriculture 08 00029 g001]





Figure 2. Effect of copper concentrations in irrigation water on shoot dry weight of three lettuce (Lactuca sativa L.) cultivars (red, local and iceberg) after 97 days. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 3. Effect of copper level on root fresh weight of three lettuce (Lactuca sativa L.) cultivars (red, local and iceberg) after 97 days of growth under irrigation by polluted water. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 4. Effect of copper level on root dry weight of three lettuce (Lactuca sativa L.) cultivars (red, local and iceberg) after 97 days of growth under irrigation by polluted water. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 5. Relationship between relative water content (RWC %) of shoots of lettuce (Lactuca sativa L.) cultivars (red, local and iceberg) and copper concentration. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 6. Mean concentration (mg·kg−1) of copper of the soils in various samples used for the experiment. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 7. Mean concentration of copper content (mg·kg−1) of lettuce shoot samples. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 8. Mean concentration of copper content (mg·kg−1) of lettuce root samples. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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The relationship between the translocation factor (TF) and copper concentration is shown in Figure 9. The maximum rate of TF was 0.4 with treatment of 0.5 g/L, which represents translocation of copper from root to shoot. The accumulation coefficient (AC) of Cu in three varieties is shown in Figure 10. It is noted that the AC was higher in red lettuce plant followed by local and iceberg.


Figure 9. Relationship between the translocation factor (TF) and copper concentration. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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Figure 10. Relationship between the accumulation coefficient (AC) and copper concentration. Means in columns with the same letters do not differ significantly at p ≤ 0.05 level.
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In all varieties, light micrographs of copper-treated plants (Figure 11, Figure 12 and Figure 13B) showed a reduction in intercellular space and thickly-stained areas along the walls of the internal cells’ vessels compared to the control (Figure 11, Figure 12 and Figure 13A). The light micrographs of copper-treated leaves showed also shrinkage and a decrease of chloroplasts, with structural changes in both upper and lower palisade cells compared to the control group.


Figure 11. Light micrographs showing the chloroplast of lower palisade parenchyma cells of the Cu-treated red cultivar (B) compared to the control (A).
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Figure 12. Light micrographs showing the chloroplast of lower palisade parenchyma cells of the Cu-treated local cultivar (B) compared to the control (A).
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Figure 13. Light micrographs showing the chloroplast of lower palisade parenchyma cells of the Cu-treated iceberg cultivar (B) compared to the control (A).
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5. Discussion


Metals are significant environmental pollutants, and their toxicity is a problem of increasing significance for ecological, evolutionary, nutritional and environmental reasons. Plants take up heavy metals from the soil through different reactions such as adsorption, ionic exchange, precipitation and dissolution, among others. Some of the heavy metals are major contaminates and have toxic effects, whereas others such as Cu are essential for all living organisms [19]. All cultivars showed better growth in control conditions, while this was decreased with increased copper concentration. The effects of Cu toxicity on the growth and morphology of lettuce are generally consistent with the reported symptoms of Cu toxicity in other plants. It was observed that a range of morphological changes occurred in response to increasing levels of Cu toxicity. Genotypic effects, environmental effects and their interaction effects highly affect heavy metal uptake in crop genotypes [20,21,22]. The concentration of Cu in the root tissue was substantially higher than the shoot tissue. This is consistent with published observations that Cu does not tend to accumulate in the shoots [7,23]. This may be due to a breakdown in the Cu tolerance mechanisms in plant. The accumulation of Cu in the roots of plants used in this study is congruent with the finding of [20], who found that concentrations of Cu in Halimione portulacoides were different in the three parts analyzed: roots, stems and leaves. This accumulation caused a decrease in dry weight and could be due to their interference with the metabolic process associated with normal development [24]. A similar trend of the results was also obtained by [23,25] for spinach and water hyacinth, respectively. A reduction of biomass of plants exposed to Cu stress has been also recorded in many plants (maize [26], wheat [27] and maize [28]). Cu is a constituent of the primary electron donor in photosystem 1 of plants. Because Cu can readily gain and lose an electron, it is a cofactor of oxidase, mono- and di-oxygenase (e.g., amine oxidases, ammonia monooxidase, ceruloplasmin, lysyl oxidase) and of enzymes involved in the elimination of superoxide radicals (e.g., superoxide dismutase and ascorbate oxidase). Accumulation of copper metal could be attributed to the use of effluents having a low magnitude of mentioned metals for uptake and translocation by vegetable crops. The works in [29,30,31,32] have also obtained similar results with the same reasoning for lettuce, but contrasting results (12.13–32.80 mg·kg−1) were obtained by [9]. Copper caused growth retardation and resulted in clotted depositions in the vascular bundles of shoots and increases in the number of vacuoles and electron-dense materials along the walls of xylem and phloem vessels. At high concentrations, plants showed reductions in both the number of palisade and spongy parenchyma cells and cell size and number of chloroplasts. This decrease could be due to their interference with the metabolic process associated with normal development [21]. An excess of Cu in soil plays a cytotoxic role, induces stress and causes injury to plants. This leads to plant growth retardation and leaf chlorosis. Some of the direct toxic effects caused by a high metal concentration include inhibition of cytoplasmic enzymes and damage to cell structures due to oxidative stress [33,34,35,36]. Enzyme activities useful for plant metabolism may also be hampered due to heavy metal interference with the activities of soil microorganisms. Cu greatly lowered chlorophyll (Ch1) and leaf water content. Chlorophyll reduction could be due to inhibition of chlorophyll synthesis and protochlorophyllide reductase activity [37], as well as stimulation of chlorophyll-degrading chlorophyllase activity by copper [38]. It is likely that the reduction in leaf relative water content (RWC) was mainly due to harmful effects of these metals on the plasma membrane permeability of cells [39]. All physiological and biochemical processes in plants may be negatively affected by heavy metal when plants are exposed to this concentration of copper-contaminated water.




6. Conclusions


The research data indicated that Lactuca sativa is not a proper candidate for phytoremediation of soils with high copper concentrations. This research also discovered that the adverse influence of copper on the growth of leafy vegetables usually appears when the edible leaves begin to develop. Copper tends to accumulate in the root tissue with little translocate to the shoots. The light micrographs obtained from the leaf samples of copper-treated plants showed changes in the distribution of chloroplasts in palisade and spongy parenchyma cells. The study concluded that Lactuca sativa is seriously affected by copper at high concentrations. The data indicated that these plants may be grown directly in soils contaminated with moderate amounts of copper. The red species accumulated higher amounts of copper than local and iceberg.
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