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Abstract

:

The absorption of selenium (Se) from water by Lemna minor L. and the influence of different concentrations and forms of Se on its biochemical and morphological characteristics were studied. Plants were exposed to various concentrations of Se: 1 mg Se L−1, 2 mg Se L−1 and 5 mg Se L−1 in sodium selenite and sodium selenate solutions and in a combination of selenite (2 mg Se L−1) and selenate (2 mg Se L−1). When the Se was added in the form of selenate, plants accumulated higher amounts of Se compared to plants exposed to selenite. Comparisons of the combined addition of selenite and selenate (2 + 2 mg Se L−1) with their individual applications (2 and 5 mg Se L−1) showed that for the combination, the L. minor fronds accumulated more Se than in selenite alone. Plants exposed to any of the concentrations of sodium selenate or sodium selenite, or the combination of selenite and selenate, showed inferior physiological performances, and lower concentrations of photosynthetic pigments, compared to control plants. Consequently, growth was also suppressed under the stress conditions caused by higher concentrations of Se in any form. The efficient absorption of Se from the water by L. minor indicates the potential use of this species in phytoremediation processes for waters polluted with Se.
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1. Introduction


Selenium (Se) is a trace element and an essential microelement for humans, animals and microorganisms [1], whereas this has not been recognized for plants [2]. Se can have positive or negative effects on plant growth, depending on its concentrations and chemical forms, and on the plant physiological and phenological phases [3]. The positive effects on plants are that Se can alleviate the effects of oxidative stress due to strong light intensities [4], low temperatures [5], high temperatures, salts, metals, UV radiation and drought [6,7,8]. The negative effects of Se can be reflected in decreased growth and development, and early senescence of plants [9].



Pollution of soils and waters by various trace elements has resulted in severe environmental problems, with potential consequences on agriculture and human health. On the other hand, some of these elements are essential micronutrients that are needed for the correct functioning of metabolism and the essential structural and catalytic components of proteins and enzymes, and also as cofactors necessary for normal growth and development [10].



Over a billion people are affected by water pollution issues worldwide, also due to increased amounts of Se, especially in developing countries [11]. Significant sources of Se in the environment can be either lithogenic [12] or anthropogenic, e.g., from mining and agriculture activities [13], residues from fossil fuel thermoelectric power plants and oil refineries, and metal ores [14,15]. Se is released into aquatic environments in its inorganic forms, as selenite (SeO32−) and selenate (SeO42−), from both natural and anthropogenic sources [16]. Se can enter aquatic food webs and have a detrimental impact on the whole aquatic biota. Thus, there is a significant demand for purification of Se-contaminated waters in certain areas [17].



Macrophytes provide an essential habitat and shelter for many forms of aquatic life, and affect the physical and chemical quality of water, including the light intensity, temperature, pH, hardness and dissolved oxygen [18]. Floating aquatic plants from the genus Lemna (duckweed) are commonly used in toxicity tests due to their small size, rapid growth rate, and structural simplicity [18]. Duckweed fronds are only a few cells in thickness, and consist of spongy mesophyll with large air spaces that make the fronds buoyant; duckweed are either rootless or bear one to several simple roots on the underside [19]. Under ideal conditions, duckweed plants can double their mass in <2 days, which is faster than for any other higher plant [20].



Duckweed can take up nutrients, such as nitrogen and phosphorus, and many toxic substances from contaminated waters. They can also remove or accumulate metals, radionuclides and other pollutants in their tissues [21]. For example, duckweed is effective for the removal of Se at increasing concentrations (1–50 ppm). The effectiveness of Se removal from water can be over 99% [22]. The duckweed species Lemna minor (common duckweed) was selected here for its rapid vegetative reproduction and inherent bioaccumulation of Se [23].



The representatives of genus Lemna are valuable for forage and food, and are medicinal plants; they can also be used as an energy source for biofuel production. These plants contain essential amino acids, aspartic and glutamic acids, and carbohydrates, and vitamins of groups A, B and E [24]. Plant growth is stimulated or inhibited by toxicants entering the aquatic ecosystem, and both effects can negatively impact on ecosystem functionality [18]. After absorption by duckweed, toxic substances can have a deleterious impact on the biochemical characteristics of the duckweed, which represents an indicator of the presence of toxic substances in waters [19]. Kastratović et al. [25] proposed L. minor as a bioindicator, to estimate the presence of metals in the surrounding environment, because it tolerates considerable amounts of metals without negative effects on its growth and development. Furthermore, Li et al. [26] claimed that L. minor can be used as a bioindicator of water pollution, as it is very sensitive to silver contamination. The use of biota for bioindication is important, because biota assess the cumulative impact of both chemical pollutants and habitat alterations over time.



Information about the up-take of different forms of Se from aquatic media by macrophytes is limited [22,23,27,28,29,30,31]. Therefore, the aim of the present study was to define the response of L. minor to different concentrations and forms of Se and to investigate its absorption of Se from contaminated environments, along with its possible use in phytoremediation processes. Different physiological and biochemical characteristics of duckweed plants were evaluated, together with the Se concentrations in the plants.




2. Materials and Methods


2.1. Common Duckweed Cultivation and Exposure


Lemna minor was collected from a pond in Ljubljana (46.051206° N, 14.457946° E). In the laboratory, before transfer to the growth chamber, the plants were immersed in 0.01 M sodium hypochlorite (NaOCl; Šampionka d.o.o., Koper, Slovenia) solution for 30 s, and rinsed with tap water. After 2 weeks of acclimatisation in nutrient solution without added Se (Table 1), plants were exposed to different concentrations of Se (1, 2, 5 mg Se L−1) in the form of sodium selenite (Na2SeO3; Sigma-Aldrich, St. Louis, MO, USA) and sodium selenate (Na2SeO4; Sigma-Aldrich) in crystallising dishes filled with 250 mL Steinberg growth medium (ISO/CD 20079) (Table 1). Plants were also exposed to a combination of selenite and selenate, at 2 mg Se L−1 selenite + 2 mg Se L−1 selenate. The control group was grown in growth medium without addition of Se. The experiments were conducted as four independent trials, with five replicates per exposure and for the controls. Experimental plants were kept in the growth chamber at 22 ± 1 °C, under cold white fluorescent light (intensity, 160 µM m−2 s−1 PAR), and with a light/dark cycle of 18 h: 6 h.



In the first trial, the initial number of fronds was 12. In the second and third trials, the number of fronds was increased to 16. In the fourth trial, however, each crystallising dish was filled with plant material for up to half of its area, to ensure enough plant material to perform the analyses of Se content. For the fourth trial, new fresh plant material was collected because the plants had begun to decay, and were no longer as vital as in the first three trials. All of the crystallising dishes were covered with transparent plastic film (semi-permeable, to allow exchange of all gases), thus reducing water evaporation from the medium and preventing any impurities from entering the growth medium. Light penetration to the growth medium was not restricted. The crystallising dishes were placed in a growth chamber on a dark background, and they were randomly moved around on a daily basis. The stock culture was kept in a 10-L plastic container with Steinberg growth medium, in another growth chamber at 22 ± 1 °C, again under cold white fluorescent light (intensity, 160 µM m−2 s−1 PAR), with a light/dark cycle of 18 h: 6 h.




2.2. Physiological Analyses


Terminal electron transport system (ETS) activity was measured according to the assay originally proposed by Packard [32], and modified by Kenner and Ahmed [33]. A known fresh weight of fronds was crushed in a mortar in 4 mL final volume of ice-cold 0.1 M sodium phosphate buffer (pH 8.4) containing 0.15% (w/v) polyvinyl pyrrolidone, 75 µM MgSO4, and 0.2% (v/v) Triton-X-100, followed by an ultrasonic homogeniser (4710; Cole-Parmer, Vernon Hills, IL, USA) for 20 s at 40 W. The homogenates were centrifuged in an ultracentrifuge for 4 min at 0 °C at 10,000 rpm (2K15; Sigma). Within 10 min, 0.5 mL of supernatant (in triplicate) was incubated in 1.5 mL substrate solution (0.1 M sodium phosphate buffer, pH 8.4, 1.7 mM NADH, 0.25 mM NADPH, 0.2% [v/v] Triton-X-100) and 0.5 mL INT (20 mg 2-p-iodo-phenyl 3-p-nitrophenyl 5-phenyl tetrazolium chloride in 10 mL of bidistilled water), for 40 min at 20 °C. Formazan production was determined spectrophotometrically by measuring absorption at 490 nm against the blank. ETS activity was measured as the rate of tetrazolium dye reduction, and was converted to equivalent oxygen as proposed by Kenner and Ahmed [33].



Photochemical efficiency was measured as the potential quantum yield of photosystem II (PS II), determined by measurement of the chlorophyll a fluorescence [34]. Measurements of minimal (F0) and maximal (Fm) chlorophyll fluorescence were taken under conditions of darkness for 30 min, using special aluminium clips. Fluorescence was excited with a saturating beam of ‘white light’ (photosynthetic photon flux density, 8000 µmol m−2 s−1, 0.8 s). The difference between Fm and F0 is called the variable fluorescence (Fv).




2.3. Biochemical Analyses


The contents of photosynthetic pigments were determined according to Lichtenthaler and Buschmann [35]. Fresh common duckweed fronds were weighed and then homogenised and extracted in 5 mL acetone (100%, v/v) and centrifuged. Absorbances at wavelengths of 470 nm, 645 nm and 662 nm were measured spectrophotometrically. Calculation of chlorophyll contents was according to Lichtenthaler and Buschmann [36].



The contents of anthocyanins were measured according to Drumm and Mohr [37]. Fresh common duckweed fronds were weighted and then homogenised and extracted in 10 mL methanol: HCl (37%; 99:1, v/v). Absorbances at a wavelength of 530 nm were measured. Calculation of anthocyanin contents was according to Drumm and Mohr [37].



The contents of UV absorbing compounds were determined and calculated according to Caldwell [38]. Initially, fresh common duckweed fronds were weighed, ground in a mortar, and then extracted into 5 mL extraction medium (methanol: distilled water: HCl (37%; 79: 20: 1, v/v). They were then incubated for 20 min and centrifuged at 4000 rpm. Absorbances were measured at wavelengths from 280 nm to 400 nm.




2.4. Growth Parameters


Growth characteristics were determined by counting the fronds at the end of each trial. Visual signs of possible toxicity (e.g., discoloration of the fronds) were monitored by counting green, yellow and brown fronds.




2.5. Concentrations of Selenium, Calcium and Potassium


The Se, calcium (Ca) and potassium (K) concentrations in the plant material were determined by X-ray fluorescence (XRF) spectrometry. Plant material was lyophilised (Alpha Christ) for 3 days, ground in a mortar with liquid nitrogen, and pressed into pellets (diameter, 2.5 cm) using a pellet die and a hydraulic press. The pellets were weighed and measured using Cd-109 radioisotope source excitation (Eckert & Ziegler, Valencia, CA, USA). Characteristic X-ray fluorescence lines were detected by a silicon drift diode (Amptek, Bedford, MA, USA) with an energy resolution of 140 eV at 5.9 keV. The XRF spectra were fitted and quantified according to Kump et al. [39]. The XRF analysis was validated using various standard reference materials [40]: wheat flour (certified value, 1.14 ± 0.1 μg/g; measured value, 1.2 ± 0.3 μg/g) and oyster tissue (certified value, 2.06 ± 0.15 μg/g; measured value, 2.1 ± 0.4 μg/g).



The bioconcentration factor (BCF) was calculated following Zayed et al. [41]:


  BCF =    Se   concentration   in   plants         μ g   g    − 1          Se   concentration   in   medium         mg   L    − 1        












2.6. Statistical Analysis


The normal distribution of the data was tested using Shapiro–Wilk tests. Homogeneity of variance from the means was assessed using Levene’s tests. Differences in the observed parameters between the control plants and the plants under the different treatments were evaluated using one-way ANOVA, followed by Duncan post hoc multiple comparison tests. Significance was accepted at p < 0.05. To determine possible relationships between the contents of the elements in common duckweed and the measured biochemical, physiological and growth parameters, Spearman’s rank correlation analysis was performed. The SPSS Statistics software, version 25.0 (IBM), was used for these calculations.



Redundancy analysis was used to determine whether the variations in biochemical, physiological and growth parameters were related to the elemental composition of the common duckweed (i.e., the concentrations of Se, Ca, K). Monte Carlo permutation tests with 999 permutations were used to test the significance of the effects. The level for significance was accepted at p < 0.05. All of the variables used in the analysis were standardised. These analyses were performed using the Canoco software for Windows 5.0 [42].





3. Results


The contents of total chlorophyll (a + b), carotenoids, anthocyanins and UV absorbing substances, and the photochemical efficiency of PS II and ETS activity were the highest in the control samples compared across to all of the treatments. However, the differences were not statistically significant for all of the treatments in all of the trials. ETS activity, photochemical efficiency, and concentrations of total chlorophyll, anthocyanins, carotenoids and UV absorbing substances in L. minor decreased with increasing concentrations of selenite and selenate in the growth media (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



3.1. Physiological Measurements


The ETS activity of L. minor decreased with increasing concentration of Se, irrespectively of the form of Se. In the fourth trial, L. minor grown in media with selenite and selenate at 5 mg Se L−1 and the combination of selenite and selenate had significantly lower ETS activity than L. minor grown in media with lower concentrations of Se. In the first, second and third trials, the differences between treatments for ETS activities were less pronounced (Figure 1).



In the first and fourth trials, the potential photochemical efficiency of PS II (measured as Fv/Fm) was significantly decreased in L. minor grown in media with selenite and selenate at 2 and 5 mg Se L−1, compared to the control. In the second and third trials, decreased potential photochemical efficiency of PS II was observed only for plants grown in media with the addition of selenite at 5 mg Se L−1 (Figure 2).




3.2. Biochemical Measurements


The results from the first and fourth trials showed that all of the treatments decreased the total chlorophyll contents in L. minor, compared to the control. The decreases were most evident for treatments with selenite and selenate at 5 mg Se L−1. In the third trial, only the treatment with selenite and selenate at 5 mg Se L−1 significantly decreased the total chlorophyll contents, compared to control. The other treatments from the third trial showed the same trends for total chlorophyll contents as for the first and third trials, but the differences were not statistically significant from the controls. In the second trial, the differences between treatments and control for chlorophyll contents followed the same pattern as in the other trials, although these were not statistically significant (Figure 3).



Lemna minor grown in media with added selenite and selenate at 5 mg Se L−1 and as the combination had significantly lower carotenoid contents, compared to control plants. In the third and fourth trials, even the lower Se concentrations in the growth media provoked such effects (Figure 4).



Treatment with selenite and selenate at 2 and 5 mg Se L−1 and the combination of selenite and selenate decreased the content of UV absorbing compounds compared to the controls in the second, third and fourth trials. In the first trial, treatments with selenite and selenate at 5 mg Se L−1 and the combination of selenite and selenate reduced the number of fronds to such an extent that there was not enough material to analyse the contents of UV absorbing compounds and anthocyanins. However, the results from the other treatments and the control from the first trial showed the same trends for the contents of UV absorbing compound and anthocyanins as in the other trials (Figure 5 and Figure 6).



Treatment with selenite and selenate at 2 and 5 mg Se L−1 and the combination of selenite and selenate decreased the anthocyanins contents, compared to the controls in the second, third and fourth trials. In the fourth trial, even the treatments with selenite and selenate at 1 mg Se L−1 significantly decreased the anthocyanins contents compared to the control (Figure 6).




3.3. Growth Parameters


Treatment with selenite and selenate at 2 and 5 mg Se L−1 and the combination of selenite and selenate inhibited the growth of duckweed, compared to the control. The degree of inhibition increased with increasing concentrations of Se in the growth medium (Table 2).



At 5 mg Se L−l in the growth media, the growth of duckweed was reduced by about half, compared to the control. The decline in growth was greater for selenite compared to selenate, but only at 2 mg Se L−l or higher. The addition of selenite and selenate at 1 mg Se L−l only had small effects on the growth of the duckweed over 1 week (Table 2, Figure 7). Treatments with selenite and selenate also increased the proportions of the fronds with chlorosis, compared to the controls. These results showed that chlorosis was more prevalent for duckweed to which selenite was added, compared to selenate. The greatest differences in the proportions of fronds with chlorosis between selenite and selenate were seen at 5 mg Se L−1 (Table 2).



For BCF, the highest was observed for plants grown in growth media with selenate. At 1 and 2 mg Se L−1 in the form of selenate, BCF reached its peak (153, 166, respectively) and then decreased at 5 mg Se L−1. BCF for duckweed treated with selenite was lower compared to that of selenate, and also decreased with higher concentrations of Se in growth media (Table 2).




3.4. Concentrations of Elements


The uptake of selenite in the duckweed increased almost linearly with increasing concentrations of selenite (from 0 to 5 mg Se L−1) in the media (Table 3). For selenate, the uptake of Se from growth medium initially increased linearly, up to 2 mg Se L−1. Here, at 5 mg Se L−1, however, the uptake decreased. Duckweed accumulated more Se in their tissue when Se was added in the form of selenate, compared to selenite. The highest contents of Se contained in the duckweed grown in growth medium with the addition of selenate was at 2 mg Se L−1 (Table 3).



Regardless of its concentration and form, the presence of Se in the growth media significantly reduced the amounts of Ca in the duckweed tissue. The Ca concentration in the control group was 8.3 ± 0.7 mg g−1 DW, and this decreased in all of the groups treated with Se (Table 3). The presence of Se in the growth media also reduced the amounts of K in the duckweed tissue, but only at 5 mg Se L−1 for both selenite and selenate, and for their combination at 2 mg Se L−1 each(Table 3). The Se contents in the duckweed tissue were negatively correlated with the Ca and K concentrations.



Redundancy analysis revealed that leaf Se, Ca and K contents significantly affected the biochemical, physiological and growth parameters of duckweed (Figure 8). The content of K in duckweed tissue explained 39% of the variability (p = 0.003), with Se content explaining an additional 14% (p = 0.003), and Ca content an additional 4% (p = 0.024) of the variability of the biochemical, physiological and growth parameters of duckweed. The biochemical, physiological and growth parameters of duckweed were negatively related to the duckweed Se concentration, and positively affected by the Ca and K concentrations (Figure 8).





4. Discussion


4.1. Physiological Characteristics


Data on terminal ETS activity in mitochondria provide an assessment of the general metabolic activity of organisms. When organisms are exposed to stress conditions, they demand more energy [32,43]. ETS activity was lower in the Se-treated plants compared to the controls. Treatments of the plants with sodium selenite, sodium selenate, and the combination of sodium selenite and sodium selenate was stressful or unfavourable, which is reflected in a decrease in ETS activity. Lower respiratory potential can be a result of disturbances in the electron-transfer process in the respiratory chain [29,44], and reduced respiratory enzyme capacity [45]. Our results also indicate that L. minor was the most sensitive to the high Se concentration (5 mg Se L−1), regardless of the Se chemical form. Additionally, Mechora et al. [29] reported that higher concentrations of selenite (2, 5, 10 mg Se L−1) negatively affected ETS and potential photochemical efficiency of PS II in L. minor. While they also reported that treatment of plants with selenite at 1 mg Se L−1 increased the respiratory potential, compared to control plants, we cannot claim this based on our results.



From our analysis of ETS activity, it is not possible to determine whether selenite is more toxic than selenate, and vice versa. Therefore, we cannot confirm the findings of Terry et al. [46], that selenite was more toxic than selenate for macrophytes, here. In addition, some other aquatic plants, such as Myriophyllum spicatum, Potamogeton perfoliatus and Ceratophyllum demersum, have been exposed to 10 mg Se L−1 in the form of selenite, and these expressed lower ETS activity compared to the control [30]. Mechora et al. [29] also reported that 10 mg Se L−1 in the form of selenite was toxic for L. minor. This applies not only to aquatic plants, but also to terrestrial plants, such as Cucurbita pepo and Glycine max cv. Olna, where ETS activities were shown to be lower in plants foliarly treated with Se compared to the control [44,47].



In addition to the respiratory potential, the photochemical efficiency of PS II is one of the reliable indicators of the presence of stress in plants. The potential photochemical efficiency of PS II expressed as the Fv/Fm ratio in vital plants growing under favourable conditions can reach 0.83, which is the theoretical maximum [34]. Treatment of L. minor with 5 mg Se L−1 in any form and combination lowered the potential photochemical efficiency of PS II in the present study. This indicates that the addition of Se at this concentration caused irreversible damage to the electron chain in PS II.



Treatment of the aquatic plants M. spicatum and C. demersum with 10 mg Se L−1 in the form of selenite or selenate has also shown negative effects on the potential photochemical efficiency of PS II, compared to control plants [30,31]. Selenite and selenate at the highest concentration we used here (5 mg Se L−1) have the most adverse effects on plants, with the greatest damage seen to the photosynthesis apparatus. This was also noted by Severi [10]. However, in this study, a low Se concentration (1 mg Se L−1) in the form of selenite and selenate increased the multiplication ratio, which is in contrast to our findings, where 1 mg Se L−1 in the form of selenite and selenate adversely affected the plant characteristics. In the fourth trial here, L. minor treated with 5 mg Se L−1 in the form of selenite had lower photochemical potency of PS II compared to the plants treated with 5 mg Se L−1 in the form of selenate. Thus, here we can conclude that for L. minor, selenite is more toxic than selenate, confirming the studies of Terry et al. [46] and Mechora et al. [29,30], who observed that for macrophytes, selenite was more toxic than selenate.



It is believed that selenite is more harmful for plants because it is more easily converted to Se amino acids, like SeCys and SeMet, which interfere with normal protein production [48]. To protect against its toxicity, in terrestrial plants, selenite is less mobile and is retained in the roots. In L. minor, the roots are reduced to a high degree, as the plants absorb nutrients from the water through all of their surface. It is possible that Se in the form of selenite in L. minor (which has a thin epidermis) reached the inner part of the plants and chloroplasts, where it can interfere with amino acids and disrupt the function of proteins. Severi [10] stated that at high sulphur concentrations, sodium selenite appears more toxic than sodium selenate, whereas at low sulphur concentrations, sodium selenate was the most toxic to L. minor. In addition, Tarrahi et al. [49] reported that Se nanoparticles inhibited growth and photosynthetic activities of L. minor, which resulted in anti-oxidative responses as a defence mechanism for survival in the presence of this toxicant.




4.2. Biochemical Characteristics


Lemna minor grown in media with added selenite or selenate at 5 mg Se L−1 and as a combination had significantly lower chlorophylls content than control plants in most of the trials. Se might inhibit the synthesis of chlorophylls or cause their destruction. A decrease in chlorophyll content in P. perfoliatus treated with 10 mg Se L−1 in the form of selenite was also observed by Mechora et al. [30]. Likewise, Mechora et al. [31] reported that M. spicatum and C. demersum treated with 10 mg Se L−1 in the form of selenate had negative effects on chlorophyll content, compared to control plants. Akbulut and Çakır [50] attributed lower chlorophyll contents in Se-treated barley plants to limited chlorophyll synthesis. In their study with the alga Scenedesmus quadricauda, Se was added to the nutrient medium as either sodium selenite or sodium selenate at 50 and 100 mg Se L−1. They observed ultrastructural damage to the chloroplasts, which indicated that these are important targets in the mechanism of Se toxicity. Results have shown that the chloroplasts were not so heavily affected by selenite exposure [51]. It was seen again that selenite was more toxic for aquatic plants compared to selenate.



The carotenoids contents were generally the lowest in plants grown in media with the addition of selenite, selenate and their combination. Often, an increase in carotenoid content is part of the plant adaptive strategies at times of exposure to stressors. For severe stress, the protective system can be overloaded, which leads to oxidative damage to the carotenoids and to decreased contents of these protective molecules [52]. In line with our results, Severi [10] showed that Se lowered the carotenoids contents in L. minor exposed to 10 and 20 mg Se L−1 in the form of selenite. Contrary to our results, Mechora et al. [29] reported that the carotenoid contents decreased in the treated plants of L. minor with 0.5 mg Se L−1 selenite, while the carotenoid contents increased in the plants with added 1, 2, 5 mg Se L−1 in the form of selenite.



The anthocyanin content in control plants was never lower than the anthocyanin contents of plants treated with selenite, selenate and their combination. Synthesis of anthocyanins is stimulated under stress conditions [53]. However, if the stress is too severe, their accumulation decreases, as evident in the present study. Mechora et al. [30], however, reported that the amounts of anthocyanins were not affected by treatments with Se in M. spicatum, C. demersum and P. perfoliatus plants as low (20 µg Se L−1) and high (10 mg Se L−1) concentrations in the form of selenite. The UV-B and UV-A contents decreased in treated plants. Charron et al. [54] observed that fertilisation of Brassica oleracea with Se generally decreased the levels of glucosinolates to a certain extent, which indicated that the selection of one biologically active component (Se) might also reduce the contents of other bioactive components, such as phenols and glucosinolates.




4.3. Growth Characteristics


Inhibited growth can be one of the most common responses of plants to stress conditions [55]. In addition to visible growth, the colour of the fronds is a good indicator of stress in plants [29]. The number of fronds generally decreased with increasing concentrations of Se in any form and combination. These results indicate that impaired photosynthetic activity inhibited the growth of L. minor. In addition to limiting growth, we also noted changes in the colour of the fronds. At the highest concentration of 5 mg Se L−1 in the form of selenite and selenate and for the combination of selenite and selenate, the decay of plants was most noticeable. This can be seen from the lower numbers and smaller sizes of the fronds. The roots also began to fall off and sink to the bottom of the crystallising dishes, with the appearance also of brown dots, greater chlorosis and necrosis of the fronds, and yellow fronds. The fronds in the treated plants were no longer associated in the colonies. The fronds of the control plants were more prominent and greener in colour, which indicated good plant vitality. Se probably interrupted the function of enzymes by incorporate on at the location of sulphur. In addition, selenite and selenate might act as prooxidants in cells of L. minor, which all cause lower growth and damage to plant tissue. Pistone et al. [18] reported that fronds were separated from each other and were smaller when they were treated with 5, 10, 15, 20, 50 mg Se L−1 in the form of sodium selenate, compared to control plants. Mechora et al. [29] reported that higher concentrations of Se (2, 5, 10 mg Se L−1) in the form of selenite were stressful for L. minor because chlorosis occurred, and plant growth decreased. Severi [10] showed, however, that selenite and selenate generally reduced the growth and multiplication rate of L. minor, although at some low concentrations (1 mg Se L−1), this increased the multiplication rate, which is in turn contrary to our findings.




4.4. Elemental Composition of L. Minor


The amount of Se in the tissue in the present study increased with increase of Se in the growth medium, regardless of the form of Se. The amount of Se in the fronds was higher when Se was added in the form of selenate than in the form of selenite. There are not a lot of studies regarding the absorption of Se by macrophytes from the water and sediment. Mechora et al. [30] exposed three macrophytes to different concentrations of selenite. They showed that the concentration of Se in plants cultured in 10 mg Se L−1 ranged from 436 to 839 µg Se g−1 DW in M. spicatum, 319 to 988 µg Se g−1 DW in C. demersum and 310 to 661 µg Se g−1 DW in P. perfoliatus. The concentration of Se added to the growth media in our study was at least lower. However, we can conclude that L. minor absorbs higher concentrations of Se from the water compared to M. spicatum, C. demersum and P. perfoliatus. L. minor has very thin fronds and this is probably the reason for its efficient absorption of Se from the water. That was also indicated by the estimation of BCF, which is an assessment of plant accumulation of elements with respect to the element concentration in the growth medium [41]. In the present study, the highest BCFs were for duckweed grown in media with selenite, compared to selenate. Furthermore, BCFs for duckweed decreased for the higher concentrations of Se. In one of the early studies, Besser et al. [56] reported that macrophytes had much lower BCFs for selenate comparing to selenite. The lower BCFs for Se added as selenate suggested that bioaccumulation and biotransformation of selenate was slower than that of selenite. Zayed et al. [41] investigated the potential of duckweed (L. minor L.) to accumulate Se when supplied in a nutrient solution at a series of concentrations that ranged from 0.1 to 10 mg Se L−1. Their results showed that under their experimental conditions, duckweed was a good accumulator of Se. The highest concentrations accumulated in duckweed tissues was 4.27 g Se kg−1. The BCF of 427 was higher at 10 mg Se L−1 than that at 0.1 mg Se L−1 (273). In addition, in a recent phytoremediation study, Nattrass et al. [23] showed that Se removal was significantly less effective in microcosms supplied with selenate compared to selenite. After 6 days at 500 ppb Se in the form of selenate, duckweed removal efficiencies were greater than 50% of the applied aqueous Se. The results indicated that duckweed is a promising species for phytoremediation of water polluted with Se. Plants of L. minor containing high amounts of Se can be safely removed from polluted ecosystems and be used in animal consumption, unless they contain too high amounts of Se or other potentially toxic elements.



In most of the studies, selenite and selenate are used as separate Se treatments. Thus, in the present study, we also investigated simultaneous intake of both Se species. We compared Se content in the fronds of L. minor exposed to 2 and 5 mg Se L−1 in the form of selenite, with Se content in those exposed to 2 mg Se L−1 in the form of selenite and 2 mg Se L−1 in the form of selenate (total Se concentration, 4 mg L−1), with higher Se concentrations seen for the combination. As far as we know, there are no such studies regarding aquatic plants. The present data are also in agreement with the results of Kacjan Maršić et al. [57], where for foliar addition of Se to Spinaciea oleracea L., the Se contents in the spinach plants exposed to mixtures of both of these forms of Se were higher than those of the plants treated with Se in the form of selenite at the same concentration of Se.



The contents of Se in L. minor tissue were negatively related to their physiological, biochemical and morphological characteristics, as well as to their contents of Ca and K. On the other hand, there was a significant positive correlation between the concentrations of Ca and K in duckweed tissue and their physiology and growth. Such results were expected, as it is known that Ca has a dual function, both as a structural component of cell walls and membranes, and as an intracellular second messenger [58]. On the other hand, K is the most abundant inorganic cation, and it is important to ensure optimal plant growth. K is an activator of many important enzymes, such as those for protein synthesis, sugar transport, nitrogen and carbon metabolism, and photosynthesis [59]. The results of the present study suggest that Se affects L. minor metabolism also indirectly, through effects on the uptake of other nutrients from the growth medium, such as Ca and K.



The number of fronds was the lowest at high added Se. At that concentration, there was also the most prominent occurrence of fronds with chlorosis, which indicated a high level of toxicity, as reported by Mechora et al. [30]. In a study by Zayed et al. [41], duckweed showed 26% growth reduction and visual symptoms of toxicity (e.g., chlorosis) at 10 mg Se L−1. In our case, the growth reduction was almost twice this (below 50%) at half the concentration of Se in the growth medium. This might also be a consequence of the effect of Se on Ca uptake, and at higher concentrations, on K uptake. Th amounts of K were similar in fronds exposed to 1 and 2 mg Se L−1 regardless of the Se form, and then this gradually decreased for the exposure to the highest Se (5 mg Se L−1) and to the combination of both forms of Se. It can be concluded that Se in any form down-regulates accumulation of Ca and K in the plant fronds.



On the other hand, it is also possible that toxicity is caused by Na, as Se was added in the form of sodium selenate and sodium selenite. The mechanism remains unclear. It is possible that Se, and probably even more likely the Na that is present at high amounts, compete with the K transporters for entering the plants in the case of L. minor. The physiological consequences of such antagonism are, however, still unclear. We believe that sodium might also have negative effects on the biochemical and physiological characteristics of L. minor. Keppeler et al. [60] showed that even with 6.00 g L–1 NaCl, there was substantial inhibition of growth of L. minor, especially with exposure times of 72 h and 96 h, with greater effects at the longer time. Similarly, Forni et al. [61] reported that sodium dodecyl sulphate affected duckweed enzymatic activities and phenol contents involved in the detoxification system of L. minor, thus improving their tolerance. However, Na-Se salts were added in trace amounts of 1, 2 and 5 ppm, so consequentially also Na was added in trace amounts. According to the literature, these Na concentrations are non-toxic for Lemna, since it can tolerate up to 100 mM of NaCl [62]. Higher toxicity to Na compared to Se for duckweed could be confirmed with similar experiments using potassium selenite and potassium selenate for the addition to the growth medium.



Treatment of L. minor plants at any concentrations of sodium selenite or sodium selenate and the combination of selenite and selenate induced a worse physiological state and lower concentrations of photosynthetic pigments compared to the control, which indicated that the plants were exposed to stress conditions even at the lowest concentrations of selenite and selenate in the growth media. The concentrations of Se used in the present study were comparable or even higher than the concentrations of Se in Se-polluted waters from seleniferous areas [63]. Our findings suggest that L. minor is a species that can accumulation high amounts Se; however, concentrations of Se in the medium >1 mg L−1 resulted in negative effects on growth. The responses for the physiological and growth parameters were in proportion to the degree of Se contamination in the media, which is one of the most important characteristics of a good indicator organism. Sensitivity of L. minor to Se contamination indicated that it can be used as a bioindicator of water polluted with Se. However, additional research is needed to exclude the possible negative effects of Na in the treatment medium.





5. Conclusions


Treatment of L. minor plants with 1, 2, 5 mg Se L−1 in the form of sodium selenite or selenate, and 4 mg Se L−1 as their combination, indicates that the plants were exposed to stress conditions even at the lowest concentrations in the growth media. It can be assumed that due to severe stress, damage to the metabolism of L. minor plants resulted in decreased tissue vitality, reduced photosynthetic activity, and degradation. This is reflected in the plants treated with selenite, selenate and their combination by the lower ETS activities, and the reduced potential photochemical efficiency of PS II, content of photosynthetic pigments, anthocyanin content, UV-A and UV-B absorbing compounds content and the number fronds, and the increased chlorosis and necrosis. These responses were the strongest in the plants treated with the highest Se concentrations.



It is shown here that a large amount of Se was concentrated in the tissue of the duckweed plants, which indicated the good phytoremediation potential of these plants. Thus, using common duckweed in phytoremediation processes is promising. However, Se at 5 mg L−1 also severely impaired the physiological, biochemical and growth characteristics of the plants. Both of these results indicate that L. minor can also be used as a bioindicator for water pollution. Thus, the concentration of Se in polluted water will be an important factor in the phytoremediation potential of duckweed. Additional studies are also needed to evaluate the effects on L. minor of Na in the treatment medium.
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Figure 1. Electron transport system activity in mitochondria in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trial). Legend: DW, dry weight; Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 2. Potential photochemical efficiency of photosystem II in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trial). Legend: Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 3. Total chlorophyll contents in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trail). Legend: DW, dry weight; Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 4. Total carotenoids contents in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trial). Legend: DW, dry weight; Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 5. Contents of UV absorbing compounds in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trail). Legend: DW, dry weight; Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 6. Anthocyanins contents in control and Se-treated L. minor from all four trials. Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05; within each trial). Legend: Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 7. The amounts of fronds in control plants and plants grown in media with 1, 2, 5 mg Se L−1 as selenite and selenate and as a combination of selenite and selenate, after 1 week of growth. Legend: Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Figure 8. Redundancy analysis plot showing the strengths of the associations between some of the element contents (Se, Ca, K) in duckweed and the plant biochemical, physiological and growth parameters. Legend: Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2). 
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Table 1. Composition of Steinberg growth medium (ISO/CD 20079).
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	Macroelements
	mg L−1



	KNO3
	350.0



	Ca(NO3)2·4H2O
	295.0



	KH2PO4
	90.0



	K2HPO4
	12.6



	MgSO4·7H2O
	100.0



	Macroelements
	µg L−1



	H3BO3
	120.0



	ZnSO4·7H2O
	180.0



	Na2MoO4·2H2O
	44.0



	MnCl2·4H2O
	180.0



	FeCl3·6H2O
	760.0



	EDTA
	1500.0
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Table 2. Ratios for the number of duckweed fronds between each treatment and its control after 7 days of growth.
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	Treatment
	1. Trial
	2. Trial
	3. Trial
	4. Trial
	Bio-Concentration Factor
	Fronds with Chlorosis (%) *





	Cont
	1 ± 0.042 a
	1 ± 0.028 a
	1 ± 0.031 a
	1 ± 0.007 a
	
	0.36 ± 0.09 d



	Se(VI)1
	1.20 ± 0.042 a
	0.94 ± 0.027 b
	0.93 ± 0.067 b
	0.93 ± 0.011 b
	153 ± 6 a
	0.91 ± 0.11 d



	Se(VI)2
	0.99 ± 0.065 a
	0.78 ± 0.065 c
	0.85 ± 0.043 b
	0,79 ± 0.004 c
	166 ± 7 a
	1.36 ± 0.12 c



	Se(VI)5
	0.40 ± 0.036 c
	0.50 ± 0.040 d
	0.59 ± 0.073 cd
	0.51 ± 0.004 e
	55 ± 2 c
	2.17 ± 0.35 bc



	Se(IV)1
	1.08 ± 0.056 a
	0.94 ± 0.059 b
	0.98 ± 0.081 ab
	0.92 ± 0.023 b
	99 ± 4 b
	0.78 ± 0.13 d



	Se(IV)2
	0.68 ± 0.040 b
	0.68 ± 0.039 c
	0.8 ± 0.107 b
	0.72 ± 0.007 d
	80 ± 2 c
	1.90 ± 0.28 c



	Se(IV)5
	0.39 ± 0.014 c
	0.48 ± 0.056 d
	0.47 ± 0.047 d
	0.45 ± 0.002 f
	45 ± 1 d
	8.38 ± 1.66 a



	Comb
	0.49 ± 0.010 c
	0.49 ± 0.048 d
	0.61 ± 0.033 c
	0.51 ± 0.002 e
	66 ± 1 c
	3.65 ± 0.89 b







Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05). * Means of all four trials. Legend: Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2).
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Table 3. Concentrations of selenium, calcium and potassium in the duckweed after 1 week of treatments.
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Treatment

	
Content of Elements




	
Selenium

	
Calcium

	
Potassium




	
(µg g−1 DW)

	
(mg g−1 DW)

	
(mg g−1 DW)






	
Cont

	
1.2 ± 0.1 f

	
8.3 ± 0.7 a

	
22 ± 0.9 a




	
Se(VI)1

	
153 ± 6.0 d

	
5.5 ± 0.3 c

	
22 ± 0.9 a




	
Se(VI)2

	
332 ± 7.8 a

	
5.3 ± 0.2 cd

	
21 ± 0.3 a




	
Se(VI)5

	
277 ± 13.9 b

	
5.4 ± 0.4 cd

	
14 ± 0.5 cb




	
Se(IV)1

	
99 ± 4.0 e

	
7.2 ± 0.4 b

	
23 ± 1.4 a




	
Se(IV)2

	
159 ± 4.4 d

	
4.8 ± 0.4 cd

	
23 ± 1.4 a




	
Se(IV)5

	
227 ± 7.4 c

	
4.3 ± 0.2 d

	
12 ± 0.4 c




	
Comb

	
263 ± 2.8 b

	
4.4 ± 0.2 cd

	
15 ± 1.0 b








Legend: Data are means ± SE (N = 5). Data indicated with different letters were significantly different (p < 0.05). DW, dry weight; Cont, control; Se(IV)1, 2, 5, selenite at 1, 2, 5 mg Se L−1; Se(VI)1, 2, 5, selenate at 1, 2, 5 mg Se L−1; Comb, selenite and selenate at 4 mg Se L−1 (i.e., 2 + 2).
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