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Abstract

:

The link between different plastic waste pollutants and their impact on the natural aquatic environment and food chain remains a constant and growing issue. Bisphenol A (BPA), a known endocrine disruptor produced in large quantities primarily in the industry of polycarbonate plastics, can accumulate in vegetal and animal tissue, thus magnifying through trophic levels. In this study we exposed viable specimens of the aquatic plant Lemna minor under controlled conditions to 50, 100 and 200 ppm BPA levels in order to partially observe the toxic effects of BPA. Colonies ceased to form during the exposure and chlorosis was present especially in the 100 ppm group. Interestingly enough, a high density formation of non-fermenting bacteria as well as coliforms was also observed in the BPA exposed cultures but not in the control groups. The levels of Malondialdehyde (MDA) in the vegetal tissue indicated cellular insults and severe damage, results that were correlated with the HPLC BPA determined concentrations of 0.1%, 0.2% and 0.4%.
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1. Introduction


Plastic pollution induces an alarming impact on aquatic ecosystems, becoming a severe issue worldwide. The unprecedented accumulation of growing plastic waste pollutants in aquatic ecosystems leads to disturbances to ecosystems’ structure and functions [1]. It has been determined that there are chemical additives in the composition of some microplastics that are known as reproductive toxins, carcinogens and mutagens [2]. These micropollutants can bioaccumulate in the food chain and the resulting trophic transfer of microplastics and chemical constituents can have a serious impact on the stability of the ecosystem [1].



Bisphenol A (BPA), a compound used in the production of polycarbonate plastics and epoxy resins, has been detected in aquatic ecosystems, with about 100 tons of BPA being released into the atmosphere annually during production [3]; this does not include plastic trash or BPA from thermal papers. Evidence of BPA has been discovered in river and marine sediments in variable concentrations [4,5].



Both vegetal and animal tissues are able to absorb BPA, which has proven to be an important endocrine disruptor [6,7]. In the case of mammalian systems, BPA can interact with nuclear receptors, mimicking the action of natural hormones including progestins, estrogens, androgens, glucocorticoids, vitamin D3, thyroid and retinoid hormones. Through these interactions, BPA can affect the normal function of these receptors even in very low doses [8]. In vegetal organisms, BPA can accumulate in the tissue, interacting with lipids and therefore inducing modifications into the cell membrane which can lead to cell damage and, eventually, to apoptosis [9].



Aquatic floating plants such as Lemna minor have the capacity to accumulate for the removal of micropollutants. Lemna minor has a wide distribution around the world, a simple structure and can be easily cultivated. It can double its biomass in two days, growing faster than most other plants and proving to be an ideal test organism [10,11].



Few studies have explored the effects of BPA on macrophytic plants in aquatic environments. Adamakis et al. [12] found leaf elongation was impaired and defects in the cytoskeleton of a seagrass occurred at BPA concentrations that were environmentally relevant. In an industry sponsored study, Mihaich et al. [13] found a significant decrease in frond density and growth rate in Lemna gibba, but were dismissive of environmental impact. Lemna was shown to remove BPA from the water [14] due to uptake.



The objective of this paper was to identify the toxicity of BPA in the aquatic plant Lemna minor, known to be a sensitive test organism to pollutants. Viable specimens of Lemna minor were studied under controlled conditions to different BPA levels. The toxic effects of BPA were measured by lipid peroxidation, growth inhibition and the total chlorophyll content.




2. Materials and Methods


2.1. Bisphenol A Aqueous Solution


The protocol used to obtain the experimental Bisphenol A (BPA) aqueous solutions were performed after Motoyama et al. [15], in which 20, 10 and 5 mg of BPA ≥ 99% (Sigma-Aldrich, Darmstadt, Germany) were dissolved in 1 mL anhydrous ethanol, then 99 mL of culture water was added. The azeotrope BPA containing solutions were stirred at 600 rpm on a magnetic stirrer hotplate at 25 °C for 2 h; due to evaporation each solution was supplemented with 8 mL of distilled water to reach the total volume of 100 mL. As the maximum solubility of BPA in water is 200–300 ppm [16], a higher concentration was not used as it had no fundament.




2.2. Lemna Minor Culturing Conditions


For culturing Lemna minor, 500 mL of lake water was collected and vacuum filtered using qualitative filter papers grade 202 with 5–8 µm retention (Frisenette, Knebel, Denmark). The filtered water was then re-filtered with sterile 0.22 µm Polyethersulfone (PES) syringe filters (Isolab, Schweitenkirchen, Germany) in order to remove fine particles including bacteria and fungi prior to BPA being added, as stated above. Filtered water without BPA was used as the control culture media.



Mature, actively growing specimens of Lemna minor were selected, rinsed thoroughly with distilled water and then enclosed in sterile 400 mL capacity transparent tissue culture flasks (VWR, Philadelphia, PA, USA), each with 100 mL of the culture water containing BPA or the control. The specimens were incubated at 25 °C under controlled circadian conditions: 12 h light/12 h dark, where the light was provided by a fluorescent 4000K white light lamp with 300 lumens intensity. The experiment took place for 1 week at concentrations of 200, 100 and 50 ppm of BPA.




2.3. Macroscopic Observations


Lemna minor plants were evaluated macroscopically in order to observe budding formation and possible abnormalities. The culture water turbidity was measured at A600 against a blank, and Eosin Methylene Blue base (EMB base) (Himedia, Mumbai, India) plates were inoculated with culture water from the BPA experimental groups and control group. Apart from the control group, a separate group which contained only the culture water that was kept in the same experimental conditions was also assayed microbiologically. EMB base is a modification of Levine EMB Agar; without lactose, the peptone serves as a source of carbon, nitrogen, and other essential growth nutrients while eosin and methylene blue dyes differentiate between lactose fermenters and non-fermenters. The chromogenic media is used for the differentiation of Escherichia coli and Enterobacter aerogenes as well as for the rapid identification of Candida albicans, and is also recommended for the detection, enumeration and differentiation of members of the coliform group [17].




2.4. Total Chlorophyll Content Assay


Chlorophyll content was determined by first washing the plants with distilled water prior to their roots being removed, and then briefly dabbing them dry on paper towels before weighing [18]. Approximately 300 mg of tissue was kept in 5 mL of anhydrous ethanol in the dark at 4 °C for 24 h. The samples were gently shaken and 1:10 (v/v) dilutions in anhydrous ethanol were made using the supernatant. A clear ethanol solution served as the reference blank, and the absorbance of the plant extracts was calculated from the ratio of the response of the extract solution to the reference blank, according to the equations: concentration in units of µg/mL of chlorophyll a = 13.70(A665) − 5.76(A649); and concentration in units of µg/mL of chlorophyll b = 25.8(A649) − 7.60(A665) [19].




2.5. Lipid Peroxidation—TBARS Assay


A thiobarbituric acid reactive substances (TBARS) assay was adapted after Buege and Aust, 1978 [20]. TBARS are formed as byproducts of lipid peroxidation (i.e., as degradation products of fats) determined as malondialdehyde (MDA), a pink compound that can be spectrophotometrically read. To perform the assay, plants were weighed and 10% homogenate was made in cold 0.154M KCl. The homogenate was then centrifuged for 15 min at 10.000 rpm (Eppendorf Minispin Plus, Leipzig, Germany). The supernatant was collected in clean tubes and to each 500 μL of supernatant, 500 μL of 10% trichloroacetic acid (Fisher, New Jersey, NJ, USA) was added. The samples were then centrifuged at 3500 rpm and the supernatant was collected. To 500 μL of supernatant, 500 μL of 0.67% thiobarbituric acid (Merck, Darmstad, Germany) was added. The samples were then kept on boiling water for 15 min, left to cool and then measured at 531 nm (Shimadzu, Tokyo, Japan) against blank. Concentrations were measured using the molar extinction coefficient of 0.641 × 10−5 to obtain the MDA concentration in nM [20].




2.6. HPLC Analysis


Lemna minor samples were placed at −80 °C in an ultrafreezer (Thermofisher, Lenexa, KS, USA) for 48 h and then cryodesiccated for 5 days. The resulting dry mass was weighed and HPLC analyzed. The system used was an Agilent series 1260 Infinity (Agilent, Santa Clara, CA, USA), equipped with a binary pump and DAD detector. Data analysis was performed via OpenLAB CDS software, version C 01.02. The chromatographic separation was made on a Kinetex C18 column (100 × 2.1 mm, 2.6 μm, Phenomenex, Torrance, CA, USA) at 35 °C, using a mobile phase containing water-acetonitrile at 70:30 (v/v) with isocratic elution, at 0.3 mL/min flow rate, followed by column washing with 70% acetonitrile (Carlo Erba, Milano, Italy) and then re-equilibrated to the initial condition. The detection was monitored at 210 nm; the injection volume was 2 µL.



Cryodesiccated samples were analyzed in duplicates, as follows: for each group ≈ 5 mg of cryodesiccated sample was weighed and 1 mL of acetonitrile was added prior to a 20 min ultrasonification at 25 °C. The resulting extract was filtered through a 0.2 µm PTFE filter (Agilent, Captiva EconoFilter, Santa Clara, CA, USA) and then HPLC analyzed.



For sample quantification, a standard solution of ≥99% Bisphenol A (Sigma-Aldrich, city, Germany) 1 mg/mL was prepared in LC-MS grade acetonitrile (Carlo Erba, Milano, Italy), dilutions were made at 10, 100 and 500 µg/mL concentrations in order to obtain a calibration curve (Figure 1).





3. Results


3.1. Macroscopic Observations


Visual investigation revealed chlorosis (yellowing of leaf tissue) for the groups exposed to 200 and 100 ppm. No budding formation was observed. The 50 ppm group presented normal leaf color, but with no budding formations, while the control group showed no alteration and presented with budding formations.



The Lemna minor control group as well as the culture water control group were clear with no significant OD600 (Optical Density) increase against blank, followed by an increase at 50 ppm that peaked at 100 ppm and decreased for the 200 ppm group (Figure 2). Biofilms were observed on the roots of plants in the 100 ppm group but not in the other groups. The EMB culture plates were read after a 24 h incubation at 35 °C and revealed luxuriant colonies of non-fermenting Gram-negative bacteria, as well as punctiform colonies of Escherichia coli. The colonies were identified on the chromogenic media by a colorless aspect for non-fermenting Gram-negative bacteria and a pink color for Klebsiella aerogenes colonies, respectively blue-black with a green metallic sheen for Escherichia coli colonies. No colonies were present on the plates inoculated from the Lemna minor control group and neither from the culture media control group.




3.2. Total Chlorophyll Content


Chlorophyll levels were found at their lowest in the 100 ppm group, followed by the 200 and 50 ppm groups (Figure 3 and Figure 4), the results are multiplied by a factor of 10 due to the 1:10 dilution made to perform the readings.




3.3. Oxidative Stress Levels


TBARS Assay results showed high absorbance at 531 nm for the control and 50 ppm groups but low absorbance with small variations for the 100 and 200 ppm groups, the measurements were made against blank, which represented all the reagents in the same ratio that underwent the same thermal treatment but without the plant tissue. MDA concentration was measured using the formula:


  MDA concentration in nM =    Absorbance at  531  nm     molar extinction coeficient   ( ε )    , where   ε   =   0.641   ×    10  − 5   .  











The results are shown in Figure 5, converted to µM.




3.4. HPLC Results


The HPLC chromatograms (Figure 6) revealed BPA absorption in all three exposed groups for P1, P2, P3 and none detected in the control group P4. The analysis was performed in duplicate where P1-1, P1-2 represent plants exposed to 50 ppm; P2-1, P2-2 represent plants exposed to 100 ppm; P3-1, P3-2 represent plants exposed to 200 ppm and P4-1, P4-2 represent the plant control group. The numerals I, II and III represent the culture water with BPA at 50, 100 and 200 ppm. (Table 1).





4. Discussion


Effects such as chlorosis and cessation of bud formation were observed macroscopically, as well as high densities of non-lactose fermenting bacteria that were confirmed by inoculation on plates with the EMB selective media. The estrogenic effect of BPA as well as its capacity to stimulate abnormal growth was first accidentally discovered after autoclaving polycarbonate culture flasks in a study to determine whether Saccharomyces cerevisiae produced estrogens [21,22], the culture media was prepared using distilled water autoclaved in the polycarbonate flasks from which BPA leaked. Although the microbial growth was facilitated in our study by BPA levels, chlorosis and cessation of budding could be linked to the multiple effects of BPA.



According to some authors [21,22,23] alterations of chlorophyll content can serve as an indicator of the physiological status of a photosynthetic organism. Therefore, it has been frequently used in ecotoxicological studies for the assessment of toxicity of inorganic and organic chemicals. It is thus possible to conclude that BPA challenged the production of photosynthetic pigments impairing photosynthesis in this study. One study found that higher microbial densities with added bacteria appeared to be cause of the degradation of chlorophyll a in two marine algae [24]. It is possible that the lower chlorophyll levels found in this study corresponding to higher optical density readings may be at least partially responsible for the results obtained. This may account for the reduced chlorophyll levels seen in the 100 ppm BPA cultures as well as the somewhat reduced levels in the 200 ppm BPA cultures. While the apparent levels of bacteria seem to be associated with a reduction in chlorophyll, the causative factors are not clear. While the increase in optical density is expected in the experimental cultures, and the reduction in chlorophyll levels probably related in part to the BPA concentrations, the effect of the BPA on bacterial growth and chlorophyll degradation needs to be fully explored. Lipid peroxidation was a distinctive and sensitive parameter showing the degree to which reactive oxygen species induced damage, as the biphenolic compound had a surprising effect on L. minor which was ineffective in coping with the cellular level insults of BPA for 100 and 200 ppm concentrations. This resulted in an interestingly low lipid peroxidation concentration and therefore low absorbance values at A531 compared to the control and 50 ppm groups.



A molecular dynamics simulation study [9] indicated that BPA can easily enter the membrane from the aqueous phase in an isolated phospholipid bilayer. With the increasing concentrations of BPA in the membrane, BPA tends to aggregate and form into cluster while dipalmitoyl phosphatidylcholine (DPPC) lipids are pulled out and adsorbed on the cluster surface, leading to membrane pore formation. Observations indicated that the lipid extraction results mainly from the dispersion interactions between BPA cluster and lipid tails, as well as weak electrostatic attractions between lipid headgroups and the two hydroxyl groups on BPA. Such lipid extraction and pore formation cause cell membrane damage that leads to chlorosis and apoptosis, revealing another cytotoxicity aspect of BPA.




5. Conclusions


Lemna minor, a macrophyte known for it’s abilities in water purification processes, demonstrated a BPA absorption of ≈0.1%, 0.2% and 0.4% during the time in culture in this study. Consequences will include detrimental effects regarding its mitosis, cellular membrane integrity and viability. All of these could occur with significant environmental damage to all aquatic organisms.



The findings determined that the lack of budding formations at all experimental concentrations is an important concern from BPA pollution of aquatic systems. The low concentrations of Chlorophyl a in the group exposed to 100 ppm, and a part of the results in the 200 ppm cultures, could be explained by both the toxic effects directly, the high density of the microbial community, or both of these in concert.



Although toxic to eukaryotic organisms, the hormone-like properties of BPA appears to strongly enhance growth in some bacteria that are naturally found in freshwater environments. The detection of the increased bacterial growth of the coliform bacteria and production of a biofilm on the plants in the 100 ppm culture is a new and potentially important finding. This may occur through the epigenetic actions of BPA [25]



The implications of BPA pollution causing an increase in the growth of some bacterial species raises many important ecological questions. The changes in bacterial composition of the culture microbiome and growth not shown in other culture conditions raises other critical questions regarding ecosystem functioning and the complex effects of this endocrine disruptor.



A review [26] found that surface waters exceeded the proposed predicted no-effect concentrations in Europe 53.1% of the time, and 34.6% in North America. These data along with the new findings in this report indicate a clear and urgent need to understand the effect of BPA on microorganisms and the direct or indirect effect on chlorophyll in surface waters.
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Figure 1. Bisphenol A calibration curve. 
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Figure 2. Spectrophotometric measurements of the culturing media turbidity at 600 nm (OD600). 
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Figure 3. Chlorophyll a content at 665 nm absorption. 
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Figure 4. Chlorophyll b content at 649 nm absorption. 
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Figure 5. MDA content at 531 nm absorption. 
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Figure 6. HPLC Chromatogram representing, from the bottom to the top, the samples P4-1, P3-1, P2-1 and P1-1. 
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Table 1. BPA content in Lemna minor samples.
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	Sample
	Sample Mass (mg)
	BPA in Sample Extract (mg/mL)
	BPA in Sample Extract Expressed in Percentage (%)





	P1-1
	5.1
	0.0057
	0.11



	P1-2
	5.3
	0.0063
	0.12



	P2-1
	5
	0.009955
	0.20



	P2-2
	5
	0.0128
	0.26



	P3-1
	5.2
	0.0243
	0.47



	P3-2
	5.4
	0.0257
	0.48



	P4-1
	5.2
	0
	0



	P4-2
	5.3
	0
	0



	I
	
	0.045
	



	II
	
	0.102
	



	III
	
	0.201
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