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Abstract

:

The use of reclaimed wastewater for irrigation could result in the release of pharmaceutically active compounds (PhACs) and their metabolites into the agroecosystem. In this study, we investigated the fate of carbamazepine (CBZ) and its metabolites, with the aim of clarifying their behavior in a soil–plant system in a greenhouse experiment. The research was carried out using irrigation water especially fortified with high doses of CBZ (200 or 600 ppb) in order to evaluate the dynamics of CBZ and its metabolites in the soil and basil organs. The results of the study showed that CBZ is easily absorbed by the aerial part of the basil plant. The soil contained two metabolites of CBZ, namely acridine and carbamazepine-10,11-epoxide, as revealed by high-resolution mass spectrometry analyses. In addition, acridine was found in the aerial parts of basil plants. Furthermore, the greater presence of CBZ and its metabolites in bulk soil indicated a positive role of the basil rhizosphere in the degradation of such compounds or a positive role of the plant in the removal of the contaminant by uptake. Considering the observed morphological parameters and the mean CBZ content in wastewater, significantly lower than that used in the experiment, basil can be considered resistant to the application of irrigation water contaminated with CBZ.
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1. Introduction


The global use of pharmaceutically active compounds (PhACs) has increased dramatically, by more than 2.5 times, in the past decade [1], also considering the COVID-19 pandemic [2]. PhACs and/or their metabolites reach wastewater treatment plants (WWTPs) through urine and feces, but it is known that conventional WWTPs do not completely remove PhACs; thus, they can be released into the environment [3]. In fact, according to some chemical-physical properties of soils (e.g., pH, texture, and organic matter) and PhACs (water solubility, pKa, molecular size, etc.), many of these compounds enter the soil–plant system through irrigation with wastewater [4] or by the application of sewage sludges on agricultural land [5]. The accumulation of these anthropogenic contaminants and/or their metabolites in soils and plants has raised concerns due to their potential risks to human health [6,7].



Carbamazepine (CBZ) belongs to the category of anticonvulsants and is used in chronic drug therapies for epileptic patients. However, its extensive use and the high dosages administered to patients (800–1200 mg/day) have raised concerns about its presence in the environment, particularly in wastewater [8]. Approximately 30% of the CBZ administered to patients has been estimated to be excreted in the unmodified form, and the remaining is metabolized by humans [9,10]. For this reason, it is one of the active ingredients detected most frequently in untreated wastewater at a relatively high concentration [11]. Li et al. [12] showed that CBZ may also be present in reclaimed wastewater effluents at concentrations of up to 6.3 μg L−1 or in biosolids at concentrations of up to 258 μg kg−1. CBZ can be included among environmentally recalcitrant molecules due to its limited removal (≤10%) during conventional wastewater treatment processes, and therefore, it can easily enter the food chain [13]. In fact, as reported by Walters et al. [14], CBZ has a long half-life in both WWTPs and soil and can enter and accumulate in plant species, including radish, lettuce, spinach, artichokes, cucumbers, and peppers [4,15,16], reaching concentrations in the range of 2.9 to 67 ng g−1 in edible parts.



Until now, more than 30 metabolites of CBZ have been identified [17]. The degradation pathways of CBZ in soils are complex, and many intermediates with different levels of stability can be formed [18]. In this regard, Li et al. [12] identified common intermediates in soils: CBZ is oxidized to carbamazepine-10,11-epoxide [19], and this compound rapidly undergoes further transformations. Among these, the cleavage of the epoxy ring can occur [12], with the final formation of acridine. More attention should be paid to the fate of such metabolites, since recent studies have shown that they can also be taken up by plants. Paltiel et al. [9] detected in human urine CBZ and its metabolites, not derived from the consumption of drugs but derived from the consumption of fresh vegetables irrigated with reclaimed wastewater.



Evaluation of the fate of PhACs and their metabolites in the plant–soil system is important because in drought-prone areas, such as the Mediterranean basin, plants can increasingly be irrigated with reclaimed wastewater. This practice could represent a sustainable alternative, especially for growing plants that require large amounts of irrigation water, such as basil [20]. It has a large leaf area, resulting in a water consumption per unit area of up to 849 mm [21]. Sweet basil (Ocimum basilicum L.), cultivated primarily in the Mediterranean regions of Europe, as well as in Asia and Africa, is an annual herbaceous plant of the Lamiaceae family [22]. The aromatic plants most used as food and in cosmetics belong to the genus Ocimum, and it is estimated that up to 160 species of basil exist [23]. Unfortunately, aromatic plants, such as sweet basil, can absorb and accumulate contaminants and their metabolites released into the soil, as reported by Kowalska [24].



To the best of our knowledge, only a few works in the recent literature have reported the behavior of CBZ metabolites in soils and plants [12,25,26]. For this reason, in this study, we aimed to investigate the environmental fate of CBZ and its metabolites to clarify their uptake and transformation in soils and basil plants irrigated with artificially enriched CBZ water.




2. Materials and Methods


2.1. Chemicals and Materials


Acetonitrile (ACN), LC-MS-grade water, anhydrous magnesium sulfate (MgSO4), sodium citrate (Na citrate), and primary secondary amine (PSA) were selected from the Sigma-Aldrich catalog (Darmstadt, Germany), and QuE-Lab® tubes by Lab Instruments (Castellana Grotte, Italy) were used for extractions. Preliminary qualitative analyses of experimental samples (soil and plant organs), using the pre-scan function of the high-resolution mass spectrometer, identified CBZ and five metabolites, i.e., 3-hydroxycarbamazepine, 10,11-dihydro-10-hydroxycarbamazepine (>97%), acridine (>99%), carbamazepine 10,11-epoxide (>97%), and 10,11-dihydro-10,11-dihydroxy carbamazepine (>98%). For this reason, they were provided by Lab Instruments and used for subsequent quantification.



The chemical structures and properties of CBZ and its metabolites are given in Table 1.




2.2. Experimental Design


The trial was carried out in 1 L pots and in a greenhouse located at the University of Bari under controlled conditions (24 °C, 60% humidity). All pots were prepared with silty clay loam soil (clay: 37.2%; sand: 7.5%; silt: 55.3%) whose main chemical properties, determined according to the analytical methods of Swift et al. [29], were as follows: pHH2O, 7.3; pHKCl, 6.5; electrical conductivity, 603 µS cm−1; organic carbon, 18.9 g kg−1; organic matter, 3.3%; total nitrogen, 3.1 g kg−1; C/N ratio, 6; available phosphorus (P2O5), 71.1 mg kg−1; and total carbonates, 3.3 g kg−1.



The experimental design was randomized, with 3 treatments and 3 replicates. Twenty-seven pots were prepared without plants (Figure 1), and the treatments were (i) soil without contamination (control), (ii) soil irrigated with water spiked with 200 ppb of CBZ, and (iii) soil irrigated with water spiked with 600 ppb of CBZ. A second set of pots with the same treatments was prepared with basil plants (Ocimum basilicum L.) aged 30 days (1 pot = 1 basil plant; Figure 1). Comparing pots with and without plants can help to investigate the contribution of the rhizosphere in the degradation or otherwise of CBZ and its metabolites. The second set was also used to determine some morphological parameters of basil plants. The experiment lasted 30 days to simulate the time needed to complete the growth of the potted basil seedlings.



The contaminated pots were obtained by preparing two CBZ solutions (200 or 600 ppb) and irrigating the pots with the solutions up to the soil field capacity. High concentrations of CBZ were used to make any stresses on the plants and CBZ metabolites more evident. The control pots were irrigated considering the soil field capacity as well but using tap water. Soil moisture was detected using sensors (X-Farm) placed on the top and in the middle of each pot. Irrigation started each time the soil moisture reached 25% of the available water. Soil and plant analyses were conducted after 10, 20, and 30 days.




2.3. Extraction and Quantification of Carbamazepine and Its Metabolites


The extraction of CBZ and its metabolites from the soil was performed according to the modified QuEChERS method reported by De Mastro et al. [30], while the corresponding extraction from plant organs was performed by slightly modifying the QuEChERS method proposed by Brunetti et al. [31]. Before CBZ extraction, roots were first washed with tap water, then rinsed with deionized water, and finally dried with a paper towel. Roots, leaves, and stems were chopped and placed in a 15 mL centrifuge tube in the dark at −20 °C until subsequent analyses. The quantification of CBZ and its metabolites in different matrices was performed using an Ultimate 3000 System (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a degasser, a high-pressure-gradient pump, a WPS autosampler and a column oven, and a Q Exactive mass spectrometer. Details of the quantification procedure are reported elsewhere [30].




2.4. Enzymatic Activities


The activities of many soil enzymes are indicative of the state of the soil’s microbial community. Indeed, these enzymes participate in the biogeochemical cycles of different elements, and their activity is sensitive to changes occurring in soils.



Β-Glucosidase activity was assessed using the method of Eivazi and Tabatabai [32]. Briefly, 1 g of soil was added to 0.25 mL of toluene, 4 mL of modified universal buffer (MUB, pH 6.0), and 1 mL of 0.025 M p-nitrofenil-β-D-glucopiranoside solution in a 50 mL Erlenmeyer flask. The flask was incubated at 37 °C for 1 h, and successively, 1 mL of 0.5 M CaCl2 solution and 4 mL of 0.1 M TRIS (pH 12) were added. The soil suspension was filtered through Whatman No. 2 filter paper, and the absorbance at 400 nm was measured using a PerkinElmer model Lambda15 UV–VIS spectrophotometer (Shelton, CT, USA).



The phosphatase activities In the soils were determined according to the method of Eivazi and Tabatabai [33] with the determination of p-nitrophenol released by 1 g of soil to which 0.2 mL of toluene, 4 mL of MUB (pH 6.5 for acid phosphatase and pH 11 for alkaline phosphatase), and 1 mL of 0.025 M sodium p-nitrophenyl phosphate were added and the resulting mixture incubated at 37 °C for 1 h. Successively, the p-nitrophenol released by the mixture was determined colorimetrically after extraction with 1 mL of 0.5 M CaCl2 and 4 mL of 0.5 M NaOH and filtration through Whatman No. 2 filter paper. Controls were performed, as described for the assay procedure, with sodium p-nitrophenyl phosphate added immediately before filtration.



The fluorescein diacetate hydrolysis (FDA) assay was performed according to Green et al. [34]. Briefly, 1 g of air-dried soil was placed in a 125 mL Erlenmeyer flask, and 50 mL of 60 mM sodium phosphate buffer (pH 7.6) and 0.50 mL of 4.9 mM FDA lipase substrate solution (20 mg of FDA lipase substrate in 10 mL of acetone) were added. Regarding the control, 0.50 mL of acetone was added instead of FDA solution. The contents of the flask were mixed and incubated for 3 h at 37 °C. After that, to stop the reaction, 2 mL of acetone was added. Next, about 30 mL of the soil suspension was transferred to a 50 mL centrifuge tube and centrifuged at 8000 rpm min−1 for 5 min. The supernatant was filtered through a Whatman No. 2 filter paper, and the absorbance at 490 nm was measured by a PerkinElmer Lambda15 UV–VIS spectrophotometer.




2.5. Plant Characterization


To verify the effects of CBZ and its metabolites on plants during the trial, indirect measurements of the chlorophyll content were carried out using a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan). Furthermore, plant samples were taken after 10, 20, and 30 days for growth measurement. The height of the plant, the number of leaves, and fresh and dry weights were determined to assess the influence of CBZ on the morphological parameters of basil plants [35].




2.6. Statistical Analysis


The results obtained were tested against the normal distribution of variables (Shapiro–Wilk’s test) and the homogeneity of variance (Bartlett’s test) using R software (version 3.2.3). Since the variables were normally distributed and showed homogeneity of variance, they were subjected to an analysis of variance (ANOVA), followed by the Tukey test. Statistical significance was determined at p ≤ 0.05.





3. Results and Discussion


3.1. Soil


The evaluation of pharmaceutical drugs and their metabolites is usually performed via chromatographic techniques coupled with mass spectrometry after typical processing and extraction/purification techniques [11]. The LC-MS output is reported in Figure 2 as histograms showing the content of CBZ in soils without plants (A) and with plants (B) irrigated with the 200 or 600 ppb CBZ solution and sampled after 10, 20, and 30 days of trial.



Not surprisingly, the amount of CBZ detected in the soil was directly and significantly related to the dose of the contaminant applied and the time. The presence of sensitive and metabolically active plants strongly decreases the CBZ concentration in the soil due to its possible uptake by roots and/or the rhizosphere, which could potentially allow the related degradation of CBZ (Figure 2). The bioaccumulation of pharmaceutical drugs by the rhizosphere and the populating vegetable species is often followed by active degradation through the activation of specific microorganisms [36]. The combination of these two processes reduces leaching to the surface and into groundwater. In fact, the rhizosphere is an environment rich in microorganisms with respect to the bulk soil [37] due to root exudates [38].



Regarding the specific degradation, carbamazepine (5H-dibenz[b,f]azepine-5-carboxamide) is highly stable, considered persistent because its macrocycle structure remains unchanged even after the conventional activated mass treatment process. De facto, the most effective processes leading degradation include the advanced oxidation process (AOP) alone [39] or after biotreatments [40]. UV and visible light energies, gamma radiation, or the presence of metal catalysts induces the organic radical conversion of CBZ, which can then become the perfect substrate for mono-hydroxylation (MH), bis-hydroxylation (BH), and epoxidation (EP) reactions due to oxidative biochemical processes. These three processes can occur directly on the chemical core of CBZ or indirectly after the action of an amidase biochemical pathway, leading to iminostilbene derivatives [41]. Moreover, the degradation metabolites can be already found in environmental matrices deriving from enzyme liver metabolism via cytochrome p450 oxidase and delivery from human bodies [42]. Regarding the five metabolites shown in Table 1, quantitative analysis highlighted that 3-hydroxycarbamazepine, 10,11-dihydro-10-hydroxycarbamazepine, and 10,11-dihydro-10,11-dihydroxy carbamazepine were below the limit of quantification. Only the carbamazepine-10,11-epoxide derivative could be detected and compared in soil samples. In detail, Figure 3 shows the content of carbamazepine-10,11-epoxide in soils without plants (A) and with plants (B) irrigated with the 200 or 600 ppb solution of CBZ and sampled after 10, 20, and 30 days of trial.



This epoxide derivative is produced via alkene epoxidation. Alkenes are more reactive than aromatic π-bonds, richer in electrons, and allowed to metabolically epoxidize in the liver and other human tissues. The soil with plants showed no presence of carbamazepine-10,11-epoxide, apart from the highest dose and at the end of the experiment (Figure 3). Therefore, it is evident that there is a strong contribution of the basil rhizosphere to CBZ degradation and possible consequent uptake of carbamazepine-10,11-epoxide by plants. As a second hypothesis, unnoticeable degradation of CBZ could have occurred in the soil with plants (Figure 3).



With time, the accumulation of carbamazepine-10,11-epoxide was observed in soils without plants (Figure 3A). Since carbamazepine-10,11-epoxide is considered more biologically active than the parent compound [43], its monitoring in the soil–plant system is necessary.



Another metabolite, acridine, is considered the rarest among CBZ derivatives. A few works have established the possibility of the production of acridine directly from CBZ epoxide via a carbonyl intermediate and after ring rearrangement (Figure 4) [44].



The accumulation of acridine in the soil creates concerns about its possible entry into the food chain and the toxic action exerted by this molecule, as it can inhibit DNA repair and cell growth [45]. In fact, a previous study highlighted that acridine is considerably more toxic than CBZ at multiple trophic levels [46]. Figure 5 shows the content of acridine in the soils without plants (A) and with plants (B) irrigated with the 200 or 600 ppb CBZ solution and sampled after 10, 20, and 30 days of trial.



The amount of acridine in the soils was between 9.6 and 12.7 μg g−1, and unlike the results of carbamazepine-10,11-epoxide, its concentration was about the same in the soils with and without plants regardless of the time of sampling and the dose applied. This metabolite appears not to degrade as quickly as carbamazepine-10,11-epoxide. In fact, since carbamazepine-10,11-epoxide is a precursor of acridine, its greater presence in soils without plants suggests a slower degradation of the parent compound in such soils and a contribution of the plants in the degradation process or/and the absorption of CBZ and its degradation products. The second hypothesis about the lack of degradation of CBZ in soils with plants seems to fall short because there was also acridine in this soil. However, photodegradation on soil surfaces can also be considered a way of degradation to obtain acridine from CBZ [47]. In this regard, humic substances in wastewater and soil can absorb light, contributing to the degradation of CBZ to acridine [48]. However, acridine can also be derived from other pathways [49].



Table 2 summarizes the content of CBZ and its metabolites in soils.




3.2. Plants


Figure 6 shows the results related to the content of CBZ in the roots, leaves, and stems of basil plants irrigated with the 200 or 600 ppb solution of CBZ and sampled 10, 20, and 30 days after transplantation.



The amount of CBZ detected in plant organs was directly related to the time and dose of the applied contaminant, as observed for soils. In general, the amount of CBZ found in the roots was equal to or less than that found in the corresponding soil but much lower than that found in the aerial parts of the plant, suggesting high mobility of the contaminant through the plant organs. These results agree with several studies reporting the uptake of CBZ by different plants [26,43,50,51,52] and its higher accumulation in plant leaves [53,54,55], possibly due to its chemical properties. A previous study [38] hypothesized that the uptake and translocation of CBZ is due to diffusion into the vascular system, especially due to 0 < log Kow < 4 values; consequently, CBZ tends to move easily in the xylem, reaching the aerial parts of plants. Even Trapp et al. [56] reported that neutral compounds with −1 < log Kow < 5 move to aerial tissues through the xylem.



Regarding carbamazepine metabolites, previous studies have reported that the two CBZ metabolites that are commonly found in leaves and fruits are carbamazepine-10,11-epoxide and 10,11-dihydro-10,11-dihydroxy-carbamazepine [53,55,57]. This latter metabolite derives from a dehydrogenative pathway directly from epoxide CBZ in the human oxidative enzymatic set (Figure 4) [17].



In this study, only acridine was found in plant organs, suggesting rapid degradation of CBZ to carbamazepine-10,11-epoxide and then to acridine. These results are shown in Figure 7A (roots) and Figure 7B (leaves and stems).



The acridine root concentration did not show significant differences between the two doses applied regardless of sampling times, while a significant decrease in acridine was observed with time. The aerial parts of basil showed 5 to 6 times the concentration of acridine found in the roots. The application of a 200 ppb solution of CBZ resulted in a higher acridine content in T1 compared to the other sampling times, while no differences were observed with the highest dose of CBZ (Figure 7B).



A possible explanation related to the findings of oxidized metabolites of CBZ in such parts of the plants is the presence of specific metal-dependent oxidases and polyphenoloxidase expressed and translocated along the xylematic tissues and roots of the plants. These enzymes, also activated with low amounts of water and at different and huge pH ranges, directly catalyze the formation of -O- ether bridges and the insertion of mono-hydroxyl functions on the benzapine core of CBZ, as reported for laccase, peroxidase, and ligninolitic enzymes in white-rot fungi (Figure 8) [58]. This occurs even if CBZ exhibits a strong electron-withdrawing functional group (N-amide), which generates an electron deficiency, forcing a push-pull monodirectional electron transfer, leading to low susceptibility to laccase-like oxidase. In plants, and in the specific case of basil plants, the huge bioaccumulation of highly concentrated substrates and the simultaneous expression of oxidative enzymes and polyphenol oxidase at different growth stages could spark the oxidative biotransformation of CBZ over time [59].




3.3. Enzyme Activities


Figure 9 shows the trend of enzymes in soils without and with plants in relation to the time or the concentration of CBZ added.



In general, β-glucosidase and alkaline phosphatase activities increased with time in soils with plants, while FDA hydrolysis increased with time in soils without plants. On the contrary, the latter enzymatic activity decreased with time at 200 and 600 ppb and in the presence of plants. These results suggest that FDA hydrolysis is sensitive to the application of CBZ. In fact, since FDA is an enzyme substrate cleaved by extracellular proteases, lipases, and esterases [60], CBZ could have negatively influenced the microbial community responsible for the release of those enzymes over time. This consideration was confirmed by the lower presence of CBZ and its metabolites in soils with plants compared to those without plants (Table 3). According to Akintoroye et al. [61], a lower concentration of PhACs in wastewater applied in fertigation results in no significant differences in FDA activity between soils with and without plants.



Table 3 summarizes the results of the enzymatic activity in soils.



The activities of soil enzymes can be considered indicators of microbial metabolism and the degree of soil stress and pollution [62,63], due to their rapid response to soil changes [64]. However, the interpretation of enzymatic activities is not easy in the presence of organic contaminants, due to their direct and indirect effects on the microbial community [65,66]. Among the indirect effects, the important ones are (i) the growth of resistant microorganisms that can use the organic pollutant or the debris of killed sensitive microorganisms as energy sources and (ii) the changes in the microbial synthesis of the target enzymes [64,66].




3.4. Morphological Parameters


Figure 10 shows the chlorophyll content of basil plants irrigated with the 200 or 600 ppb CBZ solution and sampled after 10, 20, and 30 days of trial.



In general, the chlorophyll content decreased with time in plants irrigated with water contaminated with CBZ at 200 and, especially, 600 ppb, while it remained constant in control plants (Figure 8). In addition, corresponding to the same time, the chlorophyll content was definitely lower in plants grown in contaminated soil compared to those grown in uncontaminated soil. In general, a reduction in chlorophyll suggests a typical stress response due to metabolic disorders or due to the accumulation of reactive oxygen species in chloroplasts [67]. Recently, De Mastro et al. [68] found that the chlorophyll A and B content decreases in basil seedlings with the addition of different PhACs at different doses. Opriș et al. [69] found that the chlorophyll content decreases in green leafy vegetables with the application of non-steroidal anti-inflammatory drugs as a function of the dose applied.



The morphological parameters of basil plants are shown in Figure 11 and Figure 12.



After 30 days (T3), the highest concentration of the contaminant negatively affected the fresh and dry weights of the plants compared to the intermediate dose and the control. With respect to time, the results showed a constant growth in all treatments, as expected. These results suggest a slight toxic effect of CBZ on the aforementioned plant parameters.



Regarding height and the number of leaves (Figure 12A,B), two of the most significant indicators of plant growth and development, significant differences were found among the different treatments, especially with respect to time.



The number of leaves and the height of the plant, although numerically lower at the highest dose of CBZ applied, did not appear to be significantly influenced by the addition of the contaminant. The results of the statistical analysis confirmed that the highest dose of CBZ did not negatively affect the vigor of the basil plants, even after the accumulation of the contaminant due to the different types of irrigation.



These parameters can increase the plant-to-land cover ratio, which in turn can improve photosynthesis and plant uptake. Our results are in contrast to those of Carter et al. [70] and Mascellani et al. [71], who found that the effects of CBZ on plant growth depend on its concentration.





4. Conclusions


This study proved that CBZ is a mobile contaminant that can easily accumulate in basil leaves, making it a contaminant of major interest according to various authors [15,43,57]. In addition, CBZ undergoes several degradation pathways, releasing metabolites that can be more toxic than the parent compound. Our results suggest that the identification and quantification of CBZ metabolites are essential to estimate the overall uptake by basil plants and to make a correct risk assessment. In general, basil plants reduce the contaminant in the soil through direct uptake from the root systems or indirectly through the rhizosphere, which stimulates the activity of microorganisms.



The activity of soil enzymes is influenced differently by the presence of CBZ and does not show a particular trend, while, according to the results of the morphological parameters, basil can be considered a tolerant plant. All these considerations highlight that the fate of CBZ in the soil–plant system is not easily predictable. To better identify its dynamics and long-term effects, more studies are needed in other edible plants and other types of soil.
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Figure 1. Experimental pot design and photo of the trial. 
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Figure 2. Average CBZ concentration detected in soils without plants (A) and with plants (B) and the corresponding standard deviation. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 
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Figure 3. Average concentration of carbamazepine-10,11-epoxide detected in experimental soils without plants (A) and with plants (B). The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 
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Figure 4. Main metabolites produced via metabolic pathways in the human liver and after biotransformation via soil microorganisms and/or the rhizosphere. 
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Figure 5. Average concentration of acridine detected in soils without plants (A) and with plants (B) and the corresponding standard deviations. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 
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Figure 6. Average CBZ concentration detected in the roots (A) and leaves and stems (B) of basil plants cultivated in soils contaminated with two different concentrations of CBZ. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 






Figure 6. Average CBZ concentration detected in the roots (A) and leaves and stems (B) of basil plants cultivated in soils contaminated with two different concentrations of CBZ. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration.
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Figure 7. Average concentration of acridine detected in roots (A) and leaves and stems (B). The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 






Figure 7. Average concentration of acridine detected in roots (A) and leaves and stems (B). The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (200 and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration.
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Figure 8. Oxidative pathway via oxidase in plants and white-rot fungi. 
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Figure 9. Enzymatic activities of β-glucosidase in soils without plants (A) and with plants (B), acid phosphatase in soils without plants (C) and with plants (D), alkaline phosphatase in soils without plants (E) and with plants (F), and FDA hydrolysis in soils without plants (G) and with plants (H). The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (0, 200, and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 
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Figure 10. Soil–plant analysis development (SPAD) of basil leaves grown under different treatments. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences among concentrations (0, 200, and 600 ppb) at the same time. Uppercase letters represent differences among times (T1, T2, and T3) at the same concentration. 
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Figure 11. Fresh weight (A) and dry weight (B) of the basil plant. The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (0, 200, and 600 ppb) at the same time. Uppercase letters represent differences between times (T1, T2, and T3) at the same concentration. 
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Figure 12. Height of the basil plant (A) and number of leaves (B). The bars marked with different letters are significantly different (p < 0.05). Lowercase letters represent differences between concentrations (0, 200, and 600 ppb) at the same time. Uppercase letters represent differences between times (T1, T2, and T3) at the same concentration. 
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Table 1. Main properties of CBZ and its metabolites (Kow: octanol/water partition coefficient; pKa: acid ionization constant; non-aq: not soluble in water).
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	PhAC
	Molecular Weight

(g mol−1)
	Chemical

Structure
	Water Solubility (mg L−1)
	Log Kow
	pKa





	Carbamazepine
	236.27 a
	[image: Soilsystems 08 00083 i001]
	Non-aq. a
	2.45 a
	13.9 a



	3-Hydroxycarbamazepine
	252.27 b
	[image: Soilsystems 08 00083 i002]
	Non-aq. b
	2.41 b
	9.19 b



	10,11-Dihydro-

10-hydroxycarbamazepine
	254.28 b
	[image: Soilsystems 08 00083 i003]
	Non-aq. b
	0.93 b
	12.8 b



	Acridine
	179.22 a
	[image: Soilsystems 08 00083 i004]
	Slightly soluble in hot water a
	3.17 c
	5.45 at 15 °C a



	Carbamazepine 10,11-epoxide
	252.27 b
	[image: Soilsystems 08 00083 i005]
	Non-aq. b
	1.0 b
	pKa = 16 b



	10,11-Dihydro-10,11-

dihydroxy carbamazepine
	270.10 d
	[image: Soilsystems 08 00083 i006]
	Non-aq. d
	0.81 d
	12.7 e (acidic)







a https://pubchem.ncbi.nlm.nih.gov (accessed on 8 March 2024) [27]. b Malvar et al. 2020 [25]. c Sauvêtre et al. 2018 [19]. d Fenet et al. 2012 [10]. e Brieudes et al. 2016 [28].













 





Table 2. Analysis of variance and mean values of CBZ, carbamazepine-10,11-epoxide, and acridine found in soils without plants (A) and with plants (B). The values in each column followed by a different letter are significantly different. ** Significant at p ≤ 0.01. *** Significant at p ≤ 0.001. n.s.: not significant.
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Concentration

	
Time

	
Soil

	
Carbamazepine

	
Carbamazepine-10,11-epoxide

	
Acridine






	
200 ppb

	
T1

	
A

	
***

	
/

	
**




	
B




	
T2

	
A

	
***

	
***

	
***




	
B




	
T3

	
A

	
***

	
***

	
n.s.




	
B




	
600 ppb

	
T1

	
A

	
***

	
***

	
n.s.




	
B




	
T2

	
A

	
***

	
***

	
***




	
B




	
T3

	
A

	
***

	
***

	
***




	
B




	
200 ppb

	
T1

	
A

	
254.9 a

	
0.0 a

	
11.2 a




	
B

	
21.2 b

	
0.0 a

	
10.2 b




	
T2

	
A

	
428.3 a

	
1.2 a

	
10.9 a




	
B

	
142.8 b

	
0.0 b

	
9.6 b




	
T3

	
A

	
777.2 a

	
1.6 a

	
10.5 a




	
B

	
219.4 b

	
0.0 b

	
10.1 a




	
600 ppb

	
T1

	
A

	
1013.0 a

	
0.5 a

	
10.9 a




	
B

	
226.6 b

	
0.0 b

	
10.4 a




	
T2

	
A

	
1285.8 a

	
8.7 a

	
11.5 a




	
B

	
273.1 b

	
0.0 b

	
10.2 b




	
T3

	
A

	
1621.7 a

	
24.7 a

	
12.7 a




	
B

	
793.0 b

	
5.2 b

	
11.2 b











 





Table 3. Analysis of variance and mean values of the enzymes studied in soils without plants (A) and with plants (B). n.s.: not significant. The values in each column followed by a different letter are significantly different. * Significant at p ≤ 0.05. ** Significant at p ≤ 0.01. *** Significant at p ≤ 0.001.
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Concentration

	
Time

	
Soil

	
β-Glucosidase

	
Alkaline Phosphatase

	
Acid Phosphatase

	
FDA Hydrolysis






	
0 ppb

	
T1

	
A

	
***

	
n.s.

	
n.s.

	
n.s.




	
B




	
T2

	
A

	
n.s.

	
***

	
n.s.

	
*




	
B




	
T3

	
A

	
*

	
*

	
n.s.

	
n.s.




	
B




	
200 ppb

	
T1

	
A

	
*

	
n.s.

	
n.s.

	
n.s.




	
B




	
T2

	
A

	
*

	
**

	
*

	
***




	
B




	
T3

	
A

	
**

	
***

	
**

	
***




	
B




	
600 ppb

	
T1

	
A

	
***

	
n.s.

	
**

	
n.s.




	
B




	
T2

	
A

	
**

	
**

	
***

	
***




	
B




	
T3

	
A

	
***

	
**

	
***

	
***




	
B




	
0 ppb

	
T1

	
A

	
65.2 b

	
64.3 a

	
32.9 a

	
29.8 a




	
B

	
72.8 a

	
64.5 a

	
33.8 a

	
28.3 a




	
T2

	
A

	
71.3 a

	
64.7 b

	
35.0 a

	
34.0 a




	
B

	
73.0 a

	
70.1 a

	
36.6 a

	
32.0 b




	
T3

	
A

	
72.7 b

	
69.0 b

	
35.9 a

	
36.3 a




	
B

	
75.0 a

	
71.7 a

	
37.6 a

	
34.6 a




	
200 ppb

	
T1

	
A

	
63.2 b

	
70.1 a

	
35.2 a

	
33.7 a




	
B

	
67.6 a

	
70.9 a

	
36.4 a

	
32.6 a




	
T2

	
A

	
66.1 b

	
65.1 b

	
31.0 b

	
39.9 a




	
B

	
72.2 a

	
80.9 a

	
34.7 a

	
24.7 b




	
T3

	
A

	
64.3 b

	
67.1 b

	
34.2 b

	
43.9 a




	
B

	
74.8 a

	
85.8 a

	
39.1 a

	
25.3 b




	
600 ppb

	
T1

	
A

	
64.7 b

	
73.7 a

	
32.0 b

	
21.4 a




	
B

	
73.3 a

	
71.2 a

	
37.4 a

	
22.8 a




	
T2

	
A

	
74.2 b

	
73.9 a

	
32.2 b

	
25.7 a




	
B

	
81.1 a

	
65.1 b

	
37.1 a

	
19.7 b




	
T3

	
A

	
73.6 b

	
66.4 b

	
32.3 b

	
24.2 a




	
B

	
84.9 a

	
80.4 a

	
37.2 a

	
16.1 b
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