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Introduction

Emerging contaminants in irrigation wastewater can cause bioaccumulation in crops, posing health risks to humans and other living organisms. The extent to which different emerging contaminants (ECs) are taken up by plants varies depending on the physicochemical properties of the contaminants and the type of crops grown.





Methods

This study investigated the fate of emerging contaminants (ECs), particularly pharmaceuticals, in durum wheat grown on soils irrigated with treated wastewater in southern Italy. The experiment was conducted in lysimeters irrigated with wastewater during previous crop cycles, assessing the presence and distribution of ECs in both soil and plant tissues. Three different levels of exposure to ECs were compared: freshwater irrigation (FW), wastewater treated to European average contaminant levels (TWWx1), and a triple dose of contaminants (TWWx3).





Results

The behavior of 12 different ECs in the plant-soil complex was analyzed and found variable. Fluconazole and carbamazepine were found to have higher uptake concentrations in the plant, with accumulation observed in the plant and grain, especially in the TWWx3 treatment. However, some ECs (such as Sulfamethoxazole, Trimethoprim, Ketoprofen, Diclofenac, Metoprolol, and Naproxen) showed high uncertainties in their fate, probably due to degradation in soil and influential crop parameters.





Discussion

The results of this study contribute to the argument that the reuse of treated wastewater for irrigation, if properly monitored, can be a safe approach in agriculture and can support policymakers in developing future legislative frameworks for sustainable water management.
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1 Introduction

The agricultural sector plays a strategic role in improving the availability of food and achieving food security (1). Rice, maize, and wheat are essential crops that contribute to nearly half of the world’s food calories, making them crucial for global food security (2). The productivity of agriculture is underpinned by healthy and productive soils in combination with the accessibility to freshwater resources (3). However, urbanization, industrialization, and intensive agriculture development have introduced pollutants and synthetic chemicals into the ecosystem, causing significant environmental issues (3, 4).

The Mediterranean, a major agricultural region, is grappling with environmental challenges and freshwater pollution caused by a range of newly identified chemical substances known as emerging contaminants (5). Emerging contaminants (ECs) in agriculture, including nano-plastics, per- and polyfluoroalkyl substances (PFAS), endocrine disrupting chemicals (EDCs), antibiotics, hormones, and pain relievers, are potential environmental pollutants with adverse effects on crops, soil, water, and the broader environment (6). ECs may occur naturally or be synthesized for various medical, industrial, and other practical applications (7).

Reuse of treated wastewater (TWW) for irrigation has become a widespread practice in the arid and semi-arid areas of the Mediterranean, Middle East, and Asia. However, this practice presents challenges, including soil salinity, potential health risks from pathogens and heavy metals, and complex environmental and socio-economic considerations (8). The use of treated wastewater for crop irrigation and pesticides in agriculture can significantly increase the prevalence of ECs in arid and semi-arid countries (9). A primary concern associated with reusing wastewater for agricultural irrigation is the introduction of pharmaceuticals and personal care products (10), as they can trigger diverse physiological effects in humans (11). PPCPs are considered ECs due to their persistence, potential toxicity, and bioaccumulation in the environment (12). Wastewater, compost, and manure applications release PPCPs into agricultural soil systems (13). These contaminants may then undergo various biotic and abiotic transformations within the soil environment.

The long-term use of contaminated irrigation water affects plant ecosystem health, aquatic ecosystems, soil microorganisms, normal plant growth and development, and the quantity and quality of agricultural produce (2). Therefore, understanding the concentration, behavior, and cycling of contaminants, along with their degradation pathways, is crucial for the remediation of these substances originating from various sources (7). The extent to which different ECs are taken up by plants varies depending on the physicochemical properties of the contaminants and the type of crops grown (14).

Scientific studies have attempted to characterize the uptake of ECs from reclaimed water into agricultural soils (15–17) and various crops, including fruits (12, 18–20), vegetables (16, 19, 21), and cereals (22, 23). These studies have employed different plant-growth methods (e.g., hydroponic cultivation, crops in pots under greenhouse, field cultivation conditions), different sets of contaminants, types of plants, and irrigation methods, resulting in some inconsistency in conclusions (24). Consequently, a gap remains in understanding the extent and specific conditions under which these contaminants appear in irrigated crop production systems. This is particularly relevant for cereal cultivation, where data on EC bioaccumulation and translocation under real-field growing conditions is limited.

Durum wheat is a staple crop in the Mediterranean region. Climate change is expected to increase irrigation water requirements for durum wheat cultivation in the Mediterranean region by up to 16% (25). As the reuse of treated wastewater for irrigation becomes more prevalent, further research is needed to quantify the occurrence of emerging contaminants (ECs) and identify the factors that influence their presence and mobility in agricultural environments utilizing treated wastewater. This will be crucial for ensuring food safety and quality as durum wheat production adapts to a changing climate in the Mediterranean region.

This research builds upon the previous work of Denora et al. (20) and investigates the fate of ECs, particularly pharmaceuticals, in durum wheat cultivation on soils irrigated with treated wastewater in southern Italy. By expanding our understanding of how ECs behave in agricultural systems using reclaimed water, this study can provide valuable insights to support the safe and sustainable use of treated wastewater for irrigation in the Mediterranean region.




2 Materials and methods


2.1 Experimental design

The trial was conducted at the Centro Ricerche Agrobiologiche ALSIA Metapontum, located in the province of Matera, Italy, at coordinates 40.4029 N, 16.7944 E. The Mediterranean climate is characterized by hot, dry summers with average temperatures ranging from 24°C to 28°C and moderate, wet winters, experiencing an annual rainfall of 600–700 millimeters.

The “Saragolla” variety (Triticum durum Desf.) was sown on January 13, 2022, in the same pots previously utilized for growing tomatoes (20). The cultivation concluded with the harvest on June 21, 2022. Seeds were planted in lysimeters of 0.8 m³ each, with 4 rows containing 90 seeds each and spaced 13 cm apart between rows. The distribution followed a randomized block experimental design (Figure 1) with four repetitions.




Figure 1 | The experimental setup includes tanks for water treatments (TWWx1, TWWx3, FW), lysimeters for various scenarios, and tanks for storing treated wastewater (TWW) and its safe disposal (DTWW).



The experimental design included the comparison of three irrigation treatments (Figure 1):

	Control (FW): Irrigation with surface freshwater (FW) from the irrigation network commonly used by farmers in the region for crop irrigation.

	TWWx1: Irrigation with tertiary (TWW) municipal wastewater that has been spiked with target contaminants at a dose corresponding to the European average concentration.

	TWWx3: Irrigation with tertiary (TWW) municipal wastewater spiked with ECs at a triple dose compared to the TWWx1 treatment.



This experimental setup allowed for a systematic evaluation of the fate and behavior of ECs in the soil-plant system when irrigated with reclaimed water containing varying levels of emerging pollutants. TWW was derived from the secondary sewage effluent of the municipal wastewater treatment plant (WWTP) in Ferrandina (Italy) using rapid sand filtration (rSF), followed by peracetic acid treatment (contact times greater than 60 minutes and doses of 2.5 mg/L).

Table 1 presents the average values with standard deviations for the primary conventional parameters of both surface freshwater (FW) and tertiary wastewater (TWW) throughout the study period.


Table 1 | Main conventional parameters of FW and TWW that were detected during the experimental period.



The tertiary wastewater (TWW) used in the experiment was spiked with a mixture of emerging contaminants (ECs) for two of the irrigation treatments (TWWx1 and TWWx3). These ECs included clarithromycin (CLR), sulfamethoxazole (SMX), trimethoprim (TMP), carbamazepine (CBZ), diclofenac (DCF), fluconazole (FLC), climbazole (CLB), ketoprofen (KTP), metoprolol (MTP), naproxen (NAP), triclosan (TCS), and gemfibrozil (GFB). These compounds were specifically chosen because they are commonly detected in wastewater and are often not completely removed by standard wastewater treatment processes. Their presence in treated wastewater used for irrigation raises concerns about potential accumulation in crops and transfer into the food chain.

Table 2 shows the concentration values of target ECs in TWW, which range from low ng/L to low μg/L (26).


Table 2 | Concentration values of ECs detected in FW and TWW.



Table 3 summarizes the physicochemical parameters of the selected ECs. The multi-component standard solution (1000 ppm) was prepared using standards with a purity of more than 98%. This solution was mixed with irrigation wastewater at concentrations of 200 and 600 (μg/L) for each component, resulting in TWWx1 and TWWx3, respectively. Before sowing durum wheat, the experimental soils were tested to determine the residual EC concentration from the previous season. These data represent the initial condition (T0) and were crucial for carrying out the mass balance assessment.


Table 3 | Physicochemical Properties (Mw, Molecular Weight; Water Solubility; Kow, Octanol/Water Coefficient; pKa, Acid Ionization Constant) of the Selected ECs.



The experimental design includes four lysimetric devices (plots) for each irrigation treatment. The identical lysimeters used in the previous study (20) were employed to evaluate the effects of irrigation with wastewater on wheat (Figure 2). The soil studied is classified as sandy loam according to the United States Department of Agriculture, with the following physical and chemical properties: sand 84.7%; silt 3.3%; clay 12.0%; field capacity (measured at 0.03 MPa) of 13.2% dry weight (dw); wilting point (measured at -1.5 MPa) of 7.2% dw; bulk density of 1.45 Mg/m3; pH 8.3; electrical conductivity 0.10 dS m-1; organic matter 0.32% (Walkley and Black method); available phosphorus (Olsen method) 35.6 mg/kg; total potassium 0.92 g/kg (determined using inductively coupled plasma optical emission spectrometry, Agilent, ICP-OES 720); total nitrogen 0.51% (Kjeldahl method); mineral NO3-N 0.7 mg/kg; mineral NH4-N 2.7 mg/kg. This soil type is typical of the Ionian-Metapontine coast and is widely used for vegetable (27) and durum wheat farming. Furthermore, the soil’s favorable hydraulic conductivity made it easier to monitor the circulating solution movement with moisture sensors. There were no irrigation treatments planned, except after blooming, when the goal was to evaluate the influence and uptake of ECs on the lysimetric system. This choice was partly influenced by poor weather conditions such as high temperatures and the lack of precipitation in May and June (Figure 3).




Figure 2 | Schematic representation of the lysimetric weighing system, for determining water consumption, water flow, and mass balance of ECs.






Figure 3 | Climatic trends from December 2021 to August 2022: Precipitation (RNF) in millimeters (blue bars) and Temperature (TMP) in degrees Celsius (red line).



This enabled us to carry out irrigation treatments that restored the lysimetric system to field capacity. Between April and June 2022, a total of 200 liters per lysimeter was provided for the three comparable treatments, with an additional EC concentration of 40 mg L-1 for the TWWx1 treatment and 120 mg L-1 for the TWWx3 treatment.

During the late flowering phenological stage of durum wheat, each lysimeter was irrigated with a micro-flow system that included individual drippers. The initial irrigation was intended to restore the entire soil volume to its field water capacity (FWC). Following this, a weekly irrigation rotation was conducted, providing enough irrigation volume to re-establish soil moisture at the FWC level (28). Crop water consumption between irrigations was measured by weighing individual lysimeter tanks using a pallet jack fitted with load cells. The weight differential in the tank between the end of the previous irrigation and the start of the next one represented both water consumption during that time and the irrigation volume required to restore the soil’s Field Water Capacity to the target level. A probe was placed into each lysimeter in the experimental plot to confirm the correctness of the irrigation scheduling criteria and make any necessary adjustments to the irrigation volume. Soil moisture was measured using a probe equipped with Sentek Technologies’ Diviner 2000 sensors. All components of the water balance were carefully monitored, and drainage water samples were collected to follow any movement of ECs in the aquifer through the lysimeters (Figure 2). The choice to experiment with lysimeters in an open field rather than a greenhouse allowed for a more precise simulation of real agricultural conditions. Given that the durum wheat test occurred after the cultivation of tomatoes on the same lysimeters with the same experimental design, the irrigation volume was deliberately programmed for experimental purposes to optimally assess the absorption and fate of the selected ECs.




2.2 Extraction procedure

The modified QuEChERS approach developed by De Mastro et al. (29) was used to extract ECs from experimental soils. Since the QuEChERS extraction method was developed for materials with moisture content higher than 75%, such as plant matrices such as straw and grain, it was necessary to decrease the sample volume and increase the amount of injected to make the pores of the sample more accessible to the extraction solvent (30–32). The samples were pre-treated before the extraction process began. To remove soil, roots were washed with a light stream of tap water, rinsed with deionized water, and gently dried with absorbent paper, while straw and grains were finely chopped in a grinder. Samples were stored in a 50-mL centrifuge tube at -20°C until extraction. 2 g of roots, 1 g of straw, and 5 g of grains were placed in a 50 mL plastic centrifuge tube, with 10 mL of water added to all samples except the roots, which required 6 mL. After capping, the tubes were vortexed for one minute. Ten milliliters of acetonitrile (ACN) were added to the wet samples. The tubes holding straw and grain were shaken by hand for one minute, while the tubes containing roots were shaken for five minutes. In the case of straw, the sample rested for 15 minutes. This was followed by a salting phase with citrate buffer (4 g MgSO4 + 1 g NaCl + 0.50 g NaCitrate Dibasic Sesquihydrate + 1 g NaCitrate Tribasic Dihydrate). The tubes were shaken vigorously by hand for an additional 5 minutes. The straw and root samples were then centrifuged at 3700 rpm for 5 minutes. The times were doubled for grain samples, which were allowed to rest for two hours after this step. The phase separation between the aqueous and organic solvents after centrifugation enabled the extraction of 6 mL of the upper ACN layer with a pipette. For the purification step, the aliquot was added to 15 mL tubes containing 900 mg MgSO4 + 150 mg primary secondary amine (PSA) for roots or 900 mg MgSO4 + 150 mg PSA + 150 mg octadecyl (C18). After vortexing for 1 minute, the tubes were placed in a centrifuge for 5 minutes at 4000 rpm. The supernatant was filtered through a membrane filter (PVDF, 0.22 μm) and 1.5 mL was transferred to a screw-cap vial for LC-MS/MS analysis.




2.3 Bioconcentration and translocation factor evaluation

The bioconcentration factor (BCF) is an index related to the accumulation in plant tissues of a particular EC concerning its soil concentration in the soil. It was calculated according to (33), as defined in (Equation 1).

 

where Cplant and Csoil represent the concentrations (ng/g) of particular ECs in the wheat parts (root, straw and grain) and the soil, respectively, on a dry weight basis. The translocation factor (TF) represents the movement of ECs from the roots to various parts of the plant. It is calculated by comparing the concentration (ng/g) of ECs in the plant (straw and grain) to their concentrations (ng/g) in the roots, using Equation 2 (33, 34).

 




2.4 Statistical analysis

For experimental continuity, the same statistical analysis approach as the previous year was applied (20). We applied the ANOVA methodology to all datasets in a randomized block design with four replications. A one-way ANOVA was used, with irrigation treatments (FW, TWWx1, and TWWx3) as fixed variables and replication as a random variable. The complete dataset was examined using the assumptions of analysis of variance (ANOVA). The normal distribution of residuals from the model was evaluated both visually (by QQ-plot) and statistically (Shapiro-Wilk normality test). Additionally, Levene’s test was used to confirm homoscedasticity. The experimental design, together with random sampling for several matrices, met the ultimate ANOVA assumption. The ANOVA was performed on the model only when all three ANOVA assumptions were met. Following that, a post-hoc analysis of the calculated marginal averages was performed only in cases where the ANOVA revealed a statistically significant difference (p-value 0.05), using Tukey’s HSD (Honestly Significant Difference) using the agricolae package in RStudio (version 4.1.3), and results were plotted with SigmaPlot 15.0. The bioconcentration and translocation factors (BCF and TF) data did not meet ANOVA assumptions, so we presented them by mean data ± standard error. Furthermore, BCF data were jointly considered in a multivariate approach and processed statistically for principal component analysis (PCA). Before performing the PCA, the BCF values were standardized. The number of factors needed to adequately describe the data was determined based on eigenvalues and of percentage of the total variance accounted for by different factors. The results of PCA were graphically represented in two-dimensional plots. Principal component analysis (PCA) was performed on the correlation matrix of BCF values using the JMP software package, version 14.3 (SAS Institute Inc., Cary, NC, USA).





3 Results


3.1 Water balance components

The wheat growing cycle commenced with soil moisture levels near the field water capacity, resulting from previous irrigation and a rainy winter period. This led to the drainage of 204 mm of the total 275 mm of precipitation during the initial stages of the crop cycle. In contrast, the period between April and June, which is critical for durum wheat’s vegetative growth, was marked by a lack of precipitation and rising temperatures (Figure 3). During this period, 160 mm of irrigation water was applied to the lysimeters, offering a distinct opportunity to investigate the introduction and interaction of emerging contaminants in the soil-plant system. The study introduced two distinct cumulative concentrations of emerging contaminants (ECs) through treated wastewater irrigation in the TWWx1 and TWWx3 treatments, respectively. In the TWWx1 treatment, the cumulative EC concentration was 40 mg/L, while in the TWWx3 treatment, it was 120 mg/L, which was three times higher. These additions built upon the existing EC levels in the soil system, which had been established through previous experiments involving tomato crops under similar conditions.




3.2 Dynamics of the ECs soil-plant concentrations

The concentrations of emerging contaminants (ECs) in soil and plant tissues (roots, straw, and grain) at the end of the durum wheat cropping cycle are presented in Figure 4 for the TWWx1 and TWWx3 treatments. In contrast, the freshwater (FW) irrigation treatment did not result in significant levels of ECs in the soil-plant system, as it did not involve the application of spiked treated wastewater.




Figure 4 | Concentrations of ECs (ng/g) found in soil and tissues of durum wheat cultivation, related to TWWx1 and TWWx3.



The grain analysis of durum wheat grown under the TWWx1 and TWWx3 treatments, which received treated wastewater with different cumulative concentrations of ECs, revealed varying EC levels in the grain (Table 4). Specifically, in the TWWx1 treatment, the concentrations of fluconazole (FLC) and carbamazepine (CBZ) were 464.26 ng/g and 103.73 ng/g, respectively (Figure 4). However, these concentrations increased to 979.51 ng/g for FLC and 526.89 ng/g for CBZ in the TWWx3 treatment, which received a higher cumulative dose of ECs in the irrigation water (Figure 4). This observed increase in grain EC concentrations with higher EC levels in the irrigation water demonstrates a clear dose-response relationship. The higher the cumulative concentration of ECs applied through the treated wastewater irrigation, the greater the accumulation of these contaminants in the durum wheat grain.


Table 4 | Analysis of Variance (ANOVA) performed on ECs in soil and wheat grain tissues.



The data suggest that higher concentrations of ECs in irrigation water and soil lead to significant accumulation in grain, posing concerns about food safety and human health. Statistical comparisons between plant sections revealed that carbamazepine (CBZ) concentrations were significantly higher in straw than in other components of the system, with values of 4999.10 ng/g in TWWx1 and 11985.81 ng/g in TWWx3. This aligns with the findings of Martínez-Piernas et al. (35), who reported higher CBZ concentrations in leaves than in fruits. Furthermore, the levels of CLR in roots and soil differed significantly between the TWWx1 and TWWx3 treatments, supporting the selective absorption dynamics proposed by Camacho-Arévalo et al. (33). The concentrations of CLB in soil and plant sections, indicating bioaccumulation. This is substantiated by the soil concentrations for the TWWx1 and TWWx3 treatments, which were 524.73 ng/g and 596.39 ng/g, respectively. In contrast, the absence of DCF in all matrices across all treatments suggests its probable degradation, which is consistent with the findings of Christou et al. (18). The lack of DCF detection in the soil-plant system indicates that this particular EC may be more readily degraded or transformed compared to the other contaminants studied.

The presence of FLC in straw, roots, and grain in both TWWx1 and TWWx3 treatments confirms its significant absorption and translocation within the plant system. This finding aligns with the results reported by other authors (20, 36–38). In contrast, the absence of KTP, NAP, and SMX in plant and soil samples suggests poor absorption or breakdown of these contaminants. The variations observed in the presence of metoprolol (MTP) between the TWWx1 and TWWx3 treatments demonstrate that environmental circumstances and agricultural methods have a significant impact on the behavior of emerging contaminants. The detection of MTP in roots and soil only in the TWWx3 treatment confirms its absorption, as noted by Pico et al. (39). Similarly, the low concentrations of GFB and TCS in roots and soil suggest limited absorption capacity or degradation propensity of these contaminants. Our analysis highlights that the absorption and retention of ECs are significantly affected by the irrigation regime with treated wastewater. The marked differences are a result of the EC concentration in the irrigation water, the physicochemical properties of the contaminants, and the plants’ intrinsic capacity for assimilation and translocation. These findings underscore the importance of considering the complex interactions between irrigation water quality, contaminant characteristics, and plant-specific factors when assessing the fate and behavior of emerging pollutants in agricultural systems.




3.3 Bioconcentration and translocation factors

The uptake of pollutants from soil into plants is a fundamental process through which humans are exposed to ECs via the food chain. To quantify the accumulation of ECs in different plant tissues, we calculated the bioconcentration factor (BCF), which compares the concentrations of individual contaminants measured in each part of the crop to the soil concentration (33, 40). Table 5 presents the BCF values for the detected ECs in plant tissues and how they are affected by the irrigation water types (TWWx1 and TWWx3). The BCF values indicate a significant accumulation of CBZ, FLC, MTP, and TMP in the straw (leaves and culm) of wheat compared to the root and grain. CLR, KTP, GFB, and TCS show a general tendency to accumulate only in the root, with their performance varying according to the irrigation treatment (TWWx1 versus TWWx3). Importantly, the BCF values calculated for each crop part either decrease or remain essentially unchanged in the TWWx3 treatment compared to the TWWx1 treatment. Studies have reported that a BCF ≤1 indicates that even if the plant uptakes the pollutants, there is no significant accumulation in the plant parts (41, 42) including ECs (12). In contrast, a BCF >1 suggests that the plant accumulates the ECs in the root, shoot, or edible fractions. Low BCF values indicate that the plant tends to exclude the chemical element from its tissues. While CBZ and FLC in the TWWx1 and TWWx3 irrigation treatments had the highest BCF values (2.4 ± 0.4 versus 4.4 ± 0.7 and 5.5 ± 0.6 versus 3.9 ± 0.9), suggesting a tendency to accumulate significantly in the grain, the BCF values for the other studied ECs indicate that they do not dangerously accumulate in the edible part of the wheat (grain), as shown by BCF values less than or close to 1.


Table 5 | Bioconcentration factor (BCF) values of ECs in different plant parts (root, straw, and grain) related to irrigation treatments (TWWx1 and TWWx3).



To evaluate the translocation of different ECs from the roots to the aerial parts of the durum wheat plant (straw and grain), the translocation factor (TF) was calculated as the ratio of the compound’s concentration in the aerial part to its concentration in the roots. Table 6 presents the TF values for the detected ECs in plant tissues based on the irrigation water types (TWWx1 and TWWx3). Diclofenac (DCF), naproxen (NAP), and sulfamethoxazole (SMX) were not quantified (below the limit of quantification) in the different plant parts (roots, straw, and grain); therefore, their TF values were not determined. TF values greater than 1 indicate that compounds are more likely to move from the roots to other parts of the plant rather than accumulate in the roots (40). The study revealed that carbamazepine (CBZ), fluconazole (FLC), and metoprolol (MTP) are the most effective in moving from the roots to the straw. These molecules show TF values between 5.43 and 15.42, which do not differ significantly between the two irrigation treatments (TWWx1 and TWWx3). Since the TF is expressed as the ratio of the EC concentration in the aerial part of the plant to the roots, CBZ, FLC, and MTP compounds showed higher concentrations in the straw (leaf and culm) compared to the roots, indicating an important root-to-straw translocation.


Table 6 | Translocation factor (TF) values related to two irrigation treatments (TWWx1 and TWWx3).



Table 5 presents the bioconcentration factor (BCF) values for the TWWx1 and TWWx3 irrigation treatments, considering different plant parts (root, straw, and grain) for each emerging contaminant (EC) separately. To integrate these data, a multivariate approach using principal component analysis (PCA) was employed (Table 7). The PCA allowed for the evaluation of which ECs, when considered simultaneously, contribute most to the differences between irrigation treatments and plant parts. The PCA results identified two factors that explain 45.7% and 28.8% of the total variance, respectively (Table 7). These factors represent the most significant contributors to the observed differences in the dataset. The PCA analysis provides a comprehensive overview of the relationships between the ECs, irrigation treatments, and plant parts, highlighting the key factors driving the observed variations.


Table 7 | Pearson's correlation coefficient values for the first two principal components (PC1-2), considering the original variables.



The PCA revealed that the first factor (PC1) was strongly and positively correlated with the following emerging contaminants: clarithromycin (CLR), climbazole (CLB), ketoprofen (KTP), gemfibrozil (GFB), and triclosan (TCS) (p-value <0.01). This suggests that PC1 could represent a new factor linked to low root uptake and limited translocation of these ECs within the plant system. In contrast, the second factor (PC2) was positively associated with carbamazepine (CBZ), fluconazole (FLC), metoprolol (MTP), and trimethoprim (TPM) molecules (p-value < 0.01). PC2 can be considered a new factor resulting from the PCA, which is linked to high root uptake and the increased capacity of these ECs to move from the roots toward the aerial parts (straw and grain) of the wheat crop.

Figure 5 shows the biplot resulting from the principal component analysis. Based on this, the TWWx1 and TWWx3 irrigation treatments were separated along PC1, which is associated with low root uptake (particularly for the TWWx3 treatment) and reduced translocation to the aerial parts of the crop. Moreover, the plant parts (root, straw, and grain) were differentiated based on both PC1 and PC2. Specifically, PC2 was linked to high root uptake and increased translocation within the plant.




Figure 5 | Biplot relative to the PCA analysis performed on BCF values related to different ECs: carbamazepine (CBZ), clarithromycin (CLR), climbazole (CLB), fluconazole (FLC), ketoprofen (KTP), metoprolol (MTP), trimethoprim (TMP), gemfibrozil (GFB) and triclosan (TCS).



The results from the principal component analysis are consistent with the bioconcentration factor (BCF) and translocation factor (TF) values reported in Tables 5, 6. Specifically, carbamazepine (CBZ), fluconazole (FLC), metoprolol (MTP), and trimethoprim (TPM) molecules exhibited high values (>1) for both BCF and TF, indicating their ability to accumulate and translocate effectively from the roots to the aerial parts of the plant. In contrast, clarithromycin (CLR), climbazole (CLB), ketoprofen (KTP), gemfibrozil (GFB), and triclosan (TCS) molecules showed values less than 1, particularly for TF, which suggests their limited ability to translocate from the roots toward the aerial parts of the plant. This difference in translocation efficiency is consistent with the observed differences in the bioaccumulation of these molecules in various plant parts.




3.4 Mass balance analysis of ECs using lysimeter technique

The lysimetric approach employed in this study was essential for conducting a detailed examination of how 12 ECs move through the soil, plant, and leachate compartments. The mass balance of ECs obtained using this technique offers a comprehensive analysis of the distribution, accumulation, and transformation of these pollutants within the soil-plant-water environment. The statistical analysis showed significant differences between each analyzed EC and the lysimetric system (Tables 8, 9). The lysimeter system encompasses all components of the mass balance, including grain, roots, plants, soil, drainage, and the unaccounted fraction, which is calculated as the residual of the mass balance for each EC. The percentage contribution of each component to the mass balance is computed relative to the total EC intake, considering their initial presence at the beginning of the study (T0).


Table 8 | Total intake and ECs accumulation in plants, leached water, and soil lysimeters in the TWWx1 treatment (mean values of three replicates are shown).




Table 9 | Total intake and ECs accumulation in plants, leached water, and soil lysimeters in the TWWx3 treatment (mean values of three replicates are shown).



The examination of the results reveals considerable differences in the behavior of these emerging contaminants (ECs), particularly when subjected to varying EC concentrations in treated wastewater (Figure 6). This comprehensive study provides insights into the fate and transit of ECs in agroecosystems, as well as their potential effects on soil health, plant absorption, and environmental contamination.




Figure 6 | Mass balance analysis and the fate of ECs when subjected to the treatment TWWx1 (A) and TWWx3 treatment (B). The amount of ECs in soil-leached water and plant is in mg/lysimeter.



The distribution of CBZ in the TWWx1 system reveals extensive dispersion, with 3% of the total amount found in the roots (2.17 mg/lysimeter) and 33% in the soil (27.48 mg/lysimeter). In contrast, the TWWx3 treatment shows that the majority of CBZ (44%) is present in the aerial plant components (99.83 mg/lysimeter), consistent with the 29% measured in TWWx1. This suggests a substantial absorption capacity by plants, accompanied by lower soil build-up (19%) and increased leaching (17.10 mg/lysimeter, 8%). These findings are consistent with previous studies that have shown higher bioconcentration of CBZ in leaves compared to roots. However, it is important to note that the concentrations of CBZ in leaves can vary significantly between studies due to differences in exposure conditions such as medium concentration, exposure length, and plant species features.

The distribution of FLC under the TWWx1 treatment shows a considerable presence in both the plant and soil, with a higher proportion of leaching (28.10 mg/lysimeter, 31%) compared to CBZ. This indicates greater mobility in the soil for FLC.

The distribution of CBZ in the TWWx1 system shows extensive dispersion, with 3% of the total amount found in the roots (2.17 mg/lysimeter) and a significant portion (33%) in the soil (27.48 mg/lysimeter). However, under the TWWx3 treatment, the majority of CBZ (44%) is detected in the aerial plant components (99.83 mg/lysimeter), consistent with the 29% measured in TWWx1. This suggests that plants have a substantial capacity to absorb CBZ, which is accompanied by lower soil accumulation (19%) and a notable increase in CBZ leaching (17.10 mg/lysimeter, 8%). This pattern aligns with previous findings in plants, where CBZ bioconcentration is reported to be higher in leaves compared to roots (36, 38, 43, 44), supporting the observations in this study. It is important to note that the concentrations of CBZ in leaves can vary significantly between studies due to differences in exposure conditions, such as medium concentration, exposure duration, and individual plant species characteristics.

The examination of FLC distribution under the TWWx1 treatment reveals a considerable presence in both the plant and soil, with a higher proportion of leaching (28.10 mg/lysimeter, 31%) compared to CBZ. This suggests that FLC exhibits greater mobility in the soil than CBZ. Under the TWWx3 treatment, FLC concentrations in the aerial plant parts account for 45% (138.08 mg/lysimeter), and the leaching percentage is 33% (101.06 mg/lysimeter). These findings indicate an increased capacity for FLC to move through soil and water, consistent with earlier studies (20, 36).

In treatment TWWx1, CLR was not detected in roots, plants, grains, or leachate water. However, significant amounts were found in the soil, with 20.56 mg/lysimeter representing 25% of the total (Table 8). The majority of CLR, amounting to 61.42 mg/lysimeter (75%), was not detected, suggesting possible degradation or transport to unaccounted compartments. Similarly, in treatment TWWx1, CLB was not detected in roots, plants, grains, or leachate water. Significant presence was found in the soil, with 109.89 mg/lysimeter representing 85% of the total, while 19.01 mg/lysimeter (15%) went undetected (Table 8). This behavior was observed for CLR and CLB in treatment TWWx3, confirming the behavior of these ECs (Table 9). Other ECs, such as DCF, KTP, MTP, NAP, TMP, SMX, GFB, and TCS, were not found within the lysimetric system (Tables 8, 9). The lack of detection increases the likelihood of total degradation or concentrations below the detection limit. The absence of these chemicals in the leachate suggests that they were not transferred in considerable quantities through the soil or water. The undetected ECs raise concerns regarding the development of unrecognized metabolites, as well as their interaction and immobilization within soil or plant matrices, emphasizing the complexities of these pollutants’ destiny and behavior in agroecosystems.





4 Discussion

Reusing treated wastewater for irrigation introduces contaminants of ECs to the agricultural environment, potentially contaminating the environment and food chain. This study examined the presence of PPCP compounds in the soil-cereal system in Southern Italy. The findings of this study significantly enhance our understanding of the environmental fate of ECs in farm systems, particularly in the context of irrigation with treated wastewater (TWW) in Mediterranean environments. Our study reveals that the varied accumulation of ECs, such as carbamazepine (CBZ) and fluconazole (FLC), in plant tissues raises serious concerns regarding the safety of food grown under these conditions. These ECs have higher concentrations than the other pollutants. This conclusion may be attributed to (i) the intrinsic properties of each pollutant that influenced such behavior (45) and (ii) the variable degradability of numerous substances by the microbial community or by photodegradation/oxidation processes (46). Furthermore, CBZ and FLC were the only ECs detected in straw and grain (47), which found that their chemical characteristics and molecular structures influence plant absorption of chemicals. Plant roots readily absorb compounds with moderate lipophilicity (0 < Kow < 3) and molecular weights less than 500 (48). In this sense, CBZ and FLC were in the ideal range for plant translocation (49).

In line with the findings of the PCA, the effects of ECs on the soil-plant system, as determined by BCF, categorize ECs into two distinct groups. The first group comprises ECs with low root uptake and plant translocation, which, under our experimental conditions, primarily exist in anionic forms (such as KTP and GFB) or have high molecular weights (such as CLB). These properties lead to their sorption by the soil particles, thereby reducing their absorption and translocation in the aerial parts of the plant (34, 50). The second group of emerging contaminants (ECs) with high root uptake and translocation is characterized by cationic (MTP and TPM) or non-ionic compounds (CBZ and FLC). MTP is a positively charged compound that exhibits persistent behavior, leading to its accumulation in the soil (51) and prolonged availability for plants in the rhizosphere. TPM can exist in both neutral and cationic forms in the rhizosphere (52). Consequently, TPM can be absorbed by the negatively charged root surface and leaves, both as a cationic and neutral compound. This allows TPM to reach aboveground tissues through the transpiration flow, ultimately impacting leafy and marketable yields (34, 53). CBZ, being non-ionic and with a low molecular weight (54), can easily pass through root membranes and accumulate in leaves, as documented in numerous studies (55). Hydrophobicity is considered the most critical characteristic of neutral compounds in terms of plant uptake dynamics (43). Consequently, the hydrophilic nature of CBZ affects its presence in soil pore water and its ease of uptake by plants. CBZ’s low hydrophobicity may also explain its continuous translocation in plant aerial tissues (43). Other studies have found higher CBZ concentrations in the aerial sections of plants than in the roots (56), suggesting passive uptake unrestricted by the root membrane. García-Valcárcel et al. (57) observed that FLC is more prevalent in straw compared to other ECs, implying it can easily diffuse through the root membrane According to Herklotz et al. (58), FLC’s lowest pKa (2.27) compared to other studied ECs encourages its absorption and translocation in plants, with cabbage and Brassica rapa showing the highest concentrations of ECs with the lowest pKa. This variability underscores complex interactions within agroecosystems involving ECs, as noted in previous studies (20, 29, 59–61), which report diverse EC behaviors in different agricultural settings. The significant accumulation of CBZ in straw and substantial leaching of FLC necessitates a deeper understanding of the mobility and stability of these pollutants, as emphasized by Pérez et al. (38), who highlighted the varied mobility of different ECs in agricultural soils. The absence of specific compounds such as DCF, NAP, and SMX from plant and soil matrices, indicating either complete degradation or non-uptake by plants, aligns with findings from Ponce-Robles et al. (62) and Rout et al. (63), demonstrating uneven uptake of certain ECs by crops.

The increasing reliance on treated wastewater (TWW), especially exacerbated by severe droughts in Europe during 2018-2020 (64), underscores the importance of understanding these dynamics. Hochstrat et al. (65) and Beard et al. (66) highlight the growing popularity of TWW use in both arid and temperate climates, emphasizing the need for effective management practices. Furthermore, the detection of emerging contaminants (ECs) such as FLC and CBZ in edible parts of crops necessitates immediate attention due to potential risks to consumer health. This concern is echoed by findings from Denora et al. (20), who also identified ECs in edible crop parts. The re-evaluation of wastewater treatment processes, as suggested by Verlicchi et al. (67), becomes imperative to mitigate these risks. The significant leaching of certain contaminants suggests potential broader environmental impacts extending beyond immediate agricultural contexts. This aligns with concerns raised by Khan and Barros (68) regarding the environmental implications of using TWW in agriculture. The presence of contaminants in the environment could have far-reaching effects on ecosystems and human health, necessitating the development of comprehensive guidelines and policies for the safe use of TWW, as recommended by Verlicchi et al. (67).

Our study contributes to a growing body of research that seeks to balance the benefits of TWW utilization in agriculture with the protection of ecosystems and human health. It highlights the need for an integrated approach considering both the agronomic and social implications of TWW use, as advocated by Hashem and Qi (69) and Shi et al. (61). Future research endeavors should focus on elucidating the mechanisms of contaminant uptake and translocation in different plant species under varying irrigation conditions. Long-term studies investigating the impact of emerging contaminants on soil microbial communities and ecosystem dynamics are essential for a holistic understanding of the ecological implications of contaminant exposure in agricultural settings.




5 Conclusions

The use of lysimeter techniques for mass balance analysis has confirmed the accuracy of measuring the behavior of emerging contaminants (ECs), thereby deepening our understanding and serving as a valuable benchmark for subsequent studies. The presence of ECs like fluconazole (FLC) and carbamazepine (CBZ) in the edible parts of crops demands immediate scientific and regulatory attention due to the potential health risks to consumers.

Considering that the concentrations of the ECs in the spiked treated wastewater (TWW) were higher than those in the original TWW, it is reasonable to expect their potential entry into the food chain. The absence of certain compounds, including diclofenac (DCF), naproxen (NAP), and sulfamethoxazole (SMX), in both plant and soil samples indicatesevi their complete degradation or non-uptake by the crops, aligning with research demonstrating selective EC uptake by different plant species.

Additionally, the substantial leaching observed for some contaminants points to potential extensive environmental repercussions, further emphasizing the urgency for comprehensive guidelines and policies governing the use of TWW in agriculture. This study aligns with the recommendations made by Verlicchi et al. (67), who advocate for a comprehensive strategy to safeguard environmental, animal, and human health. They call for a concise list of priority ECs amidst the increasing chemical diversity and recommend enhancing monitoring efforts, standardizing research methodologies, investigating EC persistence, bioaccumulation, toxicity, and fate in soil and crops, as well as developing predictive models. These recommendations aim to promote the sustainable and safe use of regenerated water in agriculture, with a keen focus on public health and environmental protection. Our research supports and extends these suggestions by demonstrating the effectiveness of lysimeter techniques in evaluating EC behavior, thereby contributing to the development of more informed and precise guidelines for the use of treated wastewater in agricultural settings.
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