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Abstract

:

With the expansion of urban areas, the amount of sludge produced by sewage treatment plants is increasing, raising big problems regarding the reintroduction of this sludge into nature in order to fully solve the wastewater problem. The application of sludge to agricultural surfaces or degraded land is a controversial solution since, despite the well-known benefits, sludge can, in certain cases, represent a real threat to both human health and the environment, with long-term harmful effects. The present study evaluates the potential genotoxicity of sludge using the Comet Test and three cellular bioindicators (lymphocytes, coelomocytes, and Allium cepa L.) for its quantification. To perform the tests, the soluble fraction of the sludge was used at concentrations of 25%, 50%, 75%, and 100%, as well as a negative control (H2O) and a positive control (H2O2). The Comet test indicated an increase in DNA damage among cells exposed for 4 h in the following order: coelomocytes, lymphocytes, and Allium cepa L. cells. Our results indicate that Allium cepa L. nuclei are more sensitive, with genotoxic effects being evident at concentrations as low as 25%. In coelomocytes, we recorded nuclear damage starting at a concentration of 75%. These results indicate the necessity of using multiple genotoxicity tests, combined in a test battery, to achieve a greater level of relevance. The concentration of the soluble fraction of the sludge has an inverse relationship with the auxin content in leaves and roots, suggesting varying levels of stress. The results of this study can contribute to the creation of a genotoxic profile of sewage sludge, facilitating decisions related to reducing its negative impact.
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1. Introduction


The amount of wastewater produced by urban agglomerations and industrial activities is constantly increasing, at the same time increasing the amount of sludge resulting from the purification of these waters [1]. The properties of sludge depend on the concentration of pollutants in wastewater and the specific treatments applied to it [2,3]. Sludge contains compounds with high agricultural value (organic matter, nitrogen, phosphorus, potassium, and, to a lesser extent, calcium, sulfur, and magnesium) [4,5]. When applied on agricultural surfaces, it can partially substitute for classic fertilizers [4,6,7], and, at the same time, it can improve the physical characteristics of the soil (density, porosity, permeability, water retention capacity, etc.) as well as its chemical characteristics (pH and cation exchange) [8]. Worldwide, the use of sludge in agriculture is considered a way of reducing environmental pollution and contributing to the circular economy, specifically via using sludge as a fertilizer and soil improver [9]. The amount of sewage sludge produced in Europe (EU27) in 2020 was estimated to be over 13 million tons of dry matter [10].



Even if the economic advantages of using sludge as fertilizer are obvious in the current energy context, the risks of its application should also be noted in the absence of proper management. These risks are related to the accumulation over time of potentially genotoxic compounds such as polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), organochlorine pesticides, and heavy metals [8,11,12], which can translocate into plants and then pass on throughout the food chain [13]. The presence of heavy metals in soil induces genotoxicity through different mechanisms: metal ions induce oxidative changes in free amino acids and proteins [14]; the binding of metal to the cell nucleus causes genotoxicity [15]; and metal-mediated oxygen induces genotoxicity in plants [16].



Some studies have reported on plant growth inhibition mediated by heavy-metal stress, especially in the early stages of plant growth [17,18], while others [19,20] have demonstrated favorable plant yield responses to sewage sludge application. A decrease in soil microbial biomass and enzymatic activities due to the application of sewage sludge was observed in [8,21]. In sewage sludge, Hg and Pb frequently appear, both being metals responsible for the generation of very toxic oxygen species, such as the superoxide radical (O2−), the hydroxyl radical (OH•−), and hydrogen peroxide (H2O2) [18,22]. They act directly on membrane lipids and proteins, or indirectly, damaging the genome by degrading nitrogenous bases, generating single- and double-strand breaks, and inducing DNA–protein crosslinks [23]. The different types of DNA damage induced by heavy metals, through ROS activity, affect the stability of the genome by affecting replication and transcription [24,25,26].This fact leads to different physiological effects, including reduced protein synthesis and damage to the cell membrane and to proteins involved in photosynthesis that ultimately negatively affect plant growth and development.



The spread of mutagenic and genotoxic agents in aquatic ecosystems [27,28] has an adverse effect on aquatic animals, posing a significant risk to human health. The evaluation of genotoxic contamination in the aquatic environment can be conducted by using the Comet test and by using various aquatic organisms as biosensors [29]. The toxicity and bioavailability of metals in the aquatic environment are affected by various abiotic factors, including pH, water hardness, alkalinity, and the accumulation of humic substances. A significant correlation exists between these parameters and the accumulation of metals in the biota.



The heavy metals responsible for soil genotoxicity, when sewage sludge is applied for a long time, are arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), and zinc (Zn) [19,30,31]. The mobility of heavy metals in soil is conditioned by some of the latter’s characteristics, such as texture and pH, and by the organic complexation of the metals [32]. Increased mobility of heavy metals is associated with their increased absorption by plants or with their leaching into underground water [33].



The concentration of heavy metals (including As, Pb, Cd, and Cr) in plants varies depending on the species [34]. In one study, treatment with sewage sludge did not significantly affect the uptake of heavy metals by Loropetalum chinense var. rubrum but significantly affected heavy metal uptake by Dendranthema morifolium and Viola tricolor [35]. Henning et al. (2001) [36] reported that Zea mays plants grown on a mixture of soil and sludge showed high levels of Pb, Cu, and Zn in their tissues. Another study revealed that heavy-metal accumulation occurs in plants grown in soil mixed with sewage sludge [37]. The reductions in the concentrations of Pb, Cd, Hg, and Zn in soil mixed with sludge after harvesting Solanum lycopersicum plants were 39.38%, 47.93%, 6.18%, and 49.89%, respectively [38]. According to Emamverdian et al. (2015) [39], lead is easily absorbed by plants through the roots but is translocated only in small amounts, while cadmium, although not essential for plants, is easily absorbed and accumulates easily in plant tissues.



Results have demonstrated that by interfering with essential metabolic processes like photosynthesis, heavy metals cause a decrease in endogenous auxin levels, which, in turn, slows down shoot and root growth processes [40,41]. Exogenous auxin supplementation mitigates growth inhibition by enhancing heavy metal tolerance, as demonstrated by Bücker-Neto [42]. Several investigations have provided evidence for the significant contribution of auxins in the production of enzymatic and non-enzymatic antioxidants to combat nitro-oxidative stress caused by metalloids or other abiotic factors. According to Zhang [43], auxins are a class of phytohormones that play important roles in the life cycle of plants and form part of a hormonal signaling network, and they affect how plants react to stressors.



In the European Union, the use of sewage sludge in agriculture is regulated by Directive 86/278/CEE [44].



Before application, the chemical composition of sewage sludge should be determined [4]. The complexity of the corresponding mixture greatly increases the costs of determinations. The determination of the genotoxic potential of sewage sludge through relatively simple and cheap tests such as the Comet assay can provide important information about the genotoxic potential of sludge.



The in vitro assessment of the genotoxic effects of different agents using human cells allows for a good extrapolation to the state of human health [45], and conducting the same procedure using plant cells allows a more accurate assessment of the health of the environment [46,47,48]. Earthworms are good environmental indicators, as they are present in the soil in large numbers and respond to a variety of environmental and ecological factors, including alterations in soil chemistry as well as in forestry and agricultural practices [49,50]. Verschaeve and Gilles (1995) [51] used, for the first time, coelomocytes obtained from earthworms of the species Eisenia fetida for the detection of genotoxic compounds in soil, and, later, Salagovic et al. (1996) [52] proposed the use of the Comet assay and coelomocytes to monitor pollution in terrestrial ecosystems. Earthworm coelomocytes represent a very suitable bioindicator for pollution monitoring because they are exposed to genotoxicity through dermal uptake/diffusion and the ingestion of soil pollutants. Three main subpopulations of coelomocyte have been proposed, namely, eleocytes, granulocytes, and amoebocytes, but this distinction is still under debate due to the different stages of cell functioning [53].



Several studies have shown the a negative impact of sewage sludge on soil organisms, particularly regarding the physiology, activity, and diversity of earthworms [54,55,56,57]. On the other hand, other studies have shown that there is a good correlation between the results of bioassays performed on plant and animal cells [58].



The comet assay was first proposed by Ostling and Johanson in 1984 [59]. They demonstrated that under neutral conditions, DNA fragments from nuclei migrate to an anode. This version of the comet test detects only DNA double-strand breaks, which are characteristic effects of radiation and radiomimetic agents [60]. This technique was later improved by Singh et al. [61], who found that alkaline conditions increased the sensitivity, specificity, and reproducibility of this method. This comet assay variant is widely employed and capable of identifying DNA single-strand breaks, alkali-labile sites, and cross-linked DNA within individual cells. This test is based on the ability of DNA breaks to relax supercoiling, allowing DNA loops to extend from the nuclear core (nucleoid) under an electric field to form a comet-like tail [62]. It is used in human-monitoring studies as a biomarker of exposure to agents that cause DNA damage [63] and in ecotoxicological studies for a variety of sentinel organisms [64].



Based on the above, in this study, the possible genotoxic potential of treated sludge from an urban wastewater treatment plant was investigated using cells of different origins, namely, from humans (lymphocytes), animals (coelomocyte), and plants (Allim cepa L.), in order to identify which of them are more sensitive and can be used as a bioindicator of environmental pollution. In addition, the effect of different sludge concentrations on the phytohormone auxin content was evaluated in barley leaves and roots.




2. Materials and Methods


2.1. Chemical Analysis of Sludge and Acquisition of the Soluble Fraction from Biosolids


The sludge was obtained from the Oradea sewage treatment plant (Romania), and the chemical analyses conducted on it were carried out in the WESSLING Hungary Kft laboratory accredited with the number NAH-1-1398, based on the accredited methods shown in Table S1.



The soluble fraction of the sludge (SFS) was obtained according to the recommendations of DIN procedure 38414-S4 (1984): 5 g of biosolid sample dried for 24 h at 105 °C was mixed with 50 mL of deionized water, and the mixture was shaken for 24 h at 25 °C (Orbital Shaker OS 20 Biosan, Riga, Latvia). The mixture was separated via centrifugation at 4500 rpm (EBA 20, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) for 30 min, and the suspension was then passed through a sterile 0.22 µm pore membrane filter (LABBOX, Labbox Labware, S.L Barcelona, Spain) to avoid microbiological contamination.




2.2. Isolation of Lymphocytes and Treatment with SFS


This task was performed according to the protocol described by Álvarez-Moya, C., and Reynoso-Silva, M., in 2015 [65], with minor modifications. A total of 100 µL heparinized blood + 400 µL RMPI 1640 (BIOWEST, Nuaillé, France) was gently mixed and deposited on 400 µL of Histopaque-1077 (SIGMA) without mixing the layers. This mixture was centrifuged for 20 min at 2000 rpm. At the interface between the 2 layers, a whitish layer of lymphocytes became visible. Using a micropipette tip (ISOLAB, Isolab Laborgeräte GmbH-Wertheim Deutschland, Germany), the layer of lymphocytes was collected and placed in a microcentrifuge tube with 500 µL of RMPI 1640 medium. After centrifugation for 10 min at 2000 rpm, the supernatant was removed, and the pellet was washed once more, after which it was taken up in 200 µL RMPI 1640. The lymphocytes (Figure 1a) were brought to a cell density of 2 × 105 (Bürker-Türk chamber, BRAND GMBH + CO. KG Wertheim, Germany) and exposed to the experimental variants (SFS 25%, 50%, 75%, and 100% and 200 µM of H2O2 (positive control) and H2O (negative control) for 4 h.




2.3. Isolation of Coelomocytes and Treatment with SFS


Earthworms were purchased from a company specializing in their culture for fishing (S.C. Maggot Fish S.R.L. Oradea, Romania). They belonged to the species Eisenia fetida (Annelida, Oligochaeta). To obtain coelomocytes (Figure 1b), we used a non-invasive method described by Eyambe GS et al. in 1991 [66]. Before extrusion, earthworms were washed with tap water at room temperature and placed on a paper towel overnight to allow them to empty their gut contents. Groups of 3 worms (approx. 15 g) were placed for 2 min in a Petri dish containing an extrusion medium (2 mL/individual) consisting of saline solution (95% v/v) and absolute ethanol (5% v/v) (S.C. CHIMREACTIV, S.R.L., Bucuresti, Romania), supplemented with 2.5 mg/mL of EDTA (Amresco Chemicals) and 10 mg/mL of the mucolytic agent guaiacol glycerol (1:1) (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), adjusted to pH 7.3. The extruded cells were transferred to centrifuge tubes containing 6 mL of PBS (4 °C) (Roth), centrifuged at 8000 for 3 min, and washed again with 10 mL of PBS (4 °C). After washing, the cell density was determined using a Bürker-Türk counting chamber, and viability was determined via staining with trypan-blue 0.4% (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). The cell density was 105 cells/mL. A total of 150 µL of cell suspension was exposed for 4 h to each of the experimental variants tested (SFS 25%, 50%, 75%, and 100% and 200 µM of H2O2 (positive control) and H2O (negative control)) for 4 h.




2.4. Isolation of Allium cepa L. nuclei and Treatment with SFS


Bulbs of Allium cepa L. var. Alba de Buzău purchased from a local market, identified in the Vegetables Laboratory of the Faculty of Environmental Protection, and of approximately equal size were placed on the tops of 800 mL jars, with the root meristem submerged in water. They were kept in the dark at room temperature. After 5 days, the roots emerging from the rhizogenic discs were about 4–5 cm long. The root discs together with the roots were detached from the bulb through a transverse section and then divided into 4 fragments (Figure 1c), which were immersed in the solutions with the experimental variants (SFS 25%, 50%, 75%, and 100% and 200 µM of H2O2 (positive control) and H2O (negative control)) for 4 h. After exposure, the roots were washed and placed in a Petri dish with 400 mM of Tris-HCl buffer (AppliChem) at pH 7.5 (at an ice-cold temperature). The tips of roots measuring 1–1.5 cm long were fragmented with a fresh razor blade, and the isolated root nuclei were collected in 320 µL of 0.4 M Tris-HCl buffer (pH 7.5). This method ensures a low level of damage to the nuclei [67]. For all types of bioindicators, exposure to the different concentrations of SFS (soluble fraction of sludge) was performed for 4 h at 4 °C and in the dark.
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Figure 1. The biological material used in the Comet assay: (a) lymphocytes; (b) coelomocytes; (c) cells from the root tips of Allium cepa L. 
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2.5. The Comet Assay


2.5.1. Slide Preparation


Slide preparation was performed according to the method reported by Singh (1996) [68] with minor modifications. Each slide was pre-coated with 1% normal-melting-point agarose (NMPA) (Sigma-Aldrich) and completely dried at room temperature. A total of 50 μL of 0.8% low-melting-point agarose (LMPA) (Thermo Fisher Scientific Inc., Waltham, MA, USA) kept at 37 °C was mixed with 50 μL of nuclear suspension and placed on top of the agarose layer, and a lamella was placed on top. The slides thus prepared were placed on ice for 10 min for solidification, after which the lamella was removed, and the slide was used in the next lysis step.




2.5.2. Lysis


The lymphocyte lysis solution contained 2.5 M of NaCl, 10 mM of Tris, and 100 mM of Na-EDTA plus 1% sodium lauryl sarcosinate (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at pH 10.0. Immediately before use, 1% Triton X-100 (Sigma Aldrich, Merck KGaA, Darmstadt, Germany) and 10% DMSO (dimethyl sulfoxide) (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) were added, with the role of capturing the radicals generated by hemoglobin iron. The lysis time was 1h, and lysis occurred at 40 °C and in the dark [69].



For lysis, slides with Allium cepa L. nuclei were immersed in freshly prepared, ice-cold lysis solution (1 M of NaCl and 30 mM of NaOH, 0.5% w/v SDS, pH 12.3) for 1 h at 40 °C in the dark [70].



Slides with coelomocytes were immersed in freshly prepared, ice-cold lysis solution (2.5 M of NaCl, 100 mM of EDTA, 10 mM of Tris, 10% DMSO, and 1% Triton X-100; pH 10.0) for 2 h [71].




2.5.3. Pre-Electrophoresis


The slides were placed in an electrophoresis unit filled with a freshly prepared alkaline buffer (300 mM of NaOH and 1 mM of Na EDTA) (Sigma-Aldrich) and placed at 40 °C. For lymphocytes, the despiralization time was 20 min; for coelomocytes, it was 20 min, and it was 30 min for Allium cepa L. nuclei [72].




2.5.4. Electrophoresis


A fresh, cold electrophoresis buffer (1 mM of Na2EDTA and 300 mM of NaOH, pH 13) was prepared. Slides placed in an electrophoresis tank (SC PRECISA SRL, Sibiu, Romania) were exposed to 26 V (0.72 V/cm) at 300 mA for 25 min. After electrophoresis, the slides underwent three rinses using 400 mM of Tris (pH 7.5). They were then stained with 80 µL of ethidium bromide (20 µg/mL) (Amresco Inc., Cincinnati, OH, USA) for 10 min. Finally, the slides were washed with ice-cold water to eliminate the dye. All operations were carried out under red lights. Visualization was performed with a fluorescent microscope (BIOSYSTEMS Co., Ltd., Ulaanbaatar, Mongolia) equipped with an excitation filter of 515–560 nm, a barrier filter of 590 nm at a magnification of 200×, and a Microscope Digital Camera SP83. A minimum of 50 comets were analyzed per repetition using the software program CometScore2.00.38.





2.6. Determining 3-Indole Acetic Acid (IAA)


The Hordeum vulgare L. cv. Salamander seeds used originated from S.C. Totem SRL, Oradea, Romania, and were harvested in 2022. Following a washing procedure conducted using tap water, the items were disinfected by immersing them in a solution containing 0.15% mercuric chloride (HgCl2) for 2 min. Subsequently, the seeds were rinsed 5 times in sterile distilled water.



Barley seedlings were obtained by germinating the seeds on an inert substrate moistened with solutions at the concentrations established in the experiment. After 14 days, root and leaf samples were collected in three repetitions, and the IAA content was determined. Data were analyzed in three independent replicates.



The procedure described by Goldschmidt et al. (1968) [73], with minor modifications, was used to obtain the auxin extract. Briefly, sterile plant tissue (160 mg) was cold-mortared with fine sand in 2 mL phosphate buffer (pH 6) and then centrifuged at 5000 rpm for 5 min. For the determination of IAA, 2.0 mL of Salkowski’s reagent (1.0 mL of 0.5 M FeCl3 (Fluka Chemie GmbH, Buchs, Switzerland) in 50 mL of 35% perchloric acid) was added to the supernatant (1.0 mL) (Alpha Chemika, Mumbai, India). Pink color development was measured after 1 h at 530 nm (Shimadzu UVmini 1240, Shimadzu Corporation Tokyo, Japan), and the results were expressed in µg/100 mg of fresh weight.




2.7. Statistical Analysis


All the experiments were carried out in triplicate, and the results indicate the mean ± standard deviation (SD). Statistical significance between treatment groups was evaluated using the one-way ANOVA test followed by Tukey’s multiple comparison test, which were carried out using GraphPad Prism (version 8.01) software (GraphPad Software, Inc., La Jolla, CA, USA). A value of p < 0.05 was considered statistically significant. Different letters for each SFS treatment indicate statistically significant differences.





3. Results and Discussion


Certain sludges possess traits that define them as organic fertilizers owing to their significant concentrations of organic matter and essential macro-elements (such as nitrogen and phosphorus) that are essential for soil health and plant growth. However, an important barrier to using sludge as soil and plant fertilizer is its high concentration of heavy metals and other contaminants, which can be released into the soil and consequently negatively impact the development of cultivated plants. The physico-chemical parameters (pH and conductivity) and mineral content of sludge are presented in Table 1.



The soluble fraction of the sludge was slightly acidic (pH = 6). The importance of sludge pH results from the fact that the solubility of heavy metals in a sludge sample is dependent on pH, which controls the bioavailability of metals that exist mostly in labile form. Concentrations of As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Se, Sb, and Zn in the soluble fraction of the sludge were lower than the limited values for heavy metals defined in Order 95/2005 and European Directive 86/278/EEC. Mercury exhibited a slight excess of 0.23 mg/kg, surpassing the national standard of 0.2 mg/kg.



The present study exploits the sensitivity of the comet test, an indicator of exposure to genotoxic agents, with reference to DNA damage in the presence of chemical contaminants from the soluble phase of sludge from urban water treatment plants. Several systems have been developed to evaluate genotoxicity using a wide range of biosensors (bacteria, human, plant, or animal cells). Several studies addressing this topic concluded that the response of most bioindicators is not strictly linked to a specific contaminant but is associated with the complex mixture of contaminants present in treated sewage sludge [8,74,75,76].



The parameters of the comets obtained are presented in Table 2. The values for the comet tail length (μm), tail DNA (%), and olive tail moment (OTM) are described.



The lymphocytes indicated the genotoxicity of the soluble phase of the biosolid with respect to the tail-length parameter, starting at a concentration of 50% (Figure 2). The degree of DNA damage, for the significance threshold (p < 0.05), at a concentration of 25% was not significant compared to that of the negative control (p = 0.96863) but was significantly lower compared to the level of damage recorded at the concentrations of 75%, 100%, and compared to the positive control. For the OTM descriptor, we recorded significant differences between the positive control and all other evaluated concentrations and an insignificant difference between the negative control and the 25% concentration. The Allium cepa L. nuclei exposed to the positive control (H2O2, 200 µM) showed a higher level of DNA damage, illustrated by increased comet length and OTM values, while the nuclei treated with the negative control (H2O) were intact, round, and did not show signs of DNA fragmentation or significant increases in the length of the comet or OTM (Figure 2). The results showed that the nuclei used as bioassay, exposed to different concentrations of the soluble phase of the biosolid, reacted in a specific way depending on their origin. Nuclei in Allium cepa L., with regard to the significance threshold employed (p < 0.05), indicated genotoxicity starting at a concentration of 25% (Figure 2). Compared to the negative control, the differences recorded at this concentration are significant in terms of comet tail length (+30.41), the % of DNA in the tail (+64.59), and OMT (+3.88). The length of the comets increased with the increase in the concentrations of the soluble phase of the biosolid; however, the differences between the concentrations of 50%, 75%, and 100% were not significant, nor were they significant when compared to the positive control. The differences in terms of the amount of DNA in the tails of the comets were significantly higher in the positive control compared to the 25% (p = 0.00063), 50% (p = 0.00288), and 75% (p = 0.01279) variants and insignificant compared to the 100% variant (p = 0.71014). The values determined for the OTM parameter indicate significant differences between the positive control and the 25% (p = 0.00005), 50% (p = 0.02366), and 75% (p = 0.02453) variants and insignificant compared to the 100% concentration (p = 0.19940).



The higher sensitivity of plant cell nuclei to genotoxic agents can be associated with the higher DNA content (33 pg for onion diploid cells and 6 pg for human diploid cells). The results suggested [77,78] that compared to plant cells, animal cells may have an apparatus that is more efficient in repairing damaged DNA.



The results of the Comet coelomocyte test showed that for all three analyzed parameters, the differences between the negative control and the concentrations of 25% and 50% were insignificant. This fact suggests a greater stability of the genetic material to the genotoxic factors present in the sewage sludge. Several studies have revealed mechanisms for reducing DNA damage in coelomocytes by eliminating damaged cells via apoptosis (programmed cell death), stopping them from becoming mutant cells [79] via DNA repair [80] or through the existence of distinct adaptive strategies (epigenetic or genetic) in response to exposure to a genotoxic environment [81]. The average length of the comet tails, % of DNA in the tail, and OTM determined in the three types of cells (leucocytes, coelomocytes, and Allium cepa L.) exposed to different concentrations of the soluble phase of the biosolid are shown in Figure 3a–c. The existence of a clear relationship between the dose applied and the response obtained as well as the higher stability of coelomocytes with respect to the genotoxicity of the soluble phase were observed. It is important to mention that our genotoxicity study includes all coelomocytes in the population, without distinguishing between subpopulations.



Heavy metals prevent the growth of roots, causing changes in water balance and in their absorption of nutrients [82] and thus affecting the growth of shoots and the accumulation of biomass in the above-ground parts of a plant. The stress induced by heavy metals in plants causes a decrease in endogenous levels of auxins affecting their growth and development [42]. For example, arsenic (As) was found to be able to alter the levels of three auxins (IAA, NAA, and IBA) in Brassica juncea [83]. Other studies demonstrated that short-term exposure of barley root tips to cadmium disrupted IAA homeostasis [84] or that it suppressed root elongation in Arabidopsis [85]. Upon entering the soil, heavy metal ions become involved in a competitive process with essential nutrient cations, namely, a competition to bind and be absorbed at the surface of the roots. After entering the plant cell, they exert their cytotoxic and genotoxic effects by disrupting the protein structure through attacking their thiol groups [18]. Stimulation of ROS production induced by heavy metals inflicts oxidative damage on cellular macromolecules and the photosynthetic apparatus, leading to a decrease in membrane stability and photosynthetic yield. Assimilative pigment production is also compromised, hormonal and nutritional imbalances are established, and the inhibition of DNA replication, gene expression, and cell division occurs [86]. To reduce and/or avoid heavy metal toxicity, plant roots use several strategies: avoidance of heavy metal uptake, the regulation of heavy metal toxicity through transporters, the activation of antioxidant mechanisms, the sequestration of heavy metals in vacuoles, and the synthesis and deposition of callose [87].



The effects of stress induced by pollutants in SFS on the auxin content in the roots and leaves of barley (Hordeum vulgare L. var. Salamandra) are shown in Figure 4. Compared to the control roots, treatment with 25% SFS reduced the content of endogenous IAA from 5.78 to 4.16 µg IAA equivalent/mL, and in the treatment with 100%, this content was reduced to 1.37 µg IAA equivalent/mL. In the case of leaves, the endogenous auxin decrease was from 3.36 µg IAA equivalent/mL for the control (H2O) to 0.97 µg IAA equivalent/mL at the 100% concentration. Our observations are consistent with studies on sorghum [88,89], Pteris vittata and rice [43,90], and rice and Brassica juncea [91,92].



Studies on the genotoxicity of sewage sludge have shown different results (Table 3), probably due both to the different assay systems that were used and differences in the characteristics of the sludge due to the treatment technology applied [11,44,93]. Our results suggest the possibility of evaluating the sensitivity of particular tests, as integrated in a test battery, to accurately determine the genotoxic effects on relevant organisms.



However, there are other relevant aspects that need to be considered. Correa et al. [102] showed that the sewage sludge analyzed in their study presented genetic toxicity and mutagenicity in the context in which all physico-chemical parameters stay within the limits established by internal standards. The apparent absence of lymphocyte DNA damage in situations in which such damage should be obvious may be due to the selection of inadequate target cells Amresco [97]. The genotoxicity of sewage sludge applied on agricultural terrain may be diminished locally by the activity of earthworms, which can accumulate and detoxify heavy metals via their intestinal microflora and their chloragogen cells [101]. There is a certain difficulty in comparing results obtained via the Comet test [60] due to the lack of a standard procedure for the application of the test (processing duration, the comet parameters considered representative, sorting method, etc.).




4. Conclusions


The present study focuses on the impact of genotoxic agents found in sewage sludge on three trophic levels: human lymphocytes, plant cells, and coelomocytes. All the tested bioindicators demonstrated the existence of genotoxicity, with varying degrees of sensitivity. Our findings indicate that it is necessary to employ multiple tests, combined in a test battery, in order to properly evaluate genotoxic effects on relevant bioindicators. This approach is necessary for multiple significant reasons: (i) the diverse mixture of substances in sludge makes it challenging to identify a specific genotoxic factor within a broader context, such as a heavy metal; (ii) the acceptable levels of substances in sludge may not be relevant in terms of their genotoxic effects, as indicated in the existing literature and our own observations; (iii) the biosolid investigated herein (sewage sludge) contains a significant biotic component, and its metabolic processes are part of a complex network of interactions that can either enhance or diminish a specific effect. In addition, as the concentration of sludge increased, a decrease in the auxin’s concentration was noted in both leaves and roots. Prior to utilizing sludge as a fertilizer and soil enhancer, it is necessary to develop an in-depth strategy that considers the sustainable management of soil’s productive capacity. Before implementing a program of fertilization with sewage sludge, it is necessary to investigate the potential toxicity of treated sewage sludge. The results presented here can contribute to the compilation of a toxicological profile of sludge and to the completion of a database for the assessment of possible risks, aiding in making fully informed technological decisions.
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Figure 2. Morphology of DNA comets in relation to the tested bioindicator and SFS concentration. H2O—negative control; 25%, 50%, 75%, and 100%—the concentrations of SFS with which the leucocytes, coelomocytes, and Allium cepa L cells were treated; H2O2—positive control. 
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Figure 3. Evaluation of DNA damage using the Comet assay. (a) Mean tail length values. (b) Mean values of DNA tail %. (c) Olive tail moment mean values (OTM). The error bars depict the standard deviation of the mean values obtained from three repeated tests. Tukey’s multiple comparison test was conducted to identify significant differences. Significant differences (p < 0.05) in the DNA tail of the experimental variants are indicated by different small letters. Significant differences in the experimental variants’ DNA lengths are indicated by different capital letters. Significant differences in the OTM values between the experimental variants are indicated by different lowercase letters that are underlined. The experimental variants included a negative control using H2O, and different concentrations (25%, 50%, 75%, and 100%) of SFS were used to treat leucocytes, coelomocytes, and Allium cepa L. cells. H2O2 was used as a positive control. 
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Figure 4. Effects of stress induced by heavy metals in SFS on auxin content in roots and leaves of barley (Hordeum vulgare L. var. Salamandra). The error bars depict the standard deviation of the mean values obtained from three repeated tests. Tukey’s multiple comparison test was performed to determine significant differences (p < 0.05). The lowercase letters indicate significant differences between the root samples, while the uppercase letters denote statistical significance between the leaf samples based on the treatments applied. The treatments included a negative control, for which H2O was used, and different concentrations (25%, 50%, 75%, and 100%) of SFS, while H2O2 was used as the positive control. 
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Table 1. The physico-chemical characteristics of sludge.
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	Elements Analyzed
	u.m. *
	Determined Values
	Analysis Methods **





	pH (25 °C)-SFS L/S:10/1
	pH units
	6
	(1)



	Conductivity (25 °C)-SFS L/S:10/1
	µS/cm
	1979
	(2)



	Arsenic (As)
	mg/kg
	1.18
	(3)



	Barium (Ba)
	mg/kg
	2.90
	(3)



	Cadmium (Cd)
	mg/kg
	˂0.5
	(3)



	Chromium (Cr)
	mg/kg
	˂0.5
	(3)



	Copper (Cu)
	mg/kg
	3.50
	(3)



	Mercury (Hg)
	mg/kg
	0.23
	(4)



	Molybdenum (Mo)
	mg/kg
	˂1
	(3)



	Nickel (Ni)
	mg/kg
	˂2
	(3)



	Lead (Pb)
	mg/kg
	˂2
	(3)



	Selenium (Se)
	mg/kg
	˂0.1
	(5)



	Antimony (Sb)
	mg/kg
	˂0.1
	(6)



	Zinc (Zn)
	mg/kg
	18.9
	(3)



	Chloride
	mg/kg
	482
	(7)



	Fluoride
	mg/kg
	˂100
	(7)



	Sulphate
	mg/kg
	109
	(7)



	Total dissolved solids (TDS)
	mg/kg
	16,560
	(8)



	Dissolved organic carbon (DOC)
	mg/kg
	620
	(9)







* Unit of measurement. All the results are reported for dry matter. ** The methods are mentioned in Table S1.













 





Table 2. Main parameters in comets obtained by exposing 3 cell types to the soluble phase of sewage sludge.
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	Cell Bioindicators
	Tail

Length (µm)
	Tail

DNA %
	OTM *

(µm)





	Lymphocytes
	
	
	



	H2O
	2.34 ± 1.11 c
	10.95 ± 6.36 c
	0.41 ± 0.14 c



	25
	3.45 ± 1.38 c
	16.42 ± 8.33 c
	0.62 ± 0.11 c



	50
	37.96 ± 3.13 b
	43.77 ± 3.71 b
	5.18 ± 0.70 b



	75
	40.32 ± 4.01 ab
	76.49 ± 7.81 a
	6.91 ± 1.36 b



	100
	44.61 ± 0.54 a
	80.72 ± 2.69 a
	7.37 ± 1.33 b



	H2O2
	44.94 ± 2.08 a
	82.92 ± 2.85 a
	14.46 ± 0.82 a



	Coelomocytes
	
	
	



	H2O
	2.70 ± 0.39 c
	7.8562 ± 0.88 c
	0.2071 ± 0.04 c



	25%
	2.80 ± 0.22 c
	8.25 ± 0.30 c
	0.23 ± 0.02 c



	50%
	2.84 ± 0.15 c
	8.27 ± 0.08 c
	0.24 ± 0.01 c



	75%
	14.25 ± 1.48 b
	16.80 ± 1.23 b
	2.36 ± 0.25 b



	100%
	26.94 ± 4.53 a
	18.01 ± 2.60 ab
	5.22 ± 1.50 a



	H2O2
	30.08 ± 4.16 a
	20.98 ± 3.143a
	6.63 ± 1.51 a



	Allium cepa L.
	
	
	



	H2O
	0.18 ± 0.15 d
	7.75 ± 5.29 c
	0.79 ± 0.15 c



	25%
	30.55 ± 5.91 c
	72.34 ± 14.88 b
	4.67 ± 0.68 b



	50%
	39.59 ± 3.87 b
	75.02 ± 10.31 b
	5.31 ± 0.27 b



	75%
	43.00 ± 3.34 a
	77.91 ± 7.74 b
	5.31 ± 0.55 b



	100%
	44.61 ± 6.35 a
	90.39 ± 7.24 a
	5.64 ± 0.41 b



	H2O2
	45.11 ± 1.65 a
	98.39 ± 0.75 a
	6.45 ± 0.42 a







The values are expressed as the mean ± SD of experiments conducted in triplicate (n = 3). Tukey’s multiple comparison test was conducted to identify significant differences. Distinct lowercase letters denote a statistically significant difference (p < 0.05) in each column, for each cell type, and according to the treatments. Lymphocytes s, coelomocytes, and Allium cepa L. cells were treated with concentrations of 25, 50, 75, and 100% SFS; H2O2 was the positive control, and H2O served as the negative control. * The olive tail moment (OTM) was used to assess DNA damage. The OTM is calculated as a product of two factors: the percentage of tail DNA (Tail DNA %) and the distance between the intensity centroids (centers of gravity) of the head and tail along the comet’s x-axis.













 





Table 3. A summary of research confirming the incidence of genotoxic damage resulting from exposure to sewage sludge to different cell types.
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Cell Types

	
Test/Assay

	
Findings

	
Reference






	
Allium cepa L.

	
Chromosomal aberrations,

Micronucleus test

	

	-

	
Chromosomal aberration and micronucleus in root meristem cells;




	-

	
A genotoxic effect was observed;




	-

	
Inhibition of seed germination occurs when heavy metals are present in concentrations that are below the legal standards set in Brazil.







	
[37]




	
Chromosomal aberrations,

Micronucleus test

	

	-

	
Mitotic and chromosomal abnormalities (chromosome adherence chromosomal bridge, cell polyploidy, micronucleus);




	-

	
Increase in phytotoxicity, cytotoxicity, genotoxicity, and/or mutagenicity.







	
[37]




	
Chromosomal aberrations

	

	-

	
Chromosomal aberration in root meristem cells;




	-

	
Genotoxic effects were observed for 10% sludge leachate that contains Cr, Cu, Ni, and Pb.







	
[94]




	
Lymphocytes

	
Comet assay

	

	-

	
There was no observed increase in the rate of DNA damage in peripheral blood leukocytes as a result of sewage sludge exposure;




	-

	
There was not an increase in the levels of DNA damage.







	
[95]




	
Human Peripheral Blood

	
Comet assay

	

	-

	
Significant differences in the levels of 