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This study investigated the occurrence and risk assessment of ten pharmaceutical products and two herbicides in the water of rivers from the Doce river watershed (Brazil). Of the 12 chemicals studied, ten (acyclovir, amoxicillin, azithromycin, ciprofloxacin, enrofloxacin, fluoxetine, erythromycin, sulfadiazine, sulfamethoxazole, glyphosate and aminomethylphosphonic acid) had a 100% detection rate. In general, total concentrations of all target drugs ranged from 4.6 to 14.5 μg L−1, with fluoroquinolones and sulfonamides being the most representative classes of pharmaceutical products. Herbicides were found at concentrations at least ten times higher than those of the individual pharmaceutical products and represented the major class of contaminants in the samples. Most of the contaminants studied were above concentrations that pose an ecotoxicological risk to aquatic biota. Urban wastewater must be the main source of contaminants in waterbodies. Our results show that, in addition to the study of metal in water (currently being conducted after the Fundão dam breach), there is an urgent need to monitor emerging contaminant in waters from Doce river watershed rivers, as some chemicals pose environmental risks to aquatic life and humans due to the use of surface water for drinking and domestic purposes by the local population. Special attention should be given to glyphosate, aminomethylphosaphonic acid, and to ciprofloxacin and enrofloxacin (whose concentrations are above predicted levels that induce resistance selection).
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INTRODUCTION
On the 5th of November 2015, one of the biggest environmental tragedies in the world occurred in the municipality of Mariana, MG (Brazil): the collapse of the Fundão dam, belonging to Samarco (a joint venture of Brazilian Vale and Anglo-Australian BHP Billiton), was responsible for releasing about 50 million m3 of mining waste into the environment (Porto, 2016). The disaster, classified as very large and sudden (due to the severity of negative impacts caused), directly affected about 663.2 km of one of the most important Brazilian rivers (Doce river), which stretches between the states of Minas Gerais and Espírito Santo (IBAMA, 2015). Among the environmental impacts caused by the silt wave of tailings, the destruction of permanent protected areas and native vegetation of the Atlantic Forest and above all, the impact on aquatic ecosystems should be highlighted.
The spoil heaps of the Fundão dam quarry flooded the district of Bento Rodrigues, however, it was dammed by the Risoleta Neves hydroelectric power plant. This was practically the only area of floodplain affected by the disaster. The material deposits in the area were considered an ecological time bomb due to their potential to release metals into the environment, including water—although this remains controversial in the literature (Queiroz et al., 2018). After the disaster, monitoring the water quality of the Doce river became a priority to track the potential impact on the disaster on aquatic environment. In addition, this study is important because the Doce river water is used to supply several cities in the states of Minas Gerais and Espírito Santo. However, the main focus of these studies was to evaluate the metal concentrations in the water. As far as we know, there have been no studies that have evaluated organic contamination of the water by emerging contaminants such as pesticides and personal and pharmaceutical products. In addition to mining activities, the Doce river watershed experiences continuous discharges of untreated wastewater, as well as contamination from agriculture (e.g., fertilizers and pesticides) and inadequate disposal of municipal waste (ANA, 2015) which are inevitably reflected in the presence of these emerging contaminants in the water. Once in the aquatic environment, drug and pesticide residues can cause potential environmental risks by affecting aquatic organisms and, in the case of antibiotics, promoting the spread of antibiotic-resistant genes (Gomes et al., 2017; Gomes et al., 2019; Mendes et al., 2021). In addition, the use of contaminated water for crop irrigation can lead to the accumulation of pesticides and pharmaceuticals in crops and their uptake into the food web (Gomes et al., 2019; Gomes et al., 2020b). Here, we tracked concentrations of pharmaceuticals and pesticides in water from rivers in the Doce river Watershed from 2018 to 2019. We wanted to draw attention to the need to focus water investigations on the presence of novel contaminants that may affect water and environmental safety, in addition to metals.
MATERIALS AND METHODS
Study Area
The study area includes the Doce river drainage watershed, in the state of Minas Gerais (Brazil) (Figure 1). The region has approximately 199,000 inhabitants, mainly located in the urban area of the cities of Ouro Preto (74,558 inhabitants) and Mariana (61,228 inhabitants) (IBGE, 2020). Samples were collected from four sites with pronounced human activities in vicinity of the collecting point (Supplementary Tables S1, S2): In the Carmo River, samples were collected in the Mariana downtown area, typically characterized by urban discharges (Figure 1, site 1), and near the small town of Acaiaca (3,994 inhabitants) (Figure 1, site 2), which is surrounded by some agricultural fields with extensive livestock (mainly) and eucalyptus plantations. In the Gualaxo do Norte River, the samples were collected in an area surrounded by agricultural fields (mainly arable); the water also receives effluents from mining in SAMARCO iron ore mining (Figure 1, site 3). Finally, samples from the Doce river were collected near Risoleta Neves dam (Figure 1, site 4). The Doce river is formed by the confluence of the Piranga and Carmo rivers and, also receives urban runoff from the city of Ponte Nova via the Piranga river (Figure 1; Supplementary Tables S1, S2).
[image: Figure 1]FIGURE 1 | Sampling sites along the Rio Doce watershed, Minas Gerais, Brazil. Site 1 in the Carmo River in the Mariana district, characterized by urban discharges; Site 2 in the Carmo River near its surrounding agricultural fields (mainly extensive cattle ranching and eucalyptus plantations); Site 3 in the Gualaxo do Norte River, surrounded by agricultural fields (mainly arable), into which wastewater in SAMARCO iron ore mining; and Site 4 in the Doce river which is formed by the junction of the Piranga and Carmo Rivers, also receiving urban discharges from the city of Ponte Nova through the Piranga River.
Selection of the Studied Chemicals
Pharmaceuticals (acyclovir, amoxicillin, azithromycin, ciprofloxacin, doxycycline, enrofloxacin, fluoxetine, erythromycin, sulfadiazine and sulfamethoxazole) were selected based on their abundance in on surface waters worldwide (Grill et al., 2016; Bertram et al., 2018; Beatriz et al., 2020; Gupta et al., 2021). Antibiotics such as amoxicillin (β-lactam), azithromycin and erythromycin (macrolides), ciprofloxacin and enrofloxacin (fluoroquinolones), doxycycline (tetracyclines), sulfamethoxazole and sulfadiazine (sulfonamides) are among the most commonly used in human and animal treatment, aquaculture and as feed additives (Giang et al., 2015). Acyclovir is one of the most effective and widely used anti-herpes agents (Mucsi et al., 1992; Gupta et al., 2021) and, fluoxetine is one of the most commonly prescribed antidepressants (Bertram et al., 2018). Glyphosate, on the other hand is the most commonly used herbicide in the world (Gomes et al., 2014) and is frequently used in the fields surrounding the sampling sites. Conversely, aminomethylphosphonic acid (AMPA) is the major metabolite of glyphosate, which is formed in the environment mainly through the degradation of the herbicide by microbes (Brock et al., 2019). In addition, organic phosphonates used in both industrial and domestic applications (detergents, flame retardants, corrosion inhibitors, anti-limescale agents and in the textile industry) are also sources of AMPA in aquatic ecosystems (Levine et al., 2015; Grandcoin et al., 2017).
Sampling Campaign and Preparation
Sampling was conducted in June 2018 (total precipitation from 0.2 to 0.6 mm/average flow rate 3.98 to 48.54 m3/s), November 2018 (total precipitation from 146.1 to 210.1 mm/average flow rate 9.73 to 118.26 m3/s), and April 2019 (total precipitation from 108.0 to 142.8 mm/average flow rate 5.95 to 102.75 m3/s) (Supplementary Tables S3, S4). All sampling equipment was thoroughly cleaned with 70% ethanol before fieldwork and then washed with deionized water. Three water samples (5,000 ml) were collected at 50 m intervals at each point. The surface water samples were collected in sterile amber glass bottles. Samples were stored in ice (4°C) until arrival at the laboratory and then filtered through glass fiber membranes (0.45 µm, Millipore). Samples were then separated for evaluation of drugs (acyclovir, amoxicillin, azithromycin, ciprofloxacin, doxycycline, enrofloxacin, fluoxetine, norfloxacin, erythromycin, sulfamethoxazole, and sulfadiazine) and herbicides [glyphosate and aminomethylphosphonic acid (AMPA)]. The pH of the samples was adjusted to 6.5 and 2.5 for the drug and herbicide analyses, respectively.
For the drug analyses, the filtered water samples (500 ml) were concentrated by solid-phase extraction (SPE) using a Visiprep™ SPE Vaccum manifold (Sigma-Aldrish, Brazil) with 200 mg, 3 ml−1 Phenomenex Strata-X® cartridges (Torrance, California, United States). SPE conditions were the same as those described by to Beatriz et al. (2020). Cartridges were conditioned with 4 ml methanol followed by 6 ml ultrapure water and analytes were eluted in 4 ml methanol. For herbicide evaluation, samples were concentrated using C18 cartridges (500 mg/6 ml; Applied Separations, United States) previously conditioned with 15 ml of acidified water (pH 2.5) and 5 ml of methanol (Mendes et al., 2021). The cartridges containing the samples were eluted with 3 ml of 50% methanol in water (v/v). For both antibiotics and herbicides, the eluate was dried in a SpeedVac device (RC1010, Thermo), and the residues resuspended in the mobile phase (water and acetonitrile in a 50:50 v/v ratio with 0.1% formic acid and 5 µM ammonium formate for antibiotics and 5 mM ammonium acetate in water for herbicides).
Chromatographic Analyses
Analyses were performed using a LC-MS/MS system consisting of a Xevo TQD triple quadrupole mass spectrometer (Waters) with electrospray (ESI) ionisation source and an HPLC Varian SYS-LC-240-E with autosampler. Drugs were evaluated following (Beatriz et al., 2020), while glyphosate and AMPA were evaluated following (Gomes et al., 2015). For the drugs, chromatographic separations were performed using a 4.6 mm × 150 mm, 5 µm particle size Zorbax Eclipse XDB-C8 column (Agilente, Milford, United States) using water as phase A and acetonitrile/water (95:5 v/v) as phase B, both containing 0.1% formic acid and 5 mM ammonium formate. For the herbicides, chromatographic separations were performed using an Ascentis® C18 column (Sigma-Aldrich, Brazil) with a mobile phase consisting of 5 mM ammonium acetate in water (phase A) and 5 mM ammonium acetate in methanol (phase B), both pH 7.0. Mass spectrometry analyses were performed in positive and negative ion modes for antibiotics and herbicides, respectively. Acyclovir (ACY), amoxicillin (AMO), azithromycin (AZI), ciprofloxacin (CIP), doxycycline (DOX), enrofloxacin (ENR), fluoxetine (FLU), erythromycin (ERY), sulfadiazine (SDZ), sulfamethoxazole (SMX), glyphosate (GLY) and AMPA (Sigma-Aldrich, Canada) in analytical grade were used to construct the calibration curves. Standard stock solutions (1,000 μg ml−1) of these compounds were prepared using different compositions of methanol, water and acetonitrile, with formic acid and ammonium formate, depending on solubility. The six-point calibration curves showed good linearity for the analytes (r2 ≥ 0.95; p < 0.0001). Each sample batch included three blanks, three standards, and three fortified samples (for quality control). The recoveries for all compounds were greater than 87%. The limit of detection (LOD) and limit of quantification (LOQ) of each analyte are listed in Table 1.
TABLE 1 | Limit of detection (LOD) and limit of quantification (LOQ) of drugs and herbicides evaluated using a LC-MS/MS (Gomes et al., 2015; Beatriz et al., 2020).
[image: Table 1]Ecological Risk Assessment
The predicted no effect concentration (PNEC) was estimated using the ecological structure-activity relationships (ECOSAR) model (Moore et al., 2003) and was calculated by dividing the no-observed effect concentration (NOEC) found in the literature by an assessment factor (AF) of 1,000, which represents chronic toxicity (Ikem et al., 2017).
Hazard quotient (HQ) was used to assess the environmental risk of chemicals and their potential to cause adverse effects in the environment (Carlsson et al., 2006) and was calculated as follows:
[image: image]
Where PNEC is the predicted no-effect concentration (from literature) and MEC is the measured environmental concentration. For MEC, the mean of the concentrations found over time (n = 9) for each collection site was used.
Statistical Analyses
Results were expressed as the average of three replicates. Statistical analyses were performed using JMP 10.0 software (SAS Institute Inc.). Results were subjected to normality (Shapiro–Wilk) and homogeneity (Bartlett) tests and then statistically analyzed. Univariate repeated measures ANOVA, with time as a within-subject factor and sites as the main effect, were used to analyze differences in chemical concentrations during the sampling period. The sphericity of the data was tested using Mauchly’s criteria to determine if the univariate F-tests were valid for within-subject effects. If F-tests were invalid, the Greenhouse-Geisser test was used to estimate epsilon (ε). Contrast analysis was used when there were significant differences in the variables examined.
RESULTS
Occurrence of Pharmaceutical Products on Surface Waters
With the exception of DOX, all surface water samples were contaminated with the tested drugs (Figure 2). The highest concentrations of antibiotics were found in CIP (up to 4,854.6 ng L−1), followed by SMX (up to 9,640 ng L−1). The concentrations of DOX (up to 2.25 ng L−1) were lower (or were not detected) compared to the other drugs (Table 2). With the exception of ERY and FLX (p > 0.05), a significant interaction (p < 0.05) between time and site of sampling was observed for the drugs (Table 2). Regardless of the sampling date, the concentrations of ACY, AMX, CIP, SDZ, SMX (except for the last sampling date) were higher and ENR concentration was lower at site one than at the other sampling sites (Figure 2). High concentrations of ACY, AZI, CIP, SDZ and SMX were detected in the water samples from site one on the first sampling date and lower concentrations of ACY, AMX, ENR, ERY, and SDZ were detected on the second sampling date compared to the other sampling dates (Figure 2). CIP concentrations decreased and ENR concentrations increased over time in the site 2 water samples (Figure 2). In addition, ERY, SDZ, and SMX concentrations were lower in site 2 water samples at the second time point compared to the other sampling time points (Figure 2). With the exception of ENR, whose concentration decreased at the second sampling time point, and ACY, whose concentration increased at the last sampling time point, the concentrations of the other drugs in the water samples from Site three did not differ significantly (p < 0.05) over time (Figure 2). When compared over time of collection, the concentrations of ACY, AZI, and SDZ were higher in the water samples from Site four on the first sampling date and the concentrations of AMX and ERY were lower on the second sampling date (Figure 2).
[image: Figure 2]FIGURE 2 | Concentrations of pharmaceutical target products in surface water samples from rivers of the Doce river watershed, Minas Gerais, Brazil. Values are means ± SD of three replicates. Values marked with * differ significantly (p < 0.05) within the same sampling site by the contrast test. Predicted no effect concentration (PNEC) is shown as dotted red line. NOEC = concentration with no observed effect.
TABLE 2 | Repeated-measure ANOVA for the effects of the site of sampling and time on the concentration of chemicals in surface water of rivers of Rio Doce Basin.
[image: Table 2]Occurrence of Glyphosate and AMPA in Surface Waters
All surface water samples were contaminated with GLY and AMPA (Figure 3). For GLY and AMPA, a significant interaction (p < 0.05) was observed between time and site of sampling (Table 2). Higher concentrations of these chemicals were observed in samples from sites 2 and three compared to samples from sites one and 2 on the first day of sampling. Glyphosate and AMPA concentrations increased over time in samples from sites 1 and 2, respectively (Figure 3). At site 3, AMPA concentrations were lower on the second sampling date (Figure 3). Glyphosate and AMPA concentrations in samples from site four did not differ over time (Figure 3).
[image: Figure 3]FIGURE 3 | Concentrations of glyphosate and AMPA in surface water samples from rivers of the Doce river watershed, Minas Gerais, Brazil. Values are means ± SD of three replicates. Values marked with *, differ significantly (p < 0.05) within the same sampling site by the contrast test. Predicted no effect concentration (PNEC) is shown as dotted red line. NOEC = concentration with no observed effect.
Ecological Risk Assessment
With the exception of ACY, DOX, ERY, the observed concentrations of the chemicals were higher than their calculated PNEC(ecotox) (Figures 2, 3 and Table 3). For ACY, all concentrations observed at site one were greater than the calculated PNEC(ecotox); for site 2, only the concentrations found on the first and last sampling dates were greater than the calculated PNEC(ecotox). At all sites, the observed concentrations of AZI, DOX, ERY, and SMZ were lower than the PNEC(resi. sel) (Table 3). Only the HQ of DOX and ERY were lower than one for all sites. At sites 3 and 4, HQ < 1 was also observed for ACY (Table 3).
TABLE 3 | No-observed effect concentration (NOEC), the predicted no effect concentration based on ecotoxicological data [PNEC(ecotox)], predicted no effect concentration for antibiotic-resistance selection [PNEC(resi. sel.)] and hazard quotient (HQ) (in ngl−1).
[image: Table 3]DISCUSSION
Of the ten pharmaceutical products studied, all had a 100% detection rate, except for AZI (91.6%) and DOX (41.6%) (Table 3). In general, the total concentration of all target pharmaceutical ranged from 4,595.40 to 14,478.59 ng L−1, with fluoroquinolones (CIP + ENR) and sulfonamides (SDZ + SMX) accounting for 28.08–49.42% and 17.57–53.28%, respectively. Based on the average proportion at all sites, the proportion of different pharmaceuticals was as follows: Fluoroquinolones ≥ Sulfonamides > Macrolides (AZI + ERY) (5.01–14.05%) > β-Lactam (AMX) (4.05–18.65%) > antiretrovirals (ACY) (1.5–1.9%) antidepressants (FLU) (0–4.6%) > tetracyclines (DOX, <0.1%).
Among the fluoroquinolones, CIP was the most frequently detected antibiotic, regardless of the site and time of sampling (Figure 2), which is not surprising since CIP is the most commonly prescribed fluoroquinolone worldwide (Andreu et al., 2007) whose bactericidal effect is based on inhibition of DNA replication by inhibition of bacterial DNA topoisomerase and DNA-gyrase. CIP has been detected in milligram amounts in sewage sludge (Golet et al., 2003; Martínez-Carballo et al., 2007). However, in water samples, the detected concentrations are lower. In untreated hospital wastewater, CIP concentrations ranged from 1,100 to 44,000 ng L−1 in Vietnam and 388–578 ng L−1 in Malaysia (Duong et al., 2008; Thai et al., 2018). In urban wastewater, CIP was previously detected at concentrations ranging from 242 to 415 ng L−1 in China (Low et al., 2021) and in municipal landfills, concentrations ranged from 60.2 to 4,482 ng L−1 (Wu et al., 2015). In Brazilian surface waters, CIP concentrations were below 0.41 ng L−1 in the Atibaia River (São Paulo) (Locatelli et al., 2011) and ranged from 180 to 340 ng L−1 in rivers from the four largest hydrographic catchments of the city of Curitiba (Paraná) (Beatriz et al., 2020). The higher CIP concentration in surface waters observed in our study must be related to the lack of wastewater treatment (present in the other Brazilian cities cited) and the direct discharge of urban wastewater into the waters of Doce river watershed rivers. Similarly, a CIP concentration of 15,000 ng L−1 was observed in surface water in South Africa (Agunbiade and Moodley, 2014). Indeed, samples from sites under the influence of direct urban discharges (sites 1, 2 and 4) had high concentrations of the antibiotics compared to sites without urban proximity (site 3). Interestingly, ENR concentrations were lower in samples from site one compared to the other sites (Figure 2). This antibiotic is used in veterinary medicine (Rusu et al., 2015), and indeed high ENR concentrations were found at sites near livestock (sites 2 and 3). It is important to note that ENR can be degraded to CIPRO through biotransformation (Walters et al., 2010), which could contribute to the CIP concentrations in water at sites 2 and 3.
In the group of sulfonamides, SMX were detected higher concentrations (from 332.78 to 7,112.44 ng L−1) than SDZ (from 3.55 to 61.44 ng L−1) (Figure 2; Table 3). In rivers near the city of Curitiba (Brazil), SXM was found at concentration of 1859 ng L−1, while SDZ were reported at concentration of 27 ng L−1 (Beatriz et al., 2020). In South Africa, SMX was detected at concentrations of 7,300 (Matongo et al., 2015) and 14,000 ng L−1 in surface waters (Ngumba et al., 2016). In Kenya, concentrations of up to 40,000 ng L−1 have been observed in river waters (K’oreje et al., 2016) while SDZ has been detected in concentrations of up to 40 ng L−1 in rivers from Nigeria (Oluwatosin et al., 2016). In China, up to 764.6 ng SMX l−1 has been detected in rivers (Chen and Zhou, 2014). Sulfonamides are bacteriostatic antibiotics that interfere with folic acid synthesis and are mainly used for acne and urinary tract infections—justifying their high concentrations in rivers near cities (sites 1 and 2). In China, sulfonamides were the major class of antibiotics found in rivers. SDZ and SMZ were detected at 100% and had mean concentrations of 259.6 and 7.6 ng L−1, respectively (Chen and Zhou, 2014).
Macrolides such as AZI and ERY inhibit bacterial protein biosynthesis, while the β-lactam AMX acts by binding to penicillin-binding proteins, resulting in the activation of autolytic enzymes in the bacterial cell wall. These antibiotics are used for both human and veterinary purposes. This may explain why macrolide and β-lactam concentrations were lowest at site 4, where there are no direct urban discharges and where crop cultivation is the main activity in the environment (Figure 2). Among macrolides, ERY was observed at high concentrations in our study, regardless of time and sites of collection (Table 3; Figure 2). ERY concentrations up to 20,000 ng L−1 and 1,000 ng L−1 were observed in surface waters in South Africa (Matongo et al., 2015) and Nigeria (Oluwatosin et al., 2016), respectively. AZI concentrations ranged up to 650 ng L−1 in Brazilian rivers (Beatriz et al., 2020) and up to 30 ng L−1 in South African rivers (Módenes et al., 2017), while it was not detected in Nigerian rivers (Oluwatosin et al., 2016). As for β-lactam, AMX has been detected in concentrations up to 99.4 mg L−1 in wastewater in Egypt (Abou-Elela and El-Khateeb, 2015). In Brazil, this antibiotic has been detected at concentrations up to 1,570 ng L−1 in rivers from the Curitiba region (Beatriz et al., 2020) and up to 1,284 ng L−1 in rivers from the state of S o Paulo (Locatelli et al., 2011).
Data on the concentrations of ACY and FLX are scarce in the literature. These drugs are used to treat human, which justifies their high concentrations in areas with urban runoff (Figure 2). ACY is generally used as the first choice in the treatment of viral infections such as herpes simplex, Varicella zoster, herpes zoster, herpes labialis and acute herpetic keratitis (OʼBrien and Campoli-Richards, 1989). In Brazilian rivers (Curitiba, Paraná), concentrations ranged from ACY to 990 ng L−1 (Beatriz et al., 2020). In Germany, ACY concentrations in river water ranged up to 190 ng L−1 (Prasse et al., 2010). Average concentrations of FLX in surface waters concentrations ranged from 12 to 1,400 ng L−1 worldwide (Kolpin et al., 2002; Christensen et al., 2009). In Brazil, FLX concentrations in streams of Curitiba were as high as 620 ng L−1 (Beatriz et al., 2020). FLX is primarily used to treat depression, but also helps treat other mental disorders such as obsessive-compulsive disorder, bulimia nervosa, and panic syndrome, and is one of the most commonly prescribed psychotropic drugs in Brazil (Quintana et al., 2015). As with some other drugs studied, we found relatively high concentrations of pharmaceuticals in the waters of the Doce river watershed (Figure 2). Seasonal aspects could have influenced the results obtained. For example, the concentrations of ACY, AMX, AZI, CIP, ERY, SDZ and SDX were high at some sites on the first sampling date which corresponding to the dry season. During a low-precipitation period, water flow decreases and, assuming that pollution sources are constant, dilution effects must play a central role in the occurrence and concentrations of pharmaceuticals in the water samples sampled (Locatelli et al., 2011).
The flow of a river is the result of complex natural processes that occur at the catchment scale and are largely influenced by precipitation (Yunus and Nakagoshi, 2004). Changes in streamflow affect water quality (Caruso, 2001) and pollution of rivers increases when streamflow is low, due to low dilution capacity (Yunus and Nakagoshi, 2004). We clearly observed the influence of rainfall on flow (Supplementary Table S4) and concentration of the studied drugs (Figure 1). At least for two of the sampling sites, the concentrations of the analyzed drugs (except for DOX and ENR) were higher when precipitations were the lowest (June 2018). The higher concentrations of DOX and ENR at the higher rainfall levels (294 mm in November 2018 and 108 mm in April 2019), indicate that the source of these drugs increased during rainy season. This could be due to increased seepage and runoff (Yunus and Nakagoshi, 2004) or to the increased use of these drugs during the rainy season.
Although high concentrations of pharmaceuticals were found in the water samples, the most worrying results are associated with the observed GLY and AMPA concentrations (Figure 3). GLY and AMPA contamination levels exceeded those observed for pharmaceutical products by several times. These contaminants were observed at concentrations ranging from 51.88 to 117.07 and 23.46–41.25 μg L−1, respectively, indicating that herbicides are the main source of contamination in the rivers studied. In the Paraná River watershed (Brazil), GLY concentrations ranged from 0.4 to 91.91 μg L−1 (Mendonça, 2018), while AMPA was detected at concentrations up to 14.78 μg L−1 (Da Silva et al., 2003). In another study, glyphosate concentrations up to 100 μg L−1 and AMPA concentrations up to 50 μg L−1 were detected in the Arroio Passo do Pilão watershed (Brazil). GLY is not only used in crops and eucalyptus plantations but is also widely used for weed control in Brazilian cities, and its use is often unregulated. Therefore, it is possible that GLY concentrations >80 μg L−1 at sites under urban areas (Figure 3). In addition to GLY, the observed concentrations of AMPA in water samples must be derived from its use in industry and household products (such as detergents). (Levine et al., 2015; Grandcoin et al., 2017). Unlike pharmaceuticals, concentrations of GLY and AMPA were not affected by pluviosity (except for sites one and 2 for glyphosate and AMPA, respectively). Considering the dilution effect of high pluviosity and river flow on river pollutants (Yunus and Nakagoshi, 2004), we hypothesize that herbicide use was increased during rainy season. In fact, glyphosate uses in Brazil is declining from April to September, as the herbicide is mainly used during the rainy season, when crops are growing (Dias et al., 2021). At concentrations as low as 5 μg L−1, the herbicide glyphosate reduced algal diversity in phytoplankton communities of freshwater streams (Smedbol et al., 2018) and the EC10 value for GLY and AMPA in the macrophyte Salvinia molesta was 16 and 6.1 μg L−1, respectively (Mendes et al., 2021). Therefore, it is reasonable to assume that the concentrations of these herbicides found in the Doce river watershed could trigger an alteration of aquatic life, and to assess the potential risk of these chemicals (along with the pharmaceutical products evaluated), we conducted a risk assessment.
PNEC values are based on toxicological data from the literature. In this study, we selected the NOEC of species representative of the those found in Brazil to calculate the PNEC(ecotox), using an assessment factor of 1,000, which represents chronic toxicity (Ikem et al., 2017). If the reported concentrations in the environment are higher than the PNEC, there is a toxicological risk to the environment. With the exception of ACY, DOX, ERY, the concentration of all other chemicals studied poses a potential toxicological risk. In the case of ACY, the observed concentrations at site one are also of toxicological concern. The risk level is generally classified into four groups: no risk (HQ < 0.01), low risk (0.01 ≤ HQ ≤ 0.1), medium risk (0.1 ≤ HQ ≤ 1), and high risk (HQ > 1) (Rodriguez-Mozaz et al., 2020). Only DOX had a HQ < 0.01, and did not pose an ecotoxicological risk to the aquatic environment. For the site 3, ACY poses a low risk (HQ = 0.09), and for site 4, ACY poses a moderate risk (HQ = 0.52). Similarly, ERY poses a medium risk (HQ < 1) to aquatic life, regardless of sampling locations. However, for all other chemicals sampled, HQ was greater than 1 (and can reach 7,317.36), representing a high ecotoxicological risk to the aquatic environment. The mean value of HQ for Cd, Pb, Cr, Zn, Cu and As in the Doce river ranged from 226.30 to 841.60 (Gabriel et al., 2020). Although the HQ indices for these metals and metalloids represent a high ecotoxicological risk, they are lower than the HQ calculated here for some chemicals (i.e., AMX, CIP, GLY, and AMPA) (Table 3). These results demonstrate the urgent need to consider emerging contaminants (and not just metals) in risk assessment, given the importance of these chemicals to aquatic ecosystems. It is also important to note that concentrations of AMX, CIP, and ENR are high than the proposed PNEC for resistance selection. Antimicrobial resistance is an emerging concern, as the spread of resistance genes is a global problem with direct detrimental effects on the economy and public health (Kent et al., 2020). Moreover, very few studies have investigated the toxicity of drug mixtures in natural water samples. For example, Gomes et al. (2020a) observed interactive effects of AMX, ENR, and oxytetracycline on Lemna minor plants, which demonstrates the importance of evaluating both the isolated and integrative toxic effects of chemicals. Clearly, toxicological testing involving exposure to a cocktail of multiple drugs is needed, especially in highly contaminated surface water (Anh et al., 2021), as noted here.
The main objective of this study was to draw attention to the presence of considerable amounts of emergent contaminants in the waters of the Rio Doce basin, which, among other contaminants, such as trace elements, can limit aquatic life. Our data also suggest that environmental factors, especially pluviosity (and its effect on water flow), play an important role in the concentrations of chemicals found in the water. The fate of organic contaminants is influenced by the physicochemical and biological properties of the water and sediments. Indeed, temperature, pH, microbial activity and light conditions may affect the availability of the contaminants (Moncmanová, 2007) and alter their rates of degradation, sorption, and bioaccumulation. Therefore, we cannot comment on the exact contribution of an upstream source to the concentration of chemicals along the river (downstream sites). To this end, studies with isotopically labeled chemicals would permit to elucidate the fate as well as the specific role of anthropogenic activities on concentrations of emerging contaminants in the Rio Doce basin rivers. However, in a climate change scenario, we pointed out the possible increased of toxicological impacts of contaminants. As a result of rising temperatures, increased drought, El-Niño Southern Oscillation, and reduced pluviosity (Caruso, 2001), there may be low water flow and increased concentrations and harmful effects of chemicals on aquatic ecosystems.
CONCLUSION
Through sampling and analysis, the concentrations and distribution of 12 contaminants (pharmaceutical products and herbicides) were determined at four different sites in rivers of the Doce river watershed. Although the concentrations detected were within the range of those observed in other emerging countries, the sampled waters were highly contaminated, especially by the herbicide GLY and its metabolite AMPA. The risk assessment analysis conducted here shows that most of the chemicals assessed are present at concentrations above the PNEC(ecotox) level, posing a potential threat to the aquatic environment. In addition, several antibiotic concentrations are higher than those known to cause antibiotic resistance, particularly those in the fluoroquinolone class. The concentrations of chemicals studied were related to human activities in vicinity of the sampling sites, but the lack of water treatment in urban areas could be the main cause of river contamination. Based on the HQ index, the risk assessment approach provided useful guidance on which chemicals needs to our priority attention for future control and remediation. In this context, particular attention needs to be give to GLY, AMPA, fluoroquinolones and sulfonamides. The results show that there is an urgent need to monitor the presence of emerging contaminants in water, which, in addition to metals (the main target in the study of water quality in the rivers of the Doce river watershed), may pose risk to the environment and humans due to the frequent use of surface water for drinking and domestic purposes by the local population.
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Potamopyrgus
antipodarum
Microcystis
aeruginosa
Synechococcus
leopoliensis

Salvinia molesta

S. molesta

End
point

ECso
NOEC
ECso
NOEC
LOEC
NOEC
LOEC
NOEC
ECso

NOEC

ECio

ECyo

Test
duration

48h
%h
72h
%h
7 days
72h
7 days
65 days
21 days

9%h

14 days

14 days

PNEC ecoton)

64.12
0.78
05

18

19.1
1,000
0.47
0.135

59

16

6.1

PNEC(osi sot)”

na
250
250
64
2000
64
1,000
na
nd

16,000

na

na

HQ°®
site Site Site site
1 2 3 4
156 1.03 009 052
2864.95 63062 12216 1,098.86
19422 9755 637  199.33
221867 179372 9551  953.44
0 0 0 0
383 2063 2571 1438
062 0.40 022 068
27220 14069 1988  207.92
62062 22304 2633  455.14
120549 93772 5640 12649
444868 685263 7,317.36 3,243.05
3847.35 629180 4927.14 4,927.14

"The NOEC, column also represents LOEC (lowest-observed effect concentration), ECo, ECso, and EC10 data when NOEC, data was not avaiable.
“Correspond to the size-adjusted lowest minimum inhibitory concentration (MIC) divided by an assessment factor of 10 (Bengtsson-Paime and Larsson, 2016).

“MEC/PNEC acotor

n a, not applicable; n.d, not determined.
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Pharmaceutical
ACY 10 20
AMX 100 200
AZI 14 20
CIP 10 20
DOX 100 200
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ERY 20 40
FLX 100 200
8Dz 10 20
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Herbicide
AMPA 10 20
GLY 10 20

Acyclovir (ACY), amoxicilin (AMYX), aminomethylphosphonic acid (AMPA), azithromycin
(AZ), ciprofioxacin (CIF), doxycycline (DOX), enrofloxacin (ENR), erythromycin (ERY),
fluoxetine (FLX), glyphosate (GLY), sulfadiazine (SDZ) and sulfamethoxazole (SMX).
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