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Introduction: Due to urbanization and demographic change trace organic compounds (TrOCs), synthetic chemicals such as pharmaceuticals, personal care products or biocides are an increasing problem in waterbodies affected by treated sewage. This contamination is particularly relevant when surface water is used for drinking water production, either directly or by bank filtration. Removal and transformation of TrOCs are affected by a variety of processes, and we hypothesize that periphyton, the mixture of photo- and heterotrophic biota attached to submerged surfaces of aquatic ecosystems, can facilitate TrOC transformation. Here we experimentally tested the influence of periphyton on different substrates on the transformation of iodinated contrast media (ICM). These hydrophilic compounds are problematic due to their poor removal by conventional wastewater treatment and high persistence of the triiodinated benzoic acid within aquatic environments.
Methods: We added 100 μg L-1 of three ICM, iopromide (IOP), iopamidol (IOM) and diatrizoate (DIA) to batch experiments containing periphyton on artificial substrates or on invasive quagga mussels and to a column experiment with periphyton, quagga mussels and sediment from a bank filtration site in a lake.
Results: IOP concentrations were reduced by up to 93% after 30 days in batch experiments with periphyton on artificial substrates and completely in treatments with mussels and periphyton. In contrast, no concentration decrease was observed for IOM and DIA. IOP reduction was positively correlated with periphyton biomass ranging from 0.7 to 9.2 g dry weight m-2 and negatively correlated with oxygen saturation. 9 of 12 known aerobic IOP transformation products frequently occurring in treated wastewater were found.
Discussion: We suggest that periphyton facilitated IOP transformation by providing substrate for bacterial growth and enhanced bacterial growth rates due to algal photosynthesis, a co-oxidation catalyzed by ammonia oxidizing bacteria and by a stimulatory influence of labile carbon produced by periphytic algae on the microbially mediated decomposition of IOP. Periphyton is facilitated by increased nutrient supply of dense mussel stands or by an increased surface area provided in dense macrophyte stands. Consequently, changes in the abundance of these littoral communities by invasion or management can affect TrOC transformation and thus water quality for drinking water production from urban freshwaters.
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1 INTRODUCTION
Surface water quality in urban areas is often impaired by trace organic compounds (TrOCs), a group of synthetic chemicals such as pharmaceuticals, personal care products, biocides, performance chemicals, and their transformations products. Due to their high polarity, most of these compounds are poorly removed in conventional wastewater treatment plants. They enter surface waters through wastewater treatment plant effluents in which they are found at low concentrations (ng L-1 to μg L-1) (Schwarzenbach et al., 2006; Luo et al., 2014). Demographic changes and increasing urbanization will further lead to increased use of pharmaceuticals and therefore higher TrOC concentrations in urban aquatic environments (Civity, 2017). Water scarcity and extreme rain events due to climate change are expected to increase the concentrations of TrOCs in urban surface waters.
One of the most abundant and particular problematic groups of TrOCs in urban surface waters are iodinated X-ray contrast media (ICM). ICM reach concentrations up to 100 μg L-1 in hospital wastewaters and up to 10 μg L-1 in wastewater treatment plant effluents (Sengar and Vijayanandan, 2021). The high number of their iodine atoms increases the absorption of X-rays from the target tissue (Oberdisse and Hescheler, 1999). ICM have thus been used in diagnostic imaging since the 1950s (Pasternak and Williamson, 2012). Worldwide, about 3,500 t are consumed per year (Pérez and Barceló, 2007) and 360 t per year are the estimated amount in Germany (Putschew and Jekel, 2006). In contrast to many other pharmaceuticals, ICM are administered exclusively in hospitals and radiology practices. Consequently, a large proportion of adsorbable organically bound halogens (AOX) can be assigned to hospital wastewater (Gartiser et al., 1996; Putschew and Jekel, 2006). ICM are highly polar (logKow values of commonly used non-ionic ICM lie between −3 and −2.1) and chemically quite inert (Oberdisse and Hescheler, 1999). They are applied in high doses of up to 120-200 g per person and are excreted unmetabolized in urine and feces within a few hours (Christiansen, 2005; Nowak et al., 2020). Hence, ICM account for up to 80% of pharmaceuticals in hospital wastewater effluents (Kovalova et al., 2012). Removal by conventional wastewater treatment is insufficient due to their stable benzene ring(s) and their hydrophilicity. The substances thus remain in the water phase and have a low tendency to sorb to sewage sludge or sediment (Kalsch, 1999; Ternes et al., 2004). Consequently, ICM have been found in treated wastewater, rivers, lakes and groundwater (Putschew et al., 2000; Pérez and Barceló, 2007; Fabbri et al., 2016). In general, any waterbody affected by wastewater effluents from urban areas with diagnostic centers is assumed to contain ICM (Dekker et al., 2022). In German streams, ICM concentrations up to the lower μg L-1 range were measured (Ternes and Hirsch, 2000; Seitz et al., 2006). While ICM are persistent to complete aerobic degradation, side chain transformations under oxic conditions can lead to several metabolites (Schulz et al., 2008; Kormos et al., 2010, 2011). Indeed, triiodinated benzoic acid derivatives can be found in relatively high concentrations (about 2 μg L-1) in anthropogenically influenced waterbodies (Putschew and Jekel, 2006). In a recent review on the environmental occurrence and fate of ICM, Sengar and Vijayanandan (2021) concluded that future research should focus on identifying the mechanisms of ICM removal and on quantification of transformation products in environmental waters.
Many surface waters are a source for drinking water production, which is why ICM and their transformation products pose a potential threat for drinking water quality because conventional drinking water purification techniques, such as filtration or flocculation, slow sand filtration and activated carbon, are incapable of removing ICM entirely (Dekker et al., 2022). This is particularly relevant when water suppliers rely on chloramine for disinfection leading to the formation of potentially cytotoxic or genotoxic iodinated disinfection by-products (WHO, 2005). A widely applied technique for drinking water production, especially in Europe, is induced bank filtration, by which surface water is forced to infiltrate into the sediment and abstracted by wells (Gillefalk et al., 2018). ICM are insufficiently degraded during bank filtration (Putschew et al., 2000; Putschew and Jekel, 2006), but a significant biotransformation of ICM into transformation products has been shown between surface water and wells (Kormos et al., 2011). Anaerobic deiodination of ICM is one of the important degradation pathways leading to various partially unknown transformation products (Redeker et al., 2014, 2018).
During bank filtration, surface water first passes the water-sediment interface which is colonized by several groups of organisms that can potentially influence the degradation of TrOCs. Like all submerged surfaces receiving light, the water-sediment interface is colonized by periphyton, a mixture of algae, cyanobacteria and heterotrophic biota firmly or loosely attached to their substrates. The dominant photoautotrophs in periphyton biomass regulate oxygen production and the light-independent reduction of carbon dioxide to carbohydrates. Periphyton thus sustains aerobic metabolism of organic matter by controlling redox reactions while the organic matter fuels heterotrophic microbial metabolism which depletes oxygen, thereby favoring anaerobic microbial processes (Hagerthey et al., 2011). Indeed, high biological activities were found in the topmost centimeter of littoral sediments which resulted in a reduction of up to 20% dissolved organic carbon under induced bank filtration conditions (Hoffmann and Gunkel, 2011). Periphytic algae are often dominated by diatoms that secrete extracellular polymeric substances composed of polysaccharides, glycoproteins, and other biopolymers which also create microhabitats for microbial growth. These provide binding sites for several compounds such as halogenated organic chemicals (Huang et al., 2022). Periphyton has consequently been used for tracking the sources and toxic burdens of halogenated organics such as polychlorinated biphenyls in rivers (Hobbs et al., 2019). Writer et al. (2011b) measured an accumulation of steroidal hormones and 4-nonylphenol compounds in stream periphyton. Periphyton thus plays an important role in the processing of organic matter. Its significance in transformation of TrOCs, however, is less understood and to the best of our knowledge an influence on ICM has not yet been investigated. A meta-study by Bonnineau et al. (2020), highlights the potential of biofilms (including periphyton) to bioaccumulate organic contaminants, naming the hydrophobicity of the individual compounds as a key property within this process.
The same holds for mussels, a second important organism group that can dominate at the water-sediment interface. Experiments have shown that mussels have the potential to reduce many TrOC concentrations within the water column (Bringolf et al., 2010; Binelli et al., 2015) and can bioaccumulate weakly polar TrOCs due to their high filtration activity (Klosterhaus et al., 2013; Martínez Bueno et al., 2013; McEneff et al., 2014). However, they can also indirectly contribute to TrOC transformation by their influence on oxygen, redox conditions and sediment structure and the provision of surface and organic matter for microbial growth. Particularly high mussel abundances have been recorded for quagga mussels (Dreissena bugensis), an invasive species that has invaded many freshwater bodies in North America and Europe over the last century (Molloy et al., 2007; Quaglia et al., 2008; Karatayev et al., 2015; Wegner et al., 2019; Haltiner et al., 2022). Quagga mussels attracted attention due to their negative effects on native species and ecosystems (Higgins and Vander Zanden, 2010). Studies on their effects on TrOC degradation during bank filtration, however, are lacking.
Here, we experimentally tested the influence of the benthic organisms periphyton and quagga mussels at the water-sediment interface on three ICM under near-natural conditions of a temperate, eutrophic lake. We hypothesize that periphyton and invasive quagga mussels facilitate the transformation of ICM. To test this hypothesis, we performed three laboratory experiments (Exp.) of increasing complexity, comparing the effects of periphyton only (Exp. 1), periphyton on quagga mussels (Exp. 2) and periphyton on quagga mussels including sediment (Exp. 3) and the respective controls on ICM transformation. We focused on the initial phase of transformation (up to 30 days) and investigated diatrizoate (DIA) as representative for ionic ICM with free carboxyl groups and iopamidol (IOM) and iopromide (IOP) as non-ionic amide derivatives. Experiments were performed under near natural conditions in urban lake water. Therefore, ICM concentrations of 100 μg L-1 were chosen to allow a detection of transformation products.
2 MATERIALS AND METHODS
2.1 Experimental design
Three experiments (Figure 1) were conducted to test the influences of periphyton only (Exp. 1), periphyton with quagga mussels (Exp. 2) and periphyton, quagga mussels and sediment (Exp. 3) on the transformation of ICM. We tested iopromide (IOP, CAS: 73334-07-3), diatrizoate (DIA, CAS: 737-31-5) and iopamidol (IOM, CAS: 60166-93-0). IOM was purchased at Merck KGaA (Darmstadt, Germany), IOP and DIA from Schering AG (Berlin, Germany). All chemicals used were of analytical grade.
[image: Figure 1]FIGURE 1 | Experimental setup for testing the effect of periphyton on the transformation of iodinated contrast media (ICM) into transformation products (TP). Batch cultures were used in experiment (Exp.) 1 with periphyton on plastic or glass strips, or with periphyton on quagga mussels in Exp. 2 while a column experiment with mussels and periphyton on sediment was applied in Exp. 3. Pictures of vessels in Exp. 1 and 2 show controls and treatments after 30 days incubation time, while the flow-through column setup is shown for Exp. 3. In all experiments, we used four replicates for each of the controls and treatments.
For Exp. 1 (periphyton only), strips made of plastic [4 cm × 12 cm, method from Roberts et al. (2003)] and glass (2.6 cm × 7.6 cm) as artificial substrate were positioned in the lake 30 cm above the sediment at two different sites (mussel bed and mussel-free sediment, 40 m apart). The strips were removed from the lake after 22 days and 2 strips per treatment were exposed to 250 mL of lake water (Table 1), spiked with all three ICM at concentrations of 100 μg L-1 in wide-mouth glass jars with lids upside down on top, which were removed after glasses were randomly repositioned after 14 days. As controls, tests with plastic/glass strips (without periphyton) and lake water were used. For all batch tests and controls 4 replicates were prepared. All tests were kept in a climate chamber at a temperature of 21°C and with illumination (12:12 h/light:dark, light intensity around 100 μE m-2 s-1). At logarithmic intervals (0, 1, 2, 4, 8, 16 and 30 days) 4 mL samples were taken using syringes (BBraun, Omnifix Luer 20 mL, excentric) and filtered over a regenerated cellulose syringe filter (Chromafil Xtra RC-20/25, pore size 0.2 µm) for ICM analysis. Samples were frozen and stored until further analysis. In an extra set of batch tests containing lake water only, a strong loss of water by evaporation was detected (4.1 mL d-1). Therefore, measured ICM concentrations in the experiments were corrected by considering the respective evaporative loss of water. Starting at day 14, a brown color and detachment of periphyton from the strips with subsequent particle sedimentation was noticed (Figure 1).
TABLE 1 | Selected quality parameters of Lake Müggelsee water (03.06.2021) used for the experiments.
[image: Table 1]In Exp. 2 (mussels with periphyton), quagga mussels covered with periphyton were taken from the lake >4 weeks prior to the experiment and kept in an aquarium under aeration and fed weekly with one teaspoon TetraMin fish food flakes (Tetra GmbH, Melle, Germany) as well as two teaspoons of dried Spirulina platensis algae powder (Naturwaren-Niederrhein GmbH, Goch, Germany). In each of four replicates (1L Schott bottles), 24 small (<1 cm), 29 medium (1-3 cm), and 13 large (<3 cm) mussels were added to 1L lake water (Table 1) spiked with ICM at a concentration of 100 μg L-1. The bottles were permanently aerated and no additional food was added during the experiment. Four replicates of lake water with ICM in identical bottles without mussels and periphyton served as control. The bottles were kept under the same conditions as in Exp. 1 and randomly repositioned after 14 days. All mussels were active and alive for the entire experimental period and some of the smaller mussels migrated closer to the water surface. A strong and progressive development of filamentous green algae was observed in all mussel treatments (Figure 1).
For Exp. 3 (mussels with periphyton and sediment), four sediment cores each were taken from the mussel bed and mussel-free sediment locations from Exp. 1. Prior to the experiment, columns (40 cm height, 6 cm diameter) were perforated with 4 sampling points in 4 cm intervals along a vertical line. After coring, 13 cm of surface water were above the water-sediment interface and the first sampling port was 2 cm below the water-sediment boundary. A drain tube with perforated gaze fabric was installed at the columns’ outlet in order to retain the sediment. The cores were transferred to a climate chamber with a constant temperature of 21°C and no light. A storage tank with lake water was connected and a peristaltic pump (Ismatec IPC ISM 934, Ismatec Laboratoriumstechnik GmbH, Wertheim-Mondfeld, Germany) was installed in order to secure a continuous inflow (Darcy velocity = 0.1 m d-1; distance velocity = 0.25 m d-1 with a measured porosity of 0.4) into the columns. Prior to the ICM experiment, columns were fed for 8 days with 20 L effluent of another long-term column experiment containing a mixture of TrOCs (acesulfame, carbamazepine, DIA, gabapentin, IOM, IOP, metoprolol, valsartan) to inoculate specialized microorganisms for TrOC/ICM transformation. Subsequently, columns were fed with lake water spiked with all three ICM at concentrations of 100 μg L-1. After 7 and 14 days new lake water, spiked with the three ICM, was added to the tank to minimize the impact of processes occurring in the tank. For pore water sampling, rhizons (Eijkelkamp, CSS, female-luer, 5 cm porous, 0.15 µm pore size, 3 cm PE/PVC tubing, glass fiber strengthener) were installed in the sediment (depths = 2, 6, 10 and 14 cm) and 8 mL of water were collected from each port for analysis with polypropylene syringes (BBraun, Omnifix Luer 20 mL, excentric). Samples were frozen for further analysis. Mussels were regularly checked for vital signs (reactions to knocking). Up to 14 days incubation time, mussels were vital, but at the end of the experiment (21 days) all mussels were dead.
2.2 Field sampling site
Lake Müggelsee is the largest lake in Berlin. It has a surface area of 7.4 km2, a volume of 36,560,000 m3, a water retention time of approx. 100 days, and a catchment area of 7,000 km2 (Gillefalk et al., 2018). The shallow [mean depth 4.9 m, max. Depth 7.9 m (Hilt et al., 2013)] and polymictic lake was characterized by decreased loading of nitrogen (N) and phosphorus (P) between the late 1970s and 2016. Total N decreased from 140 ± 38 g N m2 a-1 in the 1980s to 30 ± 11 g N m2 a-1 in 2007-2016. Total P decreased from 6 ± 1 g P m2 a-1 to 2 ± 0.4 g P m2 a-1 in the same time period (Shatwell and Köhler, 2019). Quagga mussel invasion was dated back to 2012, while in 2017 they covered about one-third of the lake area with mean abundances of 3,600 individuals m-2 (Wegner et al., 2019). The Friedrichshagen waterworks (max. Capacity 230,000 m3 d-1), which mainly use bank filtrate from Lake Müggelsee, supply the eastern districts of Berlin with water. Due to the lake’s location upstream of Berlin’s wastewater treatment plant Münchehofe (350,000 PE) and despite another wastewater treatment plant in Fürstenwalde (60,000 PE), 40 km upstream along the Spree River, the lake is hardly affected by TrOCs.
On 11.05.2021, cores were taken at the northwestern littoral shore of the lake (mussel bed: N 52.44634, E 13.63302—mussel-free sediment: N 52.44611, E 13.63252) and a water-depth of 1.5 m within an area of 1 m2 for the respective locations. Plastic and glass strips for periphyton-growth were placed at the same locations and collected after 22 days on 03.06.2021. Lake water for all experiments was taken from the northwestern shore of Lake Müggelsee.
2.3 Analytics
ICM and transformation products were analyzed using high-performance liquid chromatography (HPLC) and ESI-MS/MS (TSQ Vantage, Thermo Scientific, United States). Separation was achieved on a Xselect HSS T3 HPLC column (2.5 µm particle size, 2.1 × 50 mm, Waters, United States) using a linear gradient with A: acidified ultrapure water (0.1 vol.-% formic acid) and B: methanol (HPLC grade, J.T. Baker, United States) at a flow rate of 0.5 mL min-1. The column oven was set to 30°C and the injection volume was 10 μL. The ICM were quantified by internal calibration (5, 10, 50 and 100 μg L-1) using partly deuterated ICM. For the detection and semi-quantification of IOP transformation products known from literature (Kormos et al., 2011), the following elution program was used: after 2% B for 0.5 min, increase to 20% B within 2.0 min, 30% within 1.2 min and up to 100% B within 2.2 min which was held for 0.1 min, followed by a decrease to 2% B within 0.2 min which was held for 3.8 min. The detected transformation products were semi-quantified using the calibration equation of IOP obtained over a range from 5 to 100 μg L-1 with an internal standard concentration of 22 μg L-1 [450 µL sample plus 10 µL internal standard (1 mg L-1)]. The recorded transitions for IOP and transformation products as well as the determined retention times are given in Table 2. Each transformation product was detected in an individual run together with the internal standard. Ultrapure water for the dilution of HPLC samples, was produced out of deionized water with a water purification system (ELGA, Upstadt-Weiher, Germany).
TABLE 2 | Recorded transitions for iopromide (IOP) and its transformation products (TP) and retention times (RT) for ESI-MS/MS detection.
[image: Table 2]Periphyton biomass was measured after methods in Roberts et al. (2003). The concentration decrease was calculated in comparison to the respective controls for each point in time (Exp. 1: control water + strip material, Exp. 2: control water).
Oxygen measurements were performed during daytime in parallel to water sampling for ICM measurements (same timepoint for each sampling day) with a WTW Multi 3630 IDS multiparameter probe from Xylem Analytics (Rye Brook, United States).
2.4 Statistics
Aligned Rank Transform (Wobbrock et al., 2011) was used for factorial analyses containing multiple factors (e.g., treatment + depth or treatment + time). To test differences within individual timepoints or depths for non-parametrical data (all ICM data), Mann-Whitney-U was used to compare two groups and Kruskal-Wallis-Test with Wilcoxon Post-Hoc Test for >2 groups. Welsh’s two-sided t-test was performed to test for differences within parametrical data (e.g., periphyton biomass). Linear regression was fitted after Wilkinson and Rogers (1973). All statistics were conducted under R version 4.2.2 and significance levels chosen were: *: p < 0.05; **: p < 0.01; ***: p < 0.001.
3 RESULTS
3.1 Changes in tested ICM concentrations
In all three experiments, a significant decrease was found for IOP concentrations in the water of the batch tests or the sediment pore water of the column experiment, whereas concentrations of DIA and IOM did not change (Figures 2A–I). The concentrations of ICMs in controls of Exp. 1 and 2 remained unchanged. The effects of the respective treatments were significant for all experiments, except for DIA and IOM in Exp. 1 (Glass strip) and DIA in Exp. 2. Time was significant in all experiments, but not for DIA in Exp. 2 and the combination of time and the respective treatments was significant for all three ICM in Exp. 1 (Plastic strip) and IOP in Exp. 2 (Aligned Rank Transform, p < 0.05, Figure 2). In Exp. 1, concentrations of IOP were significantly lower with periphyton on plastic strips, compared to the controls after 30 days (Figure 2C). A strong decline in IOP concentrations was measured in the tests containing periphyton sampled from both the mussel bed and mussel-free sediment sites. For batch tests with periphyton from mussel bed sites, significantly lower IOP concentrations were recognized after 4 days of incubation, whereas treatments with periphyton from mussel-free sediment sites showed a significant concentration decrease after 8 days. After 30 days of incubation, IOP concentrations for batch tests containing periphyton from mussel-free sediment sites were significantly lower than for the respective tests with periphyton from mussel bed sites (Figure 2C). The strongest IOP reduction was 93% compared to the control containing water and plastic strips without periphyton (Figure 2C, Figure 3). In batch test containing periphyton on glass strips, significant reduction of IOP concentrations was measured after 30 days (Figure 2F).
[image: Figure 2]FIGURE 2 | Concentrations of diatrizoate (DIA) (A,D and G), iopamidol (IOM) (B,E and H) and iopromide (IOP) (C,F and I) in water of batch experiment (Exp.) 1 (periphyton grown on plastic and glass strips at mussel bed and mussel-free sediment sites) and batch Exp. 2 (mussels with periphyton). Note the non-linear x-axis distribution which is jointly shown for Exp. 1 and 2. Small letters above boxes indicate significant differences for each timepoint at p < 0.05 (Exp. 1: Kruskal-Wallis-Test with Wilcoxon Post-Hoc Test; Exp. 2: Mann-Whitney-U). Results for the Aligned Rank Transform are shown (top of each subpanel) and significant differences for treatment (treat.), time and their interaction are indicated (*: p < 0.05; **: p < 0.01; ***: p < 0.001). In all experiments, we used four replicates for each of the controls and treatments.
[image: Figure 3]FIGURE 3 | Linear relationship between biomass of periphyton (DW = dry weight) grown on different artificial substrates (glass, plastic) at different locations without and with quagga mussels in Lake Müggelsee and removal of iopromide (IOP) after 30 days of exposure in batch cultures of Experiment 1 (periphyton only). Statistic differences between locations and materials tested with Welsh’s two-sided t-test. Stars indicate significant differences (*: p < 0.05; **: p < 0.01; ***: p < 0.001).
In Exp. 2, concentrations of IOP significantly declined in batch tests with mussels and periphyton as compared to controls from day 8 onwards (Figure 2I). A complete removal of IOP was measured after 30 days in batches containing mussels covered with periphyton.
Significantly more periphyton biomass was measured on plastic strips as compared to glass strips (Welsh two-sided t-test: p < 0.001 in both, mussel bed and sediment locations). Periphyton strips from mussel-free sites (periphyton sediment) had significantly more biomass than those from sites with quagga mussels (periphyton mussel bed) (Welsh two-sided t-test: p = 0.001 for glass strips and p < 0.001 for plastic strips) after 22 days of exposure in Lake Müggelsee and subsequent 30 days of incubation time (Figure 3). Periphyton biomass ranged from 0.7 g DW m-2 (glass strips mussel bed) to 9.2 g DW m-2 (plastic strips sediment). IOP removal within locations and growth materials ranged from 38% (mean glass strips mussel bed) to 93% (mean plastic strips sediment) and was linearly correlated with periphyton biomass.
Oxygen saturation (DOsat) was lowest for batches with periphyton from mussel-free sediment grown on plastic strips within Exp. 1, reaching 60% after 2-4 days (Figure 4A). Oxygen saturation in water with glass strips of Exp. 1 was not significantly different from controls, but for days 1-4 high fluctuations (see error bars Figure 4B) were observed. For Exp. 2 (mussel with periphyton) DOsat was significantly lower for days 1 and 2 and subsequently similar to the control (Figure 4C). In all experiments, controls constantly remained at full O2 saturation during the entire experimental period.
[image: Figure 4]FIGURE 4 | Dissolved oxygen saturation (DOsat) for batch experiment (Exp.) 1 (A): periphyton grown on plastic and (B) glass strips, batch Exp. 2 (C): mussels with periphyton). Bars indicate standard error. Position of the points is dodged to allow better visibility of error bars. Aligned Rank Transform (bottom right corner) shows significant differences for treatment (treat.) and time (*: p < 0.05; **: p < 0.01; ***: p < 0.001). In all experiments, we used four replicates for each of the controls and treatments.
Within Exp. 3 significant differences between columns with mussels covered with periphyton and columns with mussel-free sediment regarding IOP concentration were found for incubation times 0, 7 and 21, but not for 14 days (lines in Figure 5). At the beginning of the experiment (t0, columns were pre-treated for 2 weeks, see 2.1), depth had a significant influence, but the effect was lost subsequently. At t0, removal was significantly lower within water than within 2, 6 and 10 cm depth in the sediment for columns with mussels and periphyton. For mussel-free columns, reduction did not differ within water and all sediment depths. For t7-t21 no significant differences in reduction between water and the sediment were measured, regardless of mussels with periphyton on top of the sediment (boxplots in Figure 5).
[image: Figure 5]FIGURE 5 | Removal of iopromide (IOP) in flow-through column Experiment 3 (mussels with periphyton and sediment) for 0, 7, 14 and 21 days (t0-t21). Distance velocity through the columns is 0.25 m d-1. Data for concentration is shown as means ± standard error (n = 4) and for reduction at the individual depths in relation to the tank concentrations as boxplots (n = 4), for mussels with periphyton and sediment (gray lines, left group of boxplots) and mussel-free sediment (orange lines, right group of boxplots). Different letters indicate significant differences for each timepoint at p < 0.05 (Kruskal-Wallis-Test with Wilcoxon Post-Hoc Test). Aligned Rank Transform (bottom left corner) shows significant differences for treatment (treat.), depth and their interaction.
3.2 Formation of IOP transformation products
Concentrations for IOP significantly (p < 0.05) linearly decreased over time, whereas concentrations for all transformation products showed a significant (p < 0.05) linear increase over time except for TP 805A in Exp. 1 and 2 and TP 805B in Exp. 2, that showed a saturation curve after 8 days. In Exp. 1 (periphyton only) TP 805A (0.018 μmol L-1 after 30 days) was the main transformation product, whereas all other transformation products were found in low concentrations <0.005 μmol L-1. In Exp. 2 (mussels with periphyton), besides TP 805A (0.017 μmol L-1) also TP 701A could be detected in concentrations of 0.02 μmol L-1 after 30 days. The other transformation products detected ranged in low concentrations <0.005 μmol L-1 (Figure 6). In both experiments, TP 759 was found with lowest concentrations <0.003 μmol L-1. At the end of both experiments, around 40% of the initial molecules (0.127 μmol L-1) could still be detected. The proportion of transformation products after 30 days was 59% in Exp. 1 and 83% in Exp. 2 (bar graphs in Figure 6).
[image: Figure 6]FIGURE 6 | Concentrations of iopromide (IOP) and transformation products (TPs) formed during exposure to periphyton experiment (Exp.) 1 and mussels with periphyton (Exp. 2). For Exp. 1, one replicate and for Exp. 2, the mean of two replicates is shown. The transformation products were semi-quantified using the calibration equation of IOP (for details, see 2.4.2). Note the different scales of the y-axes.
Regarding the maximum concentrations found within Exp. 2 (Figure 7), transformation products found with highest concentrations were TP 805A and TP 701A. In contrast, the known TP 817A, TP 729A and TP 787A could not be measured over the entire incubation time.
[image: Figure 7]FIGURE 7 | Pathways and mechanisms of iopromide (IOP) transformation adapted after Schulz et al. (2008). Areas represent maximum concentrations found in Experiment 2 (mussels with periphyton) for each transformation product (TP) individually. Arrows: transformation pathways, Red-X: TP not found, (I) oxidation of primary hydroxy groups, II: oxidation of secondary hydroxy groups, III: removal of r-hydroxypropionic acid side chains: direct cleavage of the amide-methylene bonds at side chains A and B, IV: oxidative decarboxylation of the r-ketopropionic side chain, V: deacetylation: cleavage of the amide-methylene bonds at side chains A and B of transformation products containing N-acetate moieties. Formulas of different transformation products can be found in Schulz et al. (2008).
4 DISCUSSION
4.1 Periphyton effects on tested ICM concentrations
The results support our initial hypothesis and provide clear evidence for an effect of periphyton on either artificial substrates or on invasive mussels on transformation of ICM, but only for IOP while DIA and IOM remained unaffected. Effects were found in all, the two batch and a column experiment simulating infiltration conditions at the water-sediment interface (i.e., flow of surface water into the aquifer). Specifically, we found a significant IOP transformation under aerobic conditions, which was correlated to periphyton biomass (Figure 3). Transformations of IOP were qualitatively similar in experiments with periphyton only or periphyton and mussels, suggesting that the impact on IOP can be mainly attributed to periphyton. Furthermore, bioaccumulation of our tested ICM is generally unlikely in mussels, due to their low logKOW values (IOP = −2.4, IOM = −2.1, DIA = 1.8). The octanol-water partition coefficient is a measure of the relationship between lipophilicity (fat solubility) and hydrophilicity (water solubility) of a substance and environmental bioaccumulation is expected of substances with logKOW between 2 and 11 (Czub and McLachlan, 2004).
Due to the dominance of photoautotrophic microorganisms in periphyton, oxygenic photosynthesis has a strong influence on biogeochemistry. The O2 production sustains aerobic metabolism of organic matter and the sugars produced by carbon fixation provide the chemical energy required to synthesize other compounds. The organic matter fuels heterotrophic microbial metabolism, which may result in O2 depletion, thereby favoring anaerobic microbial processes (Hagerthey et al., 2011). In the experiments, saturating O2 concentrations (Figure 4) were present in batch experiments with glass strips or mussels as substrates for periphyton. However, lowest daily O2 concentrations in experiments with the highest periphyton biomass (plastic strips at mussel-free sediment sites) indicate an increased O2 consumption due to microbial decomposition of organic matter. Since measurements of O2 were performed during the illumination period, values are expected to drop during the dark period. Mean daily O2 concentrations were negatively correlated with IOP transformation (marginally significant: p = 0.07) supporting findings by Müller et al. (2019), who found a strong correlation of dissolved O2 consumption and transformation of IOP in a sequential biofiltration column setup for wastewater treatment plant effluent treatment. Their study also suggested that biodegradable organic substrate could play a role in IOP transformation; Tang et al. (2017) found a correlation between removal efficiencies of IOP and initial dissolved organic carbon content within a moving bed biofilm reactor. In addition, Margot et al. (2013; 2016) showed that removals of IOP were positively correlated with ammonium conversion and suggested a co-oxidation catalyzed by ammonia mono-oxygenase produced by ammonia oxidizing bacteria. These can be abundant in periphyton (Körner, 1999) and ammonia mono-oxygenase have been observed to cause co-oxidation of aromatic compounds via hydroxylation (Yi and Harper, 2007; Khunjar et al., 2011). Other studies also revealed that biotransformation of ICM proceeds differently under nitrifying and non-nitrifying conditions (Batt et al., 2006; Pérez et al., 2006).
Our findings suggest that, in addition to the production of O2 and dissolved organic carbon by microalgae, periphyton supports IOP transformation by providing substrate for bacterial growth, including ammonia oxidizing bacteria producing ammonia mono-oxygenase, enhanced growth rates of bacteria due to algal photosynthesis and potentially by a stimulatory influence of labile carbon produced by periphytic algae on the microbially mediated decomposition of IOP similar to priming of recalcitrant organic matter degradation (Danger et al., 2013; Kuehn et al., 2014 and references therein). Disentangling these mechanisms would require more detailed experiments including the use of sterile algae and measurements of changes in organic carbon and nitrogen concentrations.
Regarding the differential response of ICMs, our findings support studies reporting that IOM and DIA were more resistant to biodegradation (Joss et al., 2006; Kormos et al., 2010) and had low removal efficiencies in wastewater treatment plants and surface waters (Kormos et al., 2011; Margot et al., 2013; Azuma et al., 2019). For IOP, on the other hand, high removal efficiencies were found in wastewater treatment plants (Seitz and Winzenbacher, 2017), wastewater irrigation (Ternes et al., 2007; Jones et al., 2017) and surface waters (Kormos et al., 2011). The present study showed a significant decrease in IOP concentrations after 4-8 days in the batch experiments. Studies conducted in wastewater treatment plants showed good IOP removal at solid retention times (SRTs) of 12-16 days (Ternes et al., 2007; Kormos et al., 2011), while SRTs of <6 days led to insignificant removal of ICM (Ternes and Hirsch, 2000; Clara et al., 2005). The low IOP transformation in the water of our column experiment can be attributed to a low contact time with periphyton of 2.2 days at a distance velocity of 0.25 m d-1 and a water column of 13 cm. However, the presence of mussels and periphyton on top of the sediment resulted in a stronger decline in IOP concentrations in the top 14 cm of the sediment during three of four sampling periods (t0, t7 and t21). The short contact time in the sediment of 2.3 days (calculated with distance velocity of 0.25 m d-1 and 14 cm sediment depth) did not lead to a significant concentration reduction. The mechanisms explaining differences in ICM transformation have not been completely understood so far. Tran and Gin (2017) proposed the chemical structure of IOM with strong electron withdrawing groups and branched side chains might hinder biodegradation, as for other TrOCs having electron donating groups, high biological removal was found. Why IOP, on the other hand, is degraded despite similar chemical properties needs to be investigated in more detail. Neither the brown coloration of the periphyton in Exp. 1 and death of the mussels in Exp. 3 seemed to have influenced the process, since IOP was transformed during the entire experimental period.
4.2 Formation of IOP transformation products
Interestingly, our experiments with periphyton and mussels taken from a lake unaffected by IOP (unpublished data) resulted in similar IOP transformation products found by Schulz et al. (2008) using much higher IOP concentration (1 g L-1) and soil samples taken from a wastewater irrigation plant that was assumed to contain microorganisms specialized in IOP metabolism. Nine out of 12 IOP transformation products detected by Schulz et al. (2008) were also found in the samples of the present study. The transformation products are frequently detected in effluents of wastewater treatment plants and in different compartments of the aquatic environment (e.g., Redeker et al., 2018) and included the final TP 643 which is supposed to be stable under aerobic conditions (Schulz et al., 2008; Müller et al., 2019). After 30 days, 41% (Exp. 1) and 27% respectively (Exp. 2), of the initial molar IOP concentration were missing in the present study (bar graphs in Figure 6), i.e., the mass balance was incomplete. This might be due to the semi-quantitative determination of the transformation products. Using only IOP as standard might result in a weak reliability of the quantification. In addition, other yet unknown transformation products might have been produced, e.g., after transformation under anaerobic conditions (Redeker et al., 2018; El-Athman et al., 2019a, 2019b), which might be present in the periphytic biofilm (Hagerthey et al., 2011). A complete mineralization of IOP is unlikely under the given conditions in the present experiments and as studies by Haiß and Kümmerer (2006) and Kalsch (1999) have shown. Redeker et al. (2014) found an improved mineralization for ICMs under sequential anaerobic-aerobic treatment. Alternating oxic/anoxic conditions can also be found within periphyton (see 4.1), which might favor ICM transformation. Although ICMs are of low intrinsic toxicity (Steger-Hartmann et al., 1999), toxicities of ICM transformation products are widely unknown and future studies should fill this knowledge gap. Monitoring of transformation products would require reference standards to enable a robust quantification as also suggested by Sengar and Vijayanandan (2021).
4.3 Potential periphyton effects on trace organic compounds in surface waters
Our results on ICM transformation suggest that periphyton might be relevant for the transformation of other TrOCs. In general, periphyton can play an important role in controlling aquatic biogeochemical cycling and regulating chemical exchange between the water column and sediment (Paerl and Pinckney, 1996; Battin et al., 2003), but knowledge on its influence on TrOC transformation in natural aquatic ecosystems is still limited. This is surprising given the fact that surface waters affected by treated wastewater often contain both elevated concentrations of TrOCs (Luo et al., 2014) and high periphyton biomasses due to elevated nutrient concentrations (Kilroy et al., 2020). Our results indicate that periphyton can facilitate TrOC transformation by several mechanisms. Mussels and macrophytes are suitable surfaces for periphyton growth (Roberts et al., 2003; Higgins and Vander Zanden, 2010) in urban lakes and rivers and thus potentially support these processes (Figure 8). Since ICM are considered a particularly persistent group of TrOCs (Ternes and Hirsch, 2000; Carballa et al., 2004; Joss et al., 2006), even stronger effects on easier biodegradable compounds can be expected.
[image: Figure 8]FIGURE 8 | Potential mechanisms explaining effects of periphyton growing on sediment (left), mussels (middle) and submerged macrophytes (right) on trace organic compound (TrOC) transformation in surface water bodies. Numbers below indicate the increase in surface area for available periphyton growth relative to plain sediment surface.
Hydrophobic organic contaminants can be sorbed to periphyton through the production of extra-cellular polymers (Flemming, 1995), hydrophobic partitioning (Writer et al., 2011a) and because periphyton increased the retention time of dissolved and particulate natural organic matter in streams (Battin et al., 2003). Hydrophobic contaminants have been found to accumulate in periphyton without degradation (Writer et al., 2011b; Bonnineau et al., 2020). In contrast, hydrophilic compounds are not sorbed, but affected by periphyton effects on O2 supply, the available surface area for microbes and the availability of labile dissolved organic carbon compounds for supporting microbial TrOC transformation (see Section 4.1). The prevalence of oxic conditions and the high abundance and activity of microbes due to high availability of biodegradable dissolved organic carbon was assumed to be responsible for the high degradation of most pharmaceuticals in the in the top layer (10 cm) of the hyporheic zone (interface between groundwater and surface water in streams) (Knapp et al., 2017; Schaper et al., 2019). A correlation between processes responsible for the turnover of bioavailable DOM were also linked to processes of TrOC attenuation in the hyporheic zone by Mueller et al. (2021).
Facilitation of TrOC removal by periphyton is thus a natural ecosystem service and can potentially be optimized in surface waters affected by treated wastewater, but also used for drinking water production. High periphyton biomass per substrate area has been found both in oligo- and eutrophic lakes and rivers (Roberts et al., 2003; Köhler et al., 2010; Alirangues Nuñez et al., 2022). Periphyton biomass used in our experiments was similar to these values. High periphyton biomass per surface area of sediment, and hence high TrOC transformation, can be reached when additional substrate is provided (Figure 8). Submerged macrophytes on average have a surface of about 1,000 cm2 per Gram dry weight (Fischer and Pusch, 2001) and their biomass can reach values up to 1,000 g dry weight m-2 (Westlake, 1966). Submerged macrophytes can thus increase the available surface for periphyton growth by a factor up to 100 compared to bare sediments (Figure 8) when high biomasses occur. Their disappearance during regime shifts in lakes and rivers as a result of anthropogenic nutrient loading, climate warming and/or pesticides (Scheffer et al., 1993; Hilt et al., 2011; Polst et al., 2022) may thus also affect TrOC concentrations. In turn, mass developments of macrophytes are often recognized as nuisance (Thiemer et al., 2023) and mechanically removed (Thiemer et al., 2021), but may be valuable for supporting TrOC transformation by periphyton. Macrophyte management in surface waters receiving wastewater containing TrOCs should thus consider their positive effects on periphyton growth and TrOC removal.
Our data also suggest that mussel invasions, while having several negative impacts on ecosystems (Higgins and Vander Zanden, 2010), may positively influence TrOC transformation by facilitating periphyton growth (Exp. 2 in Figure 1). Dreissenid mussels can form dense carpets with densities up to 130,000 mussels m-2 (Karatayev et al., 2015). Their shells increase the uncolonized sediment surface area by a factor of up to 10 (own estimation based on mussel shapes as hemispheres). Microbial diversity may also increase in periphyton on mussels as compared to sediment as Winters et al. (2011) found a highly diverse bacterial community on zebra mussels (Dreissena polymorpha). Species richness within mussel beds might even further facilitate TrOC transformation through periphyton. In addition, mussels provide nutrients and carbon dioxide to periphyton. Indeed, Higgins and Vander Zanden (2010) found an increase in periphyton biomass after an invasion of littoral lake areas by dreissenids. Ozersky et al. (2013) showed that dreissenid-colonized substrates acted as sources of dissolved nutrients to the water column, supported double the amount of periphyton compared to mussel-free substrates, and showed higher rates of primary production and community respiration. Microbial decomposition of excreted organic matter and nutrients (e.g., ammonia) can initiate synergetic effects on TrOC transformation as discussed for ICM in 4.1.
5 CONCLUSION
Partly closed water cycles with drinking water abstraction from surface water bodies affected by (treated) wastewater containing TrOCs are expected to increase in the future, especially in urban areas. Measures to avoid TrOC contamination and to increase the removal of TrOCs in wastewater treatment plants are thus of high importance to secure safe drinking water supply. In addition, we need to understand the fate of TrOCs in surface waters to optimize their management. The facilitation of IOP transformation by periphyton in surface waters indicates the potential importance of drastic changes at the water-sediment interface by regime shifts, macrophyte management or mussel invasions for the fate of TrOCs. Future studies on the role of periphyton should expand to a broader array of TrOCs and their fate at environmentally relevant concentrations and focus on the potential for optimizing the management of surface waters with high TrOC concentrations.
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