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Highlights

Sulfamethoxazole (SMX) increased microbial N assimilation up to 64 % in river samples

e Theincrease in N assimilation was typically in the order 10 > 100 > 1000 pg/L SMX

e Response to SMX was stronger in samples from near-pristine site than in wastewater-impacted
site

e NanoSIMS analysis revealed SMX-dependent N assimilation heterogeneity in microbial

community
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Influence of SMX on microbial activity

Abstract

Sulfamethoxazole (SMX) is one of the most frequently detected antibiotics in rivers, with
concentrations occasionally exceeding the predicted no-effect concentration (PNEC). The impact of
such concentrations on the microbial activity of riverine microbial communities remains poorly
studied. Here, we investigated the effect of SMX concentrations at the upper end of reported PNEC
values (12.5 pg/L) on microbial communities in flume systems with either near-pristine or wastewater-
impacted river water. Using a combination of microbiological and chemical methods, we found that
SMX was persistent in both near-pristine and wastewater-impacted river water over a time course of
63 days, and had no significant impact on the planktonic bacterial community composition. However,
there was an increase in microbial activity after SMX addition. Tracking N incorporation in both
sample types using Nanoscale Secondary lon Mass Spectrometry (NanoSIMS) and an Elemental
Analyser - Isotope Ratio Mass Spectrometer (EA-IRMS) revealed that SMX concentrations in the test
range (10, 100 and 1000 pg/L) enhanced nitrogen assimilation from ammonium up to 64 %. The
highest increase was found almost always at 10 pg/L SMX. The response was stronger in samples from
the near-pristine site compared to the wastewater-impacted site, and in planktonic biomass compared
to biofilms. Overall, our findings reveal a transient increase in microbial nitrogen assimilation with
environmentally relevant concentrations of SMX in a habitat-specific manner, but not of SMX
degradation, which could be of significance for nutrient dynamics and primary productivity in impacted

rivers.

1. Introduction

Antibiotics are notorious organic micropollutants found in freshwater environments worldwide
(Schwarzenbach et al., 2006). Major sources of these compounds in surface waters are raw sewage and
effluent from wastewater treatment plants (WWTPs) (Kovalakova et al., 2020; Straub, 2016).
Sulfonamides, especially sulfamethoxazole (SMX), are among the most frequently detected antibiotics
in impacted rivers owing to their widespread use as inhibitors of bacterial folate biosynthesis and their
high chemical stability (Wilkinson et al., 2022). In European rivers, for example, SMX has been

detected mostly in the ng/L range, but can reach low pg/L concentrations (Carvalho and Santos, 2016).
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Given the ubiquity of SMX, it is important to better understand its impact on aquatic microbial
communities as essential contributors to ecosystem functioning (Brandt et al., 2015). Several
concentration-dependent effects of SMX have been reported. In meso- and macrocosms, an increase
in sulfonamide resistance genes was observed at 4 to 5 pg/L. SMX, while concentrations <1 pg/L had
no apparent effect (Borsetto et al., 2021; Knecht et al., 2022; Vila-Costa et al., 2017). The higher values
are close to the predicted no-effect concentration for resistance selection (PNECiesistence) 0f 16 pg/L,
estimated with data from clinical bacterial isolates (Bengtsson-Palme and Larsson, 2016). There is less
clarity about various other effects of SMX on aquatic microorganisms, with even inconsistent results
between studies. Single-species tests revealed high toxicity of SMX towards cyanobacteria, algae, and
ammonium oxidizing bacteria (Grenni et al., 2019; Kovalakova et al., 2020; Valitalo et al., 2017; Zhang
et al., 2022), with a proposed PNECioxicity of 0.6 pg/L (Le Page et al., 2017; Straub, 2016). In contrast,
studies with communities found no toxicity (Schuijt et al., 2024) or even a stimulatory effect (Duarte
et al., 2023; Kergoat et al., 2021) on cyanobacteria at low pg/L concentrations. Furthermore, various
effects of SMX up to low pg/L concentrations on the heterotrophic bacterial community have been
reported. The list of effects include increases in total nitroagen removal rates (Liu et al., 2024) but also
lower denitrification rates (Xu et al., 2020), enhanced aerobic respiration and beta-glucosidase activity
(Pesce et al., 2021), expression changes of genies related to N, C, and P cycling (Yergeau et al., 2012),
reduced biomass yield (Paumelle et al., 2021), and shifts in community composition (Kergoat et al.,
2021). In light of this range of responses, it has been challenging to derive a coherent theme regarding

the effects of SMX on microbial processes in aquatic environments.

To address this, we investigated the effect of SMX on river-derived microbial communities using a
combination of flume systems, which mimic natural riverine conditions (Borsetto et al., 2021), and
batch culture incubations. Sample source was the Holtemme, a small river in Germany investigated
previously (Weitere et al., 2021; Haenelt et al., 2023a; Haenelt et al., 2023b). Next to recording
standard water quality parameters, we tracked active microorganisms by stable isotope probing (SIP)
with >NH,* as anabolic substrate (Musat et al., 2014, 2016). N incorporation with and without added
SMX was recorded in planktonic and biofilm-forming microbial communities by Nanoscale Secondary
lon Mass Spectrometry (NanoSIMS) and using an Elemental Analyser - Isotope Ratio Mass
Spectrometer (EA-IRMS). We found that SMX increased nitrogen assimilation at low to medium pg/L
concentrations, with the effect varying by sample source and exhibiting heterogeneity within microbial

communities. These findings provide further evidence that SMX can influence biogeochemical cycles
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at environmentally relevant concentrations. Furthermore, we suggest that inter- and intra-sample

heterogeneity may explain previously observed variation in community responses.

2. Results and Discussion

2.1 Flume systems: Long-term experiment over 63 days

To simulate river conditions, we established six flume systems in a climate chamber (17 °C, 16 h light
and 8 h dark cycle) using 40 L of water collected from either of two sampling sites at the Holtemme
(Figure S1A). One site was in the near-pristine part in the Harz Mountains (referred to hereafter as NP
for near-pristine), while the second site was located 8 km downstream of the first WWTP discharging
into the river (hereafter W1 for wastewater-impacted). For each site, one system served as control and
two systems were amended once with 12.5 pg/L of 2C-SMX or BC-SMX, with the latter to test for

microbial assimilation of SMX-derived carbon (Figure S1B).

In the four systems spiked with SMX, the concentration decreased to approximately 8 pg/L on day 8,
after which it remained essentially constant until the end of the experiment (Figure S2A). In all
systems, the 13C content in microbial biomass samples was at the natural abundance of 1.1% throughout
the experiment according to EA-IRMS analysis (Figure S2B). Therefore, SMX-derived C assimilation
(if any) was below the detection limit. The comparatively short period of eight days during which there
was a decrease in SMX concentration also suggest that co-metabolic and abiotic transformation
processes occurred at negligible rates (Straub, 2016; Wang and Wang, 2018; Akay et al., 2024). Rather,
it is likely that the SMX concentration stabilized after sorption to plastic surfaces and organic matter
in the flume systems (Guo et al., 2019). Similarly, Borsetto et al. (2021) observed an initial decrease
in SMX concentration starting at 1.2 pg/L in flume systems with surface water and sediment collected
downstream of a WWTP, followed by an increase over 24 days. The authors concluded that
biodegradation was unlikely in the initial phase. The water in our systems was fully oxygenated, and
although bacteria that aerobically degrade SMX are known, degradation does not readily occur under
such conditions (Ingerslev and Halling-Sgrensen, 2000; Jiang et al., 2014; Ricken et al., 2013). Aerobic
SMX degraders may not have been present or only in very small numbers in the Holtemme water,
potentially because the SMX concentration in its principal source, the WWTP effluent, is in the low
ng/L range and may not be a significant carbon and energy source in the river (Haenelt et al., 2023a;
Haenelt et al., 2023b; Svara et al., 2021).
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However, there was evidence that SMX influenced microbial activities in the flume systems. Figure 1
shows the dynamics of NO3™-N, total carbon (TC), total organic carbon (TOC), dissolved carbon (DC),
dissolved organic carbon (DOC), and pH in the six systems. While the values for the parameters did
not differ substantially in the three WI systems, the NP systems exhibited notable differences
depending on the presence or absence of added SMX. In the two NP systems with SMX, the NO3z™-N
concentration decreased from a mean of 1.1 mg/L on day O to below the limit of quantification
(0.042 mg/L) within 21 days, whereas it took over 40 days without SMX addition. NH4"-N and NO2™-N
concentrations were below 0.1 mg/L in all six systems, with no apparent differences (not shown). It
seems more likely that the faster nitrate removal was due to increased assimilation rather than a higher

dissimilatory nitrate reduction rate under full oxygen saturation.

The literature provides a contrasting picture of the effect of low concentrations of SMX on nitrate
turnover: (i) a slight increase in denitrification was described for microcosms with Morcille River
sediment and 5 pg/L SMX (Pesce et al., 2021), (ii) inhibition of denitrification was measured in
Yarlung Zangbo River sediment slurries with SMX > 1 ug/L (Xu et al., 2020), and (iii) lower nitrate
concentrations but also lower denitrification rates were recorded in Yangtze River sediment slurries
with SMX in the range of 29-57 ng/L (Chen et al., 2021). The reasons for these apparent discrepancies
are unknown and could be the result of differences in the composition of the microbial community and
in SMX concentration and bioavailability due to different sediment types with various sorption

capacity (Hou et al., 2010).

Here, TC, TOC, DC, and DOC increased in all six flume systems over time, presumably due to
photosynthetic activity, as evidenced by the formation of a thin algal or cyanobacterial film on the
inner walls of the systems. After day 21, these parameters exhibited a greater increase in the NP system
without added SMX compared to the NP systems with SMX. The lower accumulation of organic
carbon in the presence of SMX may be attributed to the inhibition of primary productivity. SMX is
acutely and chronically toxic to aquatic photosynthetic microorganisms (Kovalakova et al., 2020;
Zhang et al., 2022), with long-term inhibition occurring at or below (depending on test species and
exposure time) the SMX concentration in our flume systems. The underlying mechanisms for the
comparably high sensitivity of aquatic photosynthetic organisms are not yet clear, and may be
multifactorial and may involve general stress response systems (Zhang et al., 2022). Here, SMX did
not affect the relative abundance of Cyanobacteria and chloroplasts in the water according to amplicon

sequencing (Section 2.1.2). However, absolute abundances were not quantified, and the composition
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of biofilms that developed in the systems were not characterized. Uneven biofilm distribution,
according to visual inspection and predictably influenced by flume geometry and light source
positioning, would have prevented accurate extrapolation of discrete sample data. Alternatively or
concomitantly to an effect on photosynthetic microorganisms, the lower accumulation of organic
carbon in the SMX-amended systems could have been due to increased aerobic respiration as in the

aforementioned flume systems containing Morcille River sediment (Pesce et al., 2021).

2.1.2 Bacterial community structure

To investigate whether the different activity patterns were due to shifts in bacterial community
composition induced by SMX, we performed 16S rRNA gene amplicon sequencing on water samples
from the six NP and WI flume systems. A total of 8.2 million high-quality read pairs were generated
from 44 samples (131k to 269k read pairs per sample). Patterns in alpha and beta diversities did not
provide evidence for an influence of SMX on bacterial community structure (Figure S3). At both
sampling site types, the majority of amplicon sequence variants (ASVs) affiliated with typical bacterial
inhabitants of an oxic river (Table S1). Predominant families were Alcaligenaceae, Burkholderiaceae,
Caulobacteraceae Comamonadaceae, Flavobacteriaceae, Legionellaceae and Sphingomonadaceae.
SMX had no effect on the prevalence of the 20 most abundant bacterial families. ASVs associated with
Cyanobacteria other than chloroplasts had a total relative abundance of approximately 1% in WI and
1.8% in NP samples, respectively. Their abundance declined over time, with no substantial differences
between the flume systems. Similar findings have been reported previously, where bacterial
community compositions in flume systems remained unaffected by the presence of 4 pg/L SMX
(Borsetto et al., 2021).

2.1.3 Ammonium assimilation by the microbial communities

We analyzed bulk microbial activity in samples from all flume systems by tracking the incorporation
of ©*N from labeled ammonium into biomass over 24 h using EA-IRMS. Figure 2 shows that ©°N
isotope enrichment relative to natural abundance [x(*°N) in percent] were higher in the systems with
SMX. Most prominently, x(**N) increased to 18.6% and 20.6% in the two WI samples with SMX in
samples from day 0, compared to 7.1% in the system without SMX — a 64% increase in isotope
enrichment with SMX. Across the remaining seven sampling days, the general trend showed higher
x(**N) values in the presence of SMX. In W1 water systems, x(*°N) was 9.1% to 31% higher with SMX
(mean increase of 18.1%) during five sampling days (days 8, 21, 28, 42, and 63). On the remaining

two sampling days (days 3 and 14), the differences were within the variability of the replicates. In the
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NP water systems, X(**N) was elevated in all but one samples (day 28 with ?C SMX), with increases
ranging from 5.0% to 40.5% in the presence of SMX compared to without the antibiotic (mean increase
of 21 %).

Therefore, there was evidence for SMX affecting microbial activities but not community composition
in the systems. The most pronounced effect was observed for nitrogen assimilation, with the extent of
the response varying depending on the sample origin. We acknowledge that there were only two
replicate flume systems with SMX and one control per sampling site, which necessitates cautious
interpretation of these findings . However, our findings align with previous reports demonstrating that
low pg/L concentrations of SMX can stimulate microbial activity (Cui et al., 2020; Kergoat et al.,
2021; Liu et al., 2017; Paumelle et al., 2021; Pesce et al., 2021). To further investigate the effect of
SMX on microbial activity in Holtemme water, we opted for short-term microcosm experiments with

fresh samples.

2.2 Batch cultivation: Short-term experiment over 24 hours

2.2.1 Bulk analysis using EA-IRMS

We incubated surface water and biofilm samples collected from NP and WI with SMX concentrations
of 10, 100 and 1000 pg/L, representing the high range of SMX detected in rivers (Larsson, 2014;
Wilkinson et al., 2022), and determined x(**N) by EA-IRMS. Across all sample types, x(**N) values
were 11.2% to 37.6% higher in the presence of 10 or 100 pg/L SMX compared to the corresponding
SMX-free incubation (Figure 3). Water samples exhibited greater N enrichment than biofilm
samples, with x(**N) values ranging from 7.1% to 28.1% for NP and 9.9% to 17.9% for WI samples.
In biofilm samples, x(:°N) values ranged from 3.4% to 6.3% for NP and 5.3% to 9.7% for WI samples.
Previous findings showed that biofilm-associated cells are often less metabolically active than
planktonic cells, likely due to nutrient and oxygen limitations (Crabbé et al., 2019). Additionally,
extracellular polymeric substances in the biofilm may have hindered the diffusion of °N-labeled
ammonium, limiting its assimilation. In NP and WI biofilm, the greatest increase in x(**N) occurred at
10 pg/L SMX, whereas enrichment continued to rise in WI river water samples at 100 pg/L SMX,
suggesting that the W1 microbial community was more adapted to the antibiotic. At 1000 pug/L SMX,
no further increase in N assimilation was observed, and x(**N) values even declined in the NP biofilm,
possibly due to an inhibitory effect of SMX counteracting any enhancement of ammonium

assimilation.
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2.2.2 Quantifying ammonium assimilation using NanoSIMS

To capture cellular heterogeneity of the SMX effect on ammonium assimilation, we carried out
NanoSIMS analysis with surface water and biofilm samples from the NP and W1 sites (Figure 4). N
assimilation is shown as violin plots (Figure 5), expressed as atom % enrichment (Ks) calculated after
adjusting for the effects of sample preparation (Stryhanyuk et al., 2018). Klicken Sie hier, um Text

einzugeben.

The shape of the violin plots revealed three main differences in assimilation activity with and without
SMX. First, there was an increase in Kt in all samples in the presence of SMX. The highest increase
was with 10 pg/L SMX, except in W1 biofilm samples, where the median Ks were similar at 10 pg/L
and 1000 pg/L SMX. Across all four sample types, the mean Kr was 19.6% - 36.1% higher at 10 pg/L
SMX compared to treatments without the antibiotic. This pattern mirrored the results of the bulk
measurements, except in WI surface water, where 100 pg/L SMX had the strongest effect instead of

10 pg/L, possibly due to structural and functional heterogeneity among the analyzed samples.

Second, ammonium assimilation was heterogeneously distributed within each community, and this
heterogeneity varied by sample source. Without SMX, the highest heterogeneity was observed in WI
surface water samples, possibly because a less-active fraction of the microbial community consisted of

wastewater-derived cells not yet adapted to the river environment.

Third, surface water samples exhibited higher median K: values (51.6 at% — 78.3 at%) than
corresponding biofilm samples (6.8 at% — 21.6 at%), consistent with the bulk analysis results. In
surface water samples, nearly all analyzed biomass responded to SMX. In contrast, in biofilm samples,
a substantial fraction of the biomass either did not respond or experienced SMX-induced inhibition,

which counteracted any increase in °N assimilation activity.

2.3.2 Mechanistic considerations, limitations, and outlook

The underlying mechanism driving this increased N assimilation is uncertain. In the literature, a so-
called hormetic effect of SMX and other sulfonamides at low pg/L concentrations has been proposed,
characterized by a biphasic dose-response where low concentrations stimulate and high concentrations
inhibit (Li etal., 2020; Liu et al., 2017; Sun et al., 2019 Wang et al., 2016; You et al., 2016). Low SMX
concentrations would promote ATP and macromolecule synthesis, ultimately enhancing cell
proliferation. Sulfonamides may bind to the LuxR regulator, inducing transcriptional changes that lead

to increased growth (Lin et al., 2023). This model is in line with reports that low SMX concentrations
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increase (i) bioluminescence in Aliivibrio fischeri, which is under LuxR control (Vasconcelos et al.,
2017), (ii) aerobic respiration in investigated freshwater sediments (Pesce et al., 2021), and (iii)
conjugation transfer frequency (Sun et al., 2019). Thus, SMX would act as signaling molecule at low,
sub-inhibitory concentrations, a function proposed for various antibiotics (Fajardo and Martinez,
2008). It should be noted that it would be a coincidental rather than an evolved function since
sulfonamides are synthetic antimicrobials, not naturally produced antibiotics. A qualifier to these
studies is that microbial growth assessments were based on optical density measurements in microtiter
plates, which can be confounded by biofilm formation on well surfaces (Vesterlund et al., 2005).
Biofilm formation under antibiotic stress is well documented, and would be consistent with an
involvement of LuxR in the bacterial response to SMX. Instead of net growth stimulation, an
alternative explanation may be an increased biomass turnover due to cellular stress induced by SMX

exposure.

In this study, we did not quantify bacterial growth or cell status indicators, as we did not consider it
reliable extrapolating results from discrete samples to the total biofilm mass in the flume systems in
the 63-day experiment and accurately tracking respective changes on pebble surfaces over the 24-h
experimental period. Moreover, given the heterogeneous ammonium assimilation rates revealed by the
NanoSIMS analysis, bulk measurements may not provide further clarity on the effects of low-doses of
SMX on microbial communities. A more promising approach could involve nucleic acid- and protein-
SIP using ®N-labelled ammonium or nitrate, allowing the identification of bacteria particularly
responsive to low doses of SMX and illuminate the cellular processes involved. Further studies are also
needed to better define the effects of chronic and peak SMX exposure on photosynthetic activities in
impacted rivers, and to test SMX concentrations below 10 pg/L for their impact on ammonium

assimilation.

3. Conclusions

This study demonstrates that environmentally relevant concentrations of SMX stimulate microbial
nitrogen assimilation in river water, with potentially significant implications for nutrient cycling and
ecosystem function. Our integrated approach, employing flume systems and batch experiments coupled
with SIP using EA-IRMS and NanoSIMS, consistently revealed enhanced nitrogen uptake, ranging
from a two-fold increase in nitrate transformation to 10-64% higher ammonium assimilation. The

concurrent reduction in aqueous carbon content suggests a complex metabolic shift induced by SMX
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exposure. Heterogeneity in response observed within and across samples, revealed by NanoSIMS
analysis, likely explains inconsistencies in previous studies using communities from diverse habitats
and locations. Promising future research directions include identifying the specific bacterial taxa
responsible for these effects, providing a basis for investigating the cellular mechanisms that mediate
the observed changes in nitrogen assimilation, and assessing the broader ecological consequences of

SMX-induced shifts in nutrient cycling.

4. Materials and Methods

4.1 Long-term experiment with flume systems

4.1.1 Flume system setup

The six flume systems were established in a climate chamber located at the Helmholtz Centre for
Environmental Research in Magdeburg, Germany. The flumes were constructed from polycarbonate
and had dimensions of 140 cm x 15 cm x 20 cm. They were connected to HDPE drums equipped with
Red Dragon 5 ECO pumps (Royal Exclusive, Germany) using HDPE and PVC pipes. These pumps
were used to recirculate the water in the system (10 L/min). The ambient temperature was maintained
at 17 °C according to the water temperature at the wastewater-impacted site at the time of sampling.
Water temperature at the near-pristine site was slightly lower, measuring 15 °C. Artificial lighting was
provided with a 16 h light and 8 h dark cycle (Econlux Solarstinger SunStrip 800 mm, Germany).
Water was collected from two sites at the 47-km long Holtemme river in Saxony-Anhalt, Germany
(Figure S1A). The river originates in the Harz National Park and is considered nearly pristine in the
upper mountainous part, where the stream bed has not been anthropogenically altered and only traces
of a limited number of anthropogenic pollutants, such as the insecticide diethyltoluamide, have been
found (Weitere et al., 2021). Downstream from the mountains, the landscape is dominated by
agriculture. The Holtemme passes through several small cities (< 32,000 inhabitants) and receives
wastewater from two WWTPs before draining into the Bode river. The first water collection site was
in the near-pristine part in the Harz Mountains (51°49'00.9"N 10°43'28.6"E), while the second site was
located 8 km downstream of the first WWTP discharging into the Holtemme in an area dominated by
agriculture (51°53'05.8"N 10°57'47.5"E). Samples from these sites and respective flume systems will
be referred to hereafter as NP for near-pristine and WI for wastewater-impacted. Six flume systems

were filled with 40 L of river water each, three from the NP and three from the WI site. Two systems
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each from NP and W1 were spiked once with either 12.5 pg/L *C-SMX or 12.5 pg/L *C-SMX [2 mL
of 250 mg/L solution in equal volumes of methanol and double-distilled H.O (ddH-2O)], while the
remaining two flume systems were used as control (Figure S1B). The flume systems were operated

under these conditions for 63 days.

4.1.2 Sampling and sample preparation

Water samples were collected from the flume systems at eight different time points (day 0, 3, 8, 14,
21, 28, 42, and 63) during the experiment. On each sampling day except day 0, we took multiple water
samples from all six systems: 500 mL for DNA extraction, 1.5 mL for measuring total carbon (TC)
and total organic carbon (TOC), 1.5 mL of filtered water for measuring dissolved carbon (DC) and
dissolved organic carbon (DOC), and 60 mL of filtered water for measuring ammonium (NH4*-N),
nitrite (NO2-N) and nitrate (NOs™-N) concentrations. Filtration was performed using PSE PALL filters
(diameter 47 mm, pore size 0.22 um, Pall Corporation, NY - USA) and a vacuum system. On day 0, the
samples were directly taken from the river water. In addition, 1 mL of filtered water was collected for
LC-MS/MS analysis on all sampling days from the flume systems spiked with SMX. For the two
control systems, samples for LC-MS/MS were collected only on days 0 and 63. On each sampling day,
50 mL water samples from all six flume systems were spiked with 800 pL *NH4Cl and 200 pL
®’NH4Cl each (both stocks at a concentration of 100 mM) and incubated at RT and 20 rpm for 24 h
prior to filtration and further analysis with an EA-IRMS as described in detail below.

4.1.3 Chemical analyses

Water temperature, pH, and oxygen saturation were measured in all flume systems on each sampling
day using a MultiLine® Multi 3630 IDS multi-parameter portable meter, equipped with a SenTix 940
pH electrode and an FDO 925 IDS oxygen probe (all from Xylem Analytics, Germany). Concentrations
of TC, TOC, DC and DOC were quantified using a multi N/C 2100S Analyzer (Analytic Jena,
Germany). NH4*-N, NO>-N, and NOs-N concentrations were determined using a SanSERIES
Continuous-flow Analysator (Skalar, The Netherlands) at the Central Laboratory for Water Analytics

and Chemometrics of the Helmholtz Centre for Environmental Research Magdeburg.

For LC-MS/MS analysis, stock solutions of 10 mg/L of 2C-SMX and 3C-SMX, respectively (Sigma-
Aldrich, MO, USA) were stored in pure methanol at -20 °C. Prior to the measurement, standards with
0.01, 0.02, 0.05, 0.075, 0.1, 0.2, 0.5, 0.75, 1, and 2 pg/L SMX plus 0.1 pg/L SMX-D4 as internal
standard were prepared in 900 pL H>O with 0.1 % formic acid and 100 pL of methanol. The
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concentrations of 2C-SMX and *C-SMX were measured using an Agilent 1260 Infinity 11 Series liquid
chromatography (LC; Agilent Technologies, CA, USA) system coupled to an AB Sciex QTRAP®
6500+ tandem mass spectrometer (MS/MS) equipped with a Turbo V™ ion source (AB Sciex, UK).
The multiple reaction monitoring (MRM) mode was used with electrospray ionization in positive
polarity. The separation of analytes was carried out with a Zorbax Eclipse Plus Rapid Resolution HT-
C18 column (100 mm x 3.0 mm, 1.8 um; Agilent Technologies, CA, USA) attached to a Phenomenex
Security guard cartridge system (C18, ODS, Octadecyl; Phenomenox, CA, USA) operated at 30 °C.
The injection volume and the flow rate were set at 50 pL and 0.4 mL/min, respectively. The binary
mobile phase consisted of 0.2 % formic acid in LC-MS grade H20 (solvent A) and methanol (solvent
B). The LC gradient program started with a 2-min equilibration at 10 % B, followed by a 1-min linear
increase to 60 % B, 5-min linear increase to 90 % B, 3-min hold at 90 % B, 0.1-min decrease to 10 %
B, and 4.9-min hold at 10 % B. The dwell time of the analytes was 40 ms. The ion source-dependent
MS parameters were kept constant during the whole acquisition: Curtain Gas (CUR): 35 psi; lon spray
voltage (1S): 5000 V; Turbo Spray Temperature (TEM): 450 °C; Nebulizer Gas (GS1): 60 psi; Heater
gas (GS2): 60 psi; CAD Gas: Medium. Nitrogen was used as the curtain and collision gas. The
compound-dependent MS parameters were optimized by direct infusion of the analytes of interest
(Table S2). All data were acquired and processed using Analyst 1.7.2 Software (Sciex, MA, USA).

For EA-IRMS analysis of *3C and *>N incorporation of into microbial biomass, water samples were
filtered through pre-combusted (5 h at 450 °C) 25-mm glass microfiber filters, grade GF/F (Whatman,
UK), rinsed with 10 mL Milli-Q water, and dried under vacuum for 10 min at RT. The filters were
placed in a desiccator with a tray of 6N hydrochloric acid (Carl Roth, Germany) underneath for
overnight decalcification. Then, the filters were cut in half, each half wrapped in 10 x 10 mm tin
capsules (HEKAtech, Germany) and analyzed using a Flash 2000 Organic Elemental Analyzer (EA),
coupled with a ConFlo 1V open split system to a Delta VV Advantage isotope ratio mass spectrometer
(all Thermo, Germany). Flash combustion was performed at 1020 °C by providing an oxygen pulse of
12.5 mL/min in a combustion reactor filled with silvered cobalt oxide, chromium oxide (both IVA
Analysentechnik, Germany), and quartz wool (HEKAtech, Germany). The oxidation products were
transferred in a helium carrier gas flow of 120 L/min to the reduction oven, filled with reduced copper
(HEKAtech) and maintained at 650 °C. Remaining water was trapped with magnesium perchlorate
(HEKAtech) and the gas mixture was separated on an IRMS separation column (length 300 cm, OD

6 mm, ID 5 mm) operated at 50 °C. The *3C and '*N enrichments were expressed in atom fraction x('E)
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as suggested by Coplen (2011). The atom fraction x('E) is calculated using the amount of isotope 'E

and isotope JE of an element E (Equation 1).

n( ‘E)
n( 'E) + n(’E)

x('E) =

Eq.1

4.1.4 Bacterial community analysis

DNA extraction, 16S rRNA gene amplicon sequencing, and data analysis were conducted as previously
described (Haenelt et al., 2023b; Knecht et al., 2022). In brief, biomass was removed from the PSE
Pall filters by agitating the filters with zirconium beads in BE buffer, and DNA extraction was
conducted using a NucleoSpin Microbial DNA Kit (Macherey Nagel, Germany) following the
manufacturer’s protocol. A 16S rRNA gene amplicon library was prepared with PCR primers targeting
the variable region V3 of the 16S rRNA gene. The libraries were generated with an Illumina NextSeq
500/550 High Output Kit v2.5 and sequenced on an Illumina Nextseg-System (lllumina, San Diego,
CA, USA). Data analysis was carried out with the software package QIIME 2 (Bokulich et al., 2018;
Bolyen et al., 2019) and DADAZ2 (Callahan et al.,-2016). Taxonomic assignments were carried in
QIIME 2 using the pre trained classifier “Silva 138 99% OTU full-length sequences”, and manually
curated in R using phyloseq (McMurdie and Holmes, 2013). Alpha diversity was assessed by
computing the Observed Richness and Shannon diversity indices. For beta diversity, a non-metric
multidimensional scaling (NMDS) plot was built from Bray Curtis dissimilarities using the R package

vegan, version 2.6-4 (Oksanen et al., 2022).

4.2 Short-term isotope labelling experiment over 24 hours

4.2.1 Experimental set-up

To investigate the short-term effect of SMX on nitrogen assimilation by planktonic and biofilm
microbial communities, we employed EA-IRMS and NanoSIMS analysis. Surface water and pebbles
with attached biofilm were collected from the two sites, NP and WI, in sterile and pre-rinsed 250-mL
glass bottles. Water volumes of all setups are provided in Table S3. SMX was added at concentrations
of 10, 100 and 1000 ug/L, prepared from a 250 mg/L stock solution in ddH20. Negative controls did
not receive SMX. SIP using '°N-labeled ammonium as a general metabolic tracer was applied to
quantify microbial N assimilation. 500 mM *NH4CI and 500 mM “NH.CI (125 to 500 uL depending
on the water volume) were added to all samples to reach a final concentration of 3.1 mM each. For

planktonic cells, surface water was collected from the river directly and amended with **N-ammonium
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and 3C-SMX. For biofilm samples, river water was filtered using 0.45 um PES syringe filters
(Whatman, UK) to remove planktonic cells, and three pebbles were added to the glass bottle prior to

amendment with SMX and ammonium.

All bottles were incubated for 24 hours at natural light conditions with shaking at 80 rpm. At time
points 0 and 24 hours, 1 mL of water was collected from each bottle for SMX concentration
measurements. Measured SMX concentrations agreed with calculated concentrations, indicating

negligible sorption to the glass walls of the bottles or the pebbles.

For bulk analysis via EA-IRMS, water samples (50 mL) were filtered in triplicates and biofilm samples
were detached from the pebbles outside the incubation bottles using a metal inoculation loop. Six

samples per setup were analyzed as described above (Section 4.1.3).

4.2.2 SIP-NanoSIMS analysis

Assimilation of **N-ammonium into microbial biomass was further analyzed using a NanoSIMS 50L
instrument (AMETEK, CAMECA, France). Planktonic or biofilm-forming cells from freshly collected
samples were incubated with 50 at% of ®N-ammonium for 24 h as described above. The preparation
of the samples for NanoSIMS analysis is described in detail in the Supplemental Material. During
analysis, corresponding masses of seven secondary ion species were acquired (**OH™ for sugar
signatures; ?C,~ and ?C,*H™ to differentiate between organics of different densities originating from
sample carriers, extracellular polymeric substances and biomass; 1>C*N™ as a general intrinsic marker
for biomass; 2CN™ to assess the assimilation of *N-ammonium into biomass; 3P~ and 32S™ as
intrinsic biomarkers for RNA and proteins, respectively). Measurements were conducted with mass
resolving power (MRP) above 8000, 20x140 um (width x height) nominal size of the entrance slit,
40x1800 um exit slits, an aperture of 200x200 um, and an energy slit cutting off 30 % of secondary
ions in their energy-distribution tail. Caesium (Cs) pre-implantation was performed in two steps. Low
energy 50 eV Cs" ions in a 400 pA beam were deposited over a 100x100 pm? sample area for 17 min.
Then, 16 keV Cs* ions in a 200 pA beam were pre-implanted within the same 100x100 pum? area for
15 min. Within these pre-implanted areas, 35x35 pum? fields of view were scanned in a 512x512 pixel
raster using a 4 pA primary Cs* ion beam with dwelling time of 2 ms/pixel. To ensure complete sample
consumption in each field of view, data acquisition in 80 scans was performed. The acquired data were
corrected for lateral drift using the Look@NanoSIMS (LANS) software (Polerecky et al., 2012).
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Analysis of nitrogen assimilation in the heterogeneous river samples presented challenges for single-
cell isotopic analysis due to the wide range of biomass sizes and structures observed (e.g., filaments,
cell fragments (Figure 4CD). Calculating a mean N assimilation for entire agglomerates or cells would
not accurately reflect the isotopic heterogeneity within these structures. Therefore, we utilized a pixel-
based approach to analyze NanoSIMS data. This involved calculating the N assimilation for each
individual pixel within defined regions of biomass, effectively treating each pixel as an independent
data point. This method allowed us to capture the full range of isotopic values within biomass

agglomerates and significantly increased the number of data points.

Microbial cells and biomass aggregates were defined as regions of interest (Rol) based on distribution
maps of 2CN™ ions as biomass intrinsic biomarker. The Rol were defined on CN- ion maps using an
automatic thresholding mode, recognizing voxels with CN" ion counts over 5% of maximal counts as
biomass i.e., cell-related. The fraction of assimilated nitrogen was calculated in each voxel within the
defined Rol (Table S4). The relative nitrogen assimilation K was calculated using equation 2
(Stryhanyuk et al., 2018), where Fs refers to the fraction of °N at the final time point after 24 h of
incubation, Fi refers to the fraction of *°N at the initial time point (Fi=0.00364) at natural abundance of

1N, and Fs is the fraction of *N in the added ammonium (Fs=0.5).

K — F—F \ 205N 4 12014N 0.00364 o
I T R—F 0.5 — 0.00364 q

4.3 Statistical analyses

For statistical analyses, we performed Kruskal-Wallis and Dunn’s tests using the R package rstatix,
version 0.7.2 (Kassambara, 2023).
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Figure 1. Physicochemical parameters in flume systems monitored over a time course of 63 days. (A)
Total carbon (TC) concentration in mg/L. (B) Dissolved carbon (DC) concentration in mg/L. (C) pH.
(D) Total organic carbon (TOC) concentration in mg/L. (E) Dissolved organic carbon (DOC)
concentration in mg/L. (F) Nitrate concentration in mg/L. Colors and line type represent the river water
(yellow, dashed line — wastewater-impacted water; blue, solid line — near-pristine water), the shape
represents the type of SMX addition (circle — no SMX; square — *2C-SMX; diamond — *3C-SMX). Not
shown are water temperature (17-19 °C during the operational period), oxygen saturation (always
102 %), ammonium and nitrite concentrations (always <0.1 mg/L, with no apparent differences
between the systems).
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Figure 2. EA-IRMS measurements of *°N-uptake by bulk biomass in flume systems, expressed as
15N atom fraction over time. Colors and line types represent the sampling site (yellow, dashed line —
wastewater impacted water; blue, solid line — near pristine water), shape represents the absence or
addition of SMX (circle — no SMX; square — C SMX; diamond — *C SMX).
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Figure 3. EA-IRMS measurements of 1°N uptake by the bulk biomass in 24 h labelling experiments,
shown for surface water (top) and biofilm samples (bottom). x(**N) [%] is the $°N isotope enrichment
relative to natural abundance. Colors represent the sampling site (blue — near-pristine; yellow —
wastewater-impacted). n=6 per condition.
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Figure 4. Representative chemical maps acquired during the nanoSIMS analysis showing the
isotopic enrichment of biomass for a wastewater-impacted planktonic sample with 100 pg/L SMX
(A and C) and a wastewater-impacted biofilm sample without SMX (B and D) after 24 h of
incubation. (A and B) *2C¥N- to define regions of interest (displayed in white). The colorbar
indicates the secondary ion counts per pixel. (C and D) *C*N/*C*N- for quantification of nitrogen
assimilation. The colorbar indicates the ratio of *?C*°N- over 2C*N-,
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Figure 5. Distribution of N assimilation (Kr) per pixel, derived from NanoSIMS measurements of
selected regions of interest (ROI) in biomass from surface water (top) and biofilm compartment
(bottom). Colors indicated the sampling site (blue — near-pristine; yellow — wastewater-impacted),
the width of each violin plot represents the relative proportion of pixels corresponding to a given *°N
assimilation value within the respective ROI. Black dots display the median values.
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| Bacterial N assimilation increased in the presence of environmentally relevant concentrations of SMX,
| which may have substantial consequences for nutrient dynamics and primary productivity.
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