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ABSTRACT

A cost-effective Daphnia magna testing framework was applied to identify emerging hazards such as neurological
and cardiovascular defects as well as antibiotic resistant genes (ARGs), related to pharmaceuticals present in
waste water treated (WWTP) effluent discharged into rivers. D. magna juveniles were exposed during 48 h to
water samples from three rivers in the vicinity of Barcelona (NE Spain), Besos, Llobregat and Onyar, upstream
and downstream of WWTP discharging points. The analyses included measuring levels of 80 pharmaceutical
residues in water samples by HPLC-MS, determination of the loads of different clinically relevant antibiotic
resistant genes (ARGs) in both water samples and exposed animals, and assessment of toxic effects in feeding,
heartbeat responses, and behavioural indicators. ARG prevalence in water, but not in gut microbiomes, was
associated with the presence of bactericides in water. These results suggest that their levels were high enough to
put a selective pressure over river microbial populations, but that Daphnia guts were not easily populated by
environmental bacteria. Toxic effects were found in 20-43% of water samples, depending on the river, and
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related to water quality parameters and to pollutant levels. For example, heartbeats were correlated with salinity,
whereas feeding impairment did so with high loads of suspended solids. In contrast, behavioural alterations were
associated to the concentration of neuroactive chemicals. Accordingly, we hypothesize that measured neuro-
active chemicals have caused the observed effects. If this also applies to local invertebrate populations, the
environmental consequences may be severe and unpredictable.

1. Introduction

Wwildlife is exposed to low-level concentrations of pharmaceutical
mixtures, which are potentially dangerous to ecosystems and ultimately
to human health (Konig et al., 2017). Among them, neuroactive chem-
icals are of special concern due to their ability to interact with the
central nervous system (CNS) and hence disrupt not only cognitive re-
sponses but also key organismic physiological processes such as meta-
bolism, survival, growth and reproduction (Leuthold et al., 2019). On
the other hand, the excessive use of antibiotic and disinfectants have
also promoted emerging human health hazards such as the raise of
antibiotic resistance bacteria and/or genes (ARGs) (Singh et al., 2019).
Treated wastewater treatment plants (WWTP) discharges are an
important pollution source for both neuroactive pharmaceuticals and
ARGs in surface waters (David et al., 2018; Garcia et al., 2020; Styr-
ishave et al., 2011). This situation is aggravated in Mediterranean and
other semi-arid regions where WWTP effluents are an important part of
the river flow (Petrovic et al., 2011). Furthermore, in these semi-arid
regions reclaimed water is increasingly used as a recycling water
source for drinking water, irrigation, industry and ecological purposes
(Munné et al., 2023). Thus, there is an urgent need to monitor
contaminant and ARGs hazards present in reclaimed water using reliable
cost-effective methods (Mdrria et al., 2024; Stankiewicz et al., 2024).

In real field conditions, chemical cocktails include the parental
compounds but also their degradation products and metabolites (Nerin
et al., 2013). Furthermore, water physico-chemical conditions like pH,
hardness and conductivity may change the speciation of chemicals
(Neuwoehner and Escher, 2011; Pinheiro et al., 2021). Current
one-chemical-based hazard approaches suffer from a lack of exposure
realism since they evaluate one chemical at a time, often in laboratory
exposures, and hence do not consider chemical speciation, trans-
formation, metabolism and interaction (Drakvik et al., 2020). In addi-
tion, current hazard assessment methods are based on standardized
toxicity tests that lack sensitive responses to assess emerging hazards,
such as neurological defects or the presence of ARGs.

The use of sentinel species for environmental monitoring using
toxicological procedures upgraded with neurological sensitive responses
may improve our ability to identify neuroactive hazardous chemicals.
The freshwater crustacean Daphnia magna is a world-wide used sensitive
sentinel species for environmental monitoring, because of its key role in
the aquatic food web and sensitivity to toxic pollution (Abdullahi et al.,
2022). Recently, the development of behavioural and cardiovascular
tests in D. magna has allowed to better evaluate cognitive and cardio-
vascular defects of a large set of neuroactive chemicals under laboratory
conditions (Bedrossiantz et al., 2020, 2021, 2023; Bellot et al., 2021).
Daphnia magna has also the ability to feed on algae and bacteria, and
thus it has been also used in antibiotic resistance related studies mostly
in lab conditions (Carrillo et al., 2023; Olanrewaju et al., 2019; Tang
et al., 2010). So far, the development and application of field and lab
assays in D. magna has allowed to monitor lethal and sub-lethal (i.e.
feeding inhibition) mediated effects of pesticides, metals and other in-
dustrial contaminants in the field (Barata et al., 2007; Damasio et al.,
2008,2011a; Puértolas et al., 2010). Field assays include short term
transplant in situ assays where animals are exposed to river water in
special designed cages (Barata et al., 2007; Damasio et al., 2008; Puér-
tolas et al., 2010), whereas in lab assays animals are exposed to
field-collected water (Abdullahi et al., 2022; Mfrria et al., 2024; Rivetti
et al.,, 2015). In both assays, post-exposure effects are assessed by

combining individual, biochemical and/or molecular responses.

The aim of this study is to evaluate neurological, cardiovascular and
feeding mediated effects of pharmaceuticals, as well as the presence of
ARGs, in WWTP discharges in three Mediterranean rivers along the
Catalonian region (NE Spain) using lab exposure procedures. The study
is focused on a tertiary treated reclaimed water effluent discharge used
to re-establish the ecological water flow of the Llobregat river (Munné
et al., 2023) and in two conventional secondary WWTP effluents that
discharge in the Besds and Onyar rivers. The Llobregat and Besds rivers
are affected by high industrialized areas surrounded by heavily popu-
lated regions including the metropolitan area of Barcelona (Munné
et al., 2023), whereas the Onyar river is situated in a less populated area
but suffers from agricultural and industrial activities around the city of
Girona (North Catalonia) (Cordoba-Ariza et al., 2024).

It is well known that many pharmaceutical residues, bactericides,
and ARGs (or/and ARG-carrying bacteria) are not completely removed
by WWTP and hence they are released into the rivers
(Dominguez-Garcia et al., 2024a; Khasawneh and Palaniandy, 2021;
Wang et al., 2020). To assess the importance of this combined envi-
ronmental impact, we combined chemical analysis, ARG quantification
techniques, and a large battery of behavioural assays in D. magna in-
dividuals. More precisely, our goal is to determine whether or not cur-
rent pharmaceutical and bactericidal levels in rivers are high enough to
elicit physiological responses, either in invertebrate populations or in
their gut microbiomes, using Daphnia as suitable and convenient model
organism.

2. Material and methods
2.1. Sampling

Samples were obtained from three distinct rivers located in Catalonia
(Spain) through grab sampling techniques: The Besos (B), Llobregat (LL)
and Onyar (O) rivers. Most sites from Bes6s and Llobregat rivers were
sampled twice between January and March 2023. During each sampling
campaign, water was collected in three locations: upstream, at the
effluent discharge point and downstream. Sampling locations in the
Besos River were chosen near the Montornes del Valles WWTP, which
processes 28,000 m> of domestic and industrial wastewater daily from
up to 200,000 inhabitants. In the Llobregat River, the sampling sites
were selected to examine the impact of using reclaimed water to
recharge the aquifer and to maintain the river flow. This reclaimed
water originates from the El Prat de Llobregat WWTP, situated 20 km
away from the recharging point, and serving a population of up to 2
million people in the metropolitan area of Barcelona (Munné et al.,
2023) Onyar River sampling points were situated close to a small WWTP
from the Girona suburbs that treats agricultural and domestic effluents
of 600 m3/day from about 4400 inhabitants. Fig. 1 shows a satellite
view of the sampling sites, and Table S1 (Supplementary Material, SM)
provides a description of the 14 samples.

Sampling was performed in amber glass bottles of 2 L. Samples (6 L)
were refrigerated until toxicological evaluations and processing for
physico-chemical and ARG analyses, which were carried out the very
same day. In each site, samples were collected at the discharge point and
immediately upstream and downstream of it, three samples per
campaign in total (Fig. 1).
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2.2. Water physico-chemical and ARGs analysis

For each water sample, pH, conductivity, oxygen levels, suspended
solids, ARGs and up to 80 chemical residues were determined. Briefly,
PH, conductivity, and dissolved oxygen concentration were measured in
situ using a WTW Multi 340i handheld meter (Wissenschaftlich-Tech-
nische Werkstatten [GmbH], Weilheim, Germany). Total suspended
solids were measured in the laboratory according to standard methods
(Eaton et al., 1995).

For ARG analyses, duplicated water samples of 0.5 L were sequen-
tially filtered through 3 pm and 0.2 pm membrane filters (Isopore,
polycarbonate and Omnipore, PTFE respectively, Merck-Millipore), to
retain both particle-attached and free-living bacteria. Filters were pre-
served at —20 °C until being processed for DNA extraction.

For chemical residue determinations, the analytical methodology
followed previous studies (Dominguez-Garcia et al., 2024a, b;
Gomez-Canela et al., 2021). It is focused on preserving and extracting
pharmaceuticals from river waters for the subsequent analysis by
LC-MS/MS. Prior to analysis river water was filtered using 0.45 pm
nylon filters (Phenomenex, Torrance, CA, USA) to remove solid parti-
cles. The LC-MS/MS analysis employed a CORTECS T3 column with a
mobile phase gradient, in the positive electrospray ionization (ESI+)
mode. Details on optimization parameters, fragmentation, accuracy and
recovery have been published elsewhere (Dominguez-Garcia et al.,
2024a).

2.3. Experimental animals and culture conditions

Parthenogenetic cultures of the D. magna clone F were used for this
study. This clone has been maintained for over 20 years in our lab
(Barata and Baird, 1998). Animals were cultured under a 16 h light: 8 h
dark photoperiod cycle, and at 20 + 1 °C. Several bulk cultures of 10
adult Daphnia females were maintained in 2 L of laboratory-prepared
water, i.e. ASTM hard synthetic water (APHA, 1995) complemented
with a 0.25 pm filtered food additive mixed into the water, which is a
seaweed extract (Marinure, UK) using a food ratio of 5 x 105 cells/mL of
Chlorella vulgaris that was cultured in semi-axenic conditions (Barata and
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Baird, 1998). Culture media were changed every other day. Groups of 50
third brood neonates collected within the first 12 h of being released by
their mothers from the adult bulk cultures were reared in 1.5 L of media
as previously described, during 4 days (hereafter referred as 4-day old
juveniles).

2.4. Exposures

Daphnia magna 4-day old juveniles were exposed in duplicate to 0.5 L
of the tested water samples in groups of 60 individuals during 48 h in an
orbital incubator set up at 1 rpm to prevent the sedimentation of sus-
pended solids. Daphnids maintained in ASTM hard water were also
incubated as laboratory control. Twenty four, 10 and 18 individuals
from each treatment (including controls) were used immediately for
behavioural, cardiovascular and feeding tests, respectively; the
remaining ones were depurated for an additional 8 h in filtered clean
ASTM hard water and preserved in RNAlater until further processing for
ARG determination.

2.5. Feeding, behavioural and heartbeat tests

Post-exposure feeding responses were measured following previous
procedures with minor modifications (Rivetti et al., 2015). After 48 h of
exposure, 18 individuals for each treatment, plus the control group,
were distributed in 6 beakers (3 individuals per beaker) containing 40
mL ASTM water with C. vulgaris (5 X 10° cells/mL). Two beakers
without daphnids were used as blanks. Beakers were kept in darkness
during 4 h and feeding rates were measured as the reduction in algal
cells relative to the blanks, measured as optical density at 665 nm.
Proportional feeding responses were reported as % of feeding rates
relative to controls.

Three tests were performed to study the effects in D. magna basal
swimming activity in darkness, visual motor, habituation and photo-
tactic responses to light stimuli, using a DanioVision Observation
Chamber (DVOC-0040) complemented with am EthoVision XT video
tracking software (Noldus, Netherlands) and following previous pro-
cedures (Bedrossiantz et al., 2020; Bellot et al., 2021, 2022; Savva et al.,

Llobregat River

Besos River

Onyar River

Fig. 1. Study sites and satellite view of the Besos, Llobregat and Onyar (labeled "B", "LL", and "O", respectively) sampling spots. "0", "1"and "2" indicate sampling

points upstream, close to, and downstream the corresponding discharge points.
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2023). Those tests are based on the exposure to light that, in the studied
D. magna clone, promotes different anti-predatory escape responses, like
increasing locomotion/swimming activity and negative phototactic
behaviour upon light stimuli (Bedrossiantz et al., 2020; Bellot et al.,
2022).

Before the test, individuals were kept in darkness for acclimatization
during 20 min and trials were performed in 24 well plates at 20 °C. The
first test was based on monitoring basal locomotion activity during 5
min of darkness and visual motor responses upon the exposure to light
during 5 min (Bellot et al., 2021). In the second test, individuals were
exposed to 30 consecutive light flashes (1 s-light followed by 4 s of dark)
to assess non-associative learning responses such as the maximal
response to first stimuli and habituation to repetitive light stimuli
(Bedrossiantz et al., 2020). Lastly, the third test was performed also in a
24 multi-well plate covered in its base in a special acrylic grid opaque to
visible light such that half of the well was protected from the light and
half exposed, thus allowing to evaluate the percentage of time in-
dividuals preferred to stay in the light or the dark side of the well
(phototaxis) (Bellot et al., 2022). Videos were recorded during all the
tests, and responses were measured as distance of movement (for the
first and second test) or percentage of time spent in the dark zone (for
the third test). Each treatment included 24 individual replicates, which
were randomly distributed across the different well plates assayed
within a day.

Daphnia individuals were directly positioned in lateral view in
methylcellulose and the cardiac activity of each daphnia was video
recorded for 30 s with a GigE camera (UI-5240CP-NIR-GL, Imaging
Development Systems, Germany) mounted onto a stereomicroscope
(Motic SMZ-171, Wetzlar, Germany) (Faria et al., 2022). Videos of each
individual Daphnia were analyzed using DanioScope™ software (Nol-
dus, Wageningen, The Netherlands). About ten individual replicates per
treatment were used.

2.6. DNA extraction

To study the ARGs associated to the D. magna microbiome, ten entire
D. magna guts (foregut, midgut with the hepatic diverticulum, and
hindgut) previously preserved in in RNAlater at 4 °C during 24h, were
carefully dissected and stored in DNA lysis buffer. DNA extraction fol-
lowed the phenol-chloroform method described before (Cerro-Galvez
et al., 2020) adding few modifications, such as including a previous step
of three freeze and thaw cycles and performing homogenization step
using a TissueLyser® (Qiagen, Germantown, MA, USA). The inclusion of
sequential freeze and thawing steps improves the DNA extraction
efficiencies.

DNA from membrane filters obtained from water samples was
extracted using DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany),
and eluted in 50 pl of kit elution buffer (10 mM Tris-HCl pH 8.5). DNA
extracts obtained from 3 pm to 0.2 pm membrane filters of a same water
sample were pooled for further analyses.

The quality and quantity of total DNA was determined using Nano-
Drop Spectrophotometer 8000 (Thermo Fisher Scientific, Inc). Extracted
DNA samples were stored at —20 °C.

2.7. Quantification of bacterial DNA genes by qPCR

Absolute quantification was performed for the 16S rRNA gene, intl1
(class 1 integron-integrase) and for the five most abundant ARGs found
in wastewater treated effluents of Catalonia (SE, Spain) (Leiva et al.,
2021; Sanz et al., 2021, 2022). ARGs included sull (dihydropteroate
synthetase, conferring resistance to sulphonamide), gnrS1 (a Penta-
peptide Repeat Protein family member that inhibits the effect of quin-
olones), tetM (a ribosomal protection protein, which confers tetracycline
resistance by binding to the ribosome and preventing drug interaction
with its binding site), blargy and blacrx.p.32 (two p-lactamases confer-
ring resistance to beta-lactamic antibiotics such as cephalosporins,
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monobactams, and carbapenems).

Primer sequences are listed in Sanz et al. (2021). Ten ng/pl of total
DNA preparations was used for ARG quantification by real time qPCR in
a LightCycler 480 II (A F. Hoffmann-La Roche AG, Inc), in 20 pL reaction
volumes on 96-well plates. Optimal primer concentrations were 300 nM
for all genes. All samples were run as technical duplicates along with the
quantification curve to reduce variability between assays. Plasmids used
for the quantification curves were pNORM1 conjugative plasmid (Gat
etal., 2017) for intl1, Sull, qnrS1, tetM, blatgy, blacrx.m.32 and individual
pUC19 plasmids for tetM (Laht et al., 2014; Szczepanowski et al., 2009;
Tamminen et al., 2011). Quantification limits (LOQ) were established as
the minimum amount of plasmid that could be detected without inter-
ference from the negative control. LOQ values were 100 copies/pL for
Intl1, Suill, qnrS1, blacrx-pm-32; 1000 copies/pL for tetM and blargy. The
quality criteria within the standard curve was a R > 0.99, and a slope
between —3.1 and —3.4. The accepted efficiency of the reactions ranged
from 97% to 100%. Melting curves were obtained to confirm amplifi-
cation specificity. Dynamo ColorFlash SYBR Green (Thermo Scientific,
Inc.) was used for tetM quantification; all the other genes were quanti-
fied with LightCycler 480 SYBR Green I Master (A F. Hoffmann-La
Roche AG, Inc). Amplification protocol was adapted following manu-
facturers guidelines and an annealing temperature of 60 °C was used.

Copy numbers per gene were calculated by extrapolation from the
standard curves, and expressed in relation to the number of individuals
(Daphnia samples) or per mL (filtered water samples). ARG prevalence
was calculated relative to the total amount of 16S rRNA gene.

2.8. Statistical analyses

This study aimed to asses sublethal effects of contaminant residues
present in the studied water samples in pre-exposed D. magna in-
dividuals, as well as to determine whether or not D. magna individuals
were able to accumulate/retain ARGs from water in their gut micro-
biomes. One-way ANOVA was used to compare value distribution for the
different parameters (behaviour, heart beats and ARG prevalence)
among sites, sub-sites, and control-exposed animals. Post-hoc Dunnet’s
tests were performed to compare exposure treatments to solvent con-
trols. Prior to analyses data was tested to meet ANOVA assumptions of
normality and variance homoscedasticity. If required, percentage re-
sponses were arc-sin transformed and the rest of variables log trans-
formed. Significance levels were set at p < 0.05. Tests were performed
with the IBM- SPSS Statistics software version 27.

Associations between physico-chemical variables, including
contaminant residue levels, and the measured biological responses were
studied by Pearson correlation and Principal Component analyses.

3. Results
3.1. Physicochemical water variables

Except for one water sample from the Besos River (B21), all water
samples were saturated with oxygen (Tables S2 and SM). Conductivity
was relatively high across the studied water samples, varying from
almost 2500 pS/cm in the Llobregat reclaimed effluent to near 1100 pS/
cm in the Onyar WWTP effluent discharge. pH varied little across
samples (7.5-8.2; Tables S2 and SM). Suspended solids were moderate
in Llobregat upstream samples (19-26 mg/L), high in one sample from
Besds WWTP effluent discharge (51 mg/L) and relatively low in the rest
of samples (1.7-9 mg/L). Fifty out of the 80 pharmaceutical residues
studied were found in 70% of the water samples (Table S3). Maximal
residue levels were found for several antibiotics, NSAIDs, psychosti-
mulants/psychiatric drugs, anticancer, blood pressure, lipid regulator
and glucocorticoid drugs (>1 pg/L) (Tables S3 and SM). To summarize
the distribution of measured chemical residue levels across water sam-
ples, a Principal Component Analysis (PCA) was performed on stan-
dardized chemical residue levels across water samples. Fig. 2 shows a bi-
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Fig. 2. Bi-plot of the first two Principal Components of the measured drug residues across the studied water samples. Score symbols are explained in the legend being
L, B and O Llobregat, Bes6s and Onyar, respectively; the first number following L or B indicates first or second sampling campaign and the second one identify
upstream (0), effluent (1) or downstream (2). The therapeutic role (function) of the detected drugs is also included.

plot of the first two PC components, explaining almost 50% of the
variance. PCA scores defined loose, but mutually separated clusters of
water samples from Llobregat, Bes6s and Onyar, which were associated
to distinct profiles of pharmaceutical residues (Fig. 2). Llobregat water
sample scores were associated with antiarrhythmic and brood pressure
drug loadings, whereas Onyar samples with lipid regulators and im-
munosuppressants (Fig. 2). Besos water sample scores from the first
sampling date were related with antibiotics, immunosuppressants,
antihistaminic and psychiatric drug residue loadings, whereas samples
from the second sampling associated with pain killers (Fig. 2).

3.2. Biological effects

Four out of the five studied ARGs plus the integron intl were found in
the studied waters of Llobregat and Besos (Fig. 3A). Seven out of 10
comparisons depicted in Fig. 3A show an increase in ARG loads at the
discharge point, demonstrating the impact of WWTP effluent in the ARG
content of both rivers (dark grey bars in Fig. 3A), whereas the remaining
three comparisons did not show significant differences among the sub-
sites (Fig. 3A). Downstream samples (light grey bars in the figure)
showed a heterogeneous behaviour, from values even higher than those
of the corresponding discharge points to values identical to upstream
levels (Fig. 3A).

Daphnia magna individuals cultured in lab water and those exposed
to the studied river waters showed quantificable levels of sull and bla-
TEM. Additionally individuals exposed to Besés river waters had also
qnrS1 (Fig. 3B). Absolute values together with the abundance of 16S
rDNA are also depicted in Fig. S1 (SM) and their stats in Table S6 (SM).

The seven measured behavioural, feeding and heartbeat responses
were significantly affected by at least one water sample (Table S5,
Fig. 4). Heartbeat was the most affected response (in 57.1 % of the 14

water samples) and feeding the least affected (7.1% of cases). Water
samples from Besos affected D. magna behavioural, feeding and/or
cardiac responses in 40 % of occasions, followed by Onyar (33.3%) and
Llobregat (23.8 %). Significant effects of the studied waters were
inhibitory for basal activity, habituation and feeding responses, whereas
for the remaining response in most cases were stimulatory.

3.3. Associations between environmental factors and biological responses

The prevalence of blargy in the studied water samples was positively
correlated with the residue levels of five antibiotics, several of them
exclusively used in veterinary (enrofloxacin, ciprofloxacin, flumequine)
(Fig. 5). The prevalence of the ARG gnrS1 and of the integron int1 were
negatively related with the quinolone antibiotic ciprofloxacin and
amoxicillin, respectively. Other than antibiotics, 13 pharmaceutical
residues belonging to different therapeutical classes showed positive or
negative correlations with the prevalence of blargy, qnrS1, int1, Sull and
tetM.

Twenty-seven contaminant residues and three physicochemical
water variables were significantly correlated with the studied D. magna
behavioural, heartbeat and feeding responses (Fig. 5). Heartbeat rates
were positively correlated with water conductivity and oxygen levels,
whereas feeding rates were inversely related with suspended solids.
Basal activity was also positively related with pH. To account for po-
tential effects of water conductivity we studied how heartbeats
responded to increasing NaCl levels added to ASTM water. Fig. S2 shows
that heartbeats increased with water conductivity in a quadratic manner
and that only the water sample from the WWTP effluent discharge of
Besos from the second sampling period was situated outside the 95 %
confidence limits. Phototaxis followed by heartbeats, basal activity,
max, habituation and feeding responses were significantly related with
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Fig. 3. Prevalence of antibiotic resistant genes (ARGs) and of integron intl (Mean, SE, N = 2-6) across the studied water samples of Llobregat and Besds (A) and in
the guts of exposed Daphnia magna juveniles (B). Different letters indicated significant differences among samples following ANOVA and Tukey’s post-hoc tests. L, LL
and B are laboratory, Llobregat and Besds waters, respectively and numbers 0, 1 and 2 means upstream, effluent discharge and downstream, respectively.

11,7, 4, 4,1 and 1 drug residues, respectively. Interestingly phototaxis,
heartbeats and basal activity were related significantly with 6 neuro-
active chemicals such as p-blockers, anticholinergic, antidepressants,
anxiolytics, mono amino oxidase (MAO) inhibitors and anticonvulsants.
Five antibiotic residues were associated with basal, max activities and
phototaxis; the antiviral flavipiravir and the progestogen megestrol were
positively related with heartbeats and two anticancer drugs (DNA syn-
thesis inhibitors) correlated negatively with phototaxis and heartbeats.

Additionally, two NSAIDs were positively related with phototaxis and
the uric acid regulator allopurinol was positively related with max and
basal activities.

4. Discussion

This study aimed to show that the aquatic ecotoxicological model
species D. magna could be used to identify hazardous pharmaceutical
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H. Moro et al.

Chemosphere 367 (2024) 143612

ARGS BEHAVIOUR

Water Gut Daphnia
Pysico-chem Function pSull _pint1  pgnrS1 pTetM pBla-TEM pBla-TEM | Basal VMR Max Hab Photo HR Feed
cond
pH
Susp. Solids -
oxygen -
Metformin hyperglycaemic _
Lidocaine anaesthetic -
Amiodarone antiarrhythmic
Pentoxifylline antiarrhythmic - _
Fenofibrate lipid reglator -
Caffeine psychostimulant
Oxytetracycline antibiotic
Amoxicilin antibiotic -
Ciprofloxacin antibiotic -
Norfloxacin antibiotic _ -
Flumequine antibiotic
Megestrol progestagen -
Tamoxifen anticancer _
Nortriptyline antidepressant
Donepezil anticholinergic -
Memantine anticonvulsant
Chloroquine antiviral -
Hydroxychloroquine antiviral
Enrofloxacin antibiotic
Sarafloxacin antibiotic
Vildagliptin hyperglycaemic -
Atenolol -blocker
Doxycycline antibiotic -
Sulfapyridine antibiotic -
Sufamethoxazole  antibiotic
Flumequine antibiotic -
Favipiravir antiviral
Fluorouracil anticancer
Gemcitabine anticancer
Ibuprofen pain killer
Naproxen pain killer
Allopurinol uric acid - -
Topiramate anticonvulsant
Rasagiline MAQO inhibitor
Diazepam anxiolytic
Prednisone glucocorticoid _

Fig. 5. Heatmap of correlations (Pearson) between biological variables (ARGs in water and in guts, behavioural, feeding and heartbeats responses in Daphnia magna)
and physico-chemical water parameters. Only significant correlations are depicted. Positive and negative values are depicted in red and green, respectively. Drug

functions are also depicted.

present in real water samples. One of the objectives of this work was to
test whether the D. magna gut microbiome ARGs content could also
reflect that of the exposed water samples. Results indicated that the
prevalence of the studied ARGs was higher in river water receiving
WWTP discharges in 5 out of 8 comparisons, whereas in D. magna
microbiome the same pattern was only observed in 1 out of 5 compar-
isons. This means that the ARG content of the D. magna gut microbiome
is a poor representative of the studied river waters. This is consistent
with previous findings that indicated the gut microbiomes in general
and, in particular, for D. magna are quite stable and depend to a greater
extent on the host rather than on their surrounding environment (Akbar
et al., 2022; Tang et al., 2010). Interestingly, the gut microbiome of
animals maintained in lab conditions contained Sull, Blargy and also
residual levels of qnrS1. This may be related to the presence of certain
ARGs and mobile gene elements that promote the transfer ARGs across
bacteria in the semi-axenic culture lab media of D. magna (Carrillo et al.,
2023). The observed greater levels of most studied ARGs at WWTP
discharge points compared to those obtained from upstream sampling
points support the argument that WWTP effluents are the principal
sources of ARGs (Nnadozie and Odume, 2019; Taylor et al., 2011).
The second objective of this study was to identify neurological haz-
ardous pharmaceutical present in real water samples using behavioural
D. magna responses. Water samples from Besos affected D. magna
behavioural, feeding and/or cardiac responses in 40 % of cases, followed
by Onyar (33.3%) and Llobregat (23.8 %). These results indicated that

WWTP effluents from Besds were the most hazardous ones, whereas the
Onyar effluents showed lower toxic activity, which may reflect the
relatively smaller urban population and industrial users served by the
Onyar WWTP. The relatively good results from the Llobregat WWTP,
which serves a large urban and industrial area, may be related the
application of a quaternary treatment to the effluent before its release
into the river.

The heartbeat was the physiological parameter affected by more
samples (eight), followed in decreasing order by visual motor responses
(six), phototaxis and maximal locomotion activity (four), habituation
(two) and feeding (one). Heartbeats are affected by salinity (Figs. S2 and
SM), which varied considerably across the studied water samples. The
lower part of Llobregat and Besos basin are affected by salinization due
to the active exploitation of salt mines upstream (Damasio et al., 2007,
2011; Prat et al., 2002, 2013; Prat and Munné, 2000), which means that
heartbeat’s results should be interpreted with caution due to the con-
founding effect of salinity. Heartbeats also showed a negative relation-
ship with oxygen levels, which can be related with the reduced D. magna
heartbeats observed in animals exposed to a single sample from the
Besos effluent (B21), that had low oxygen levels. Feeding was negatively
related to high loads of suspended solids, which were quite high in some
locations. There is ample information that contaminants bound to sus-
pended solids may affect D. magna feeding (Barata et al., 2008).

Inhibition of feeding rates is closely linked with fitness as resource
acquisition determines survival, growth and reproduction in D. magna
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and in most animals (Barata et al., 2008). Furthermore, previous field
studies have established a link between D. magna post exposure feeding
inhibition and the ecological quality stage of macroinvertebrate com-
munities along the Llobregat and Besos rivers (Damasio et al., 2008).
This link has been associated to the fact that many macroinvertebrate
species are grazers or filter feeders and hence share a D. magna similar
foraging behaviour (Damasio et al., 2008). This means that the observed
low occurrence of feeding inhibition responses across the tested water
samples may indicate low ecological detrimental effects of treated
effluent discharges. Heartbeats in Daphnia facilitate the correct distri-
bution of oxygen along tissues (Pirow et al., 2001), therefore a decrease
in metabolic rate is predicted in those animals exposed sub-chronically
based on the decrease in heart rate and thus oxygen delivery (Dzialowski
et al., 2006). Alternatively, D. magna exposed to hypoxia conditions,
which often occurs when it migrates to deeper waters during daylight to
avoid fish predation, increases heartbeats to maintain respiration rates
(Pirow et al., 2001). In both cases observed increasing and decreasing
heartbeats across the studied water samples are likely to be metaboli-
cally costly and hence detrimental to fitness. Daphnia magna scape re-
sponses to light stimuli such as its maximal locomotion activity and its
visual responses to longer exposures will determine its chances to escape
to the attack of visual predators such as fish (Bedrossiantz et al., 2020;
Bellot et al., 2021). Having a negative phototaxis is also advantageous to
visual predators since will diminish light exposure and hence the
chances to be detected by them (Bedrossiantz et al., 2021). Finally, in-
dividuals more prone to habituation could also experience mortality
costs by wrongly habituating to a dangerous predator (Rodriguez-Prieto
et al., 2010). This means that the observed changes in behavioral traits
may be detrimental for D. magna in the field.

Fifty out of the 80 pharmaceutical residues studied were found in
70% of the water samples. Maximal residue levels were found for several
antibiotics, pain killers, psychostimulants/psychiatric drugs, anticancer,
blood pressure, lipid regulator and glucocorticoid drugs. River water
samples affected by WWTP or reclaimed effluent discharges in Besés and
Onyar/Llobregat rivers, respectively, contained between 9-10 and 2-4
times greater residual contaminant levels than upstream and down-
stream locations. From the 36 contaminant residues significantly related
with the studied responses, 17 were bactericides. ARGs prevalence in
water was associated with 9 of those bactericides (oxytetracycline,
amoxicillin, ciprofloxacin, norfloxacin, flumequine, tamoxifen, chloro-
quine, hydroxychloroquine, enrofloxacin). There is reported informa-
tion that tetracyclines, sulphonamides and quinolones, such as those
found in the present study, are related with the prevalence of the ARGs
qnrS1, ull, blargy, TetM (Xu et al., 2015; Zheng et al., 2022). The class 1
mobile element int] was also abundant in WWTP effluent discharges and
it is related with ARG horizontal transfer (Chen et al., 2015).

Seven out of 10 compounds correlated with behavioural responses
were neuroactive chemicals (topiramate, rasagiline, diazepam, done-
pezil, atenolol, nortriptyline, memantine). Memantine and diazepam,
are known to modulate the studied behavioural responses in D. magna
(Bedrossiantz et al., 2020). The antidepressant fluoxetine that like
nortriptyline increases serotonin brain levels, also affects the studied
D. magna behaviour traits (Bedrossiantz et al., 2020). There is also re-
ported information that p-blockers such as atenolol modulate cardiac
and other behavioural responses in Daphnia (Jeong et al., 2018). The
remaining neuromodulators (topiramate, rasagiline donepezil) disrupt
behavioural responses in zebrafish that are equivalent to those measured
in this study for Daphnia (Berghmans et al., 2007; Best et al., 2008,
2008b; Vaz et al., 2020). Thus, there is reported experimental evidence
indicating that the seven prioritized neuroactive chemicals may impair
cognitive and cardiac responses in D. magna. There are, however, other
chemical contaminants including their transformation products not
analyzed in the present study that may have also contributed to the
observed effects. Future investigations using drug exposures need to be
performed to confirm those associations.

Chemosphere 367 (2024) 143612
5. Conclusion

In summary, the reported results showed that the D. magna behav-
iour was sensitive enough to be altered by field collected river water
samples, whereas the ARG gut microbiome composition was only
marginally affected by them. The correlation study evidenced associa-
tions between mixtures of neuroactive compounds in river water with
behaviour responses and between antibiotics and ARGs in water. The
above-mentioned correlations, however, need to be further tested in the
lab to correctly establish a causal-effect relationship. Furthermore, the
studied waters are likely to contain mixtures of hundreds of different
contaminants and/or their transformation products, which may have
also contributed to the observed effects. The use of non-target chemical
analyses and probably of sample fractionation procedures combined
with toxicity bioassays such as those proposed in this study may help to
elucidate more robust associations in the future (Altenburger et al.,
2019). Examples of the above mentioned approaches, termed
effect-direct analyses, that also used D. magna bioassays, include the
identification of toxic compounds such as nonylphenol in stormwater
(Thomas et al., 2001), pesticides in water (Fang et al., 2017) or cyano-
toxins in suspended solids (Rivetti et al., 2015).

This study was focused on only one crustacean species, which may
not represent the species biodiversity of the riparian communities
composed of many invertebrate and vertebrate species where insect
larvae, molluscs, annelids and fish are an important part of them. This
means that the inclusion of additional species more representative of
insects, molluscs and fish, for example, will improve the study conclu-
sions. Nevertheless many of the molecular drug targets and the neuro-
logical signalling pathways that control the studied behavioural and
cardiovascular responses in D. magna are phylogenetically conserved
across arthropods, fish and even humans (Bedrossiantz et al., 2020,
2023; Bellot et al., 2024; Gunnarsson et al., 2008; Rivetti et al., 2023;
Spanier et al., 2022). Indeed comparative -omics data from cellular and
developmental studies across genomic model species suggest a high
degree of conservation in regulatory pathways in the fly Drosophila, the
worm Caenorhabditis elegans and humans (Hodges et al., 2018). This
means that the identified neurological hazardous compounds may also
threat local macrobenthonic invertebrates many of them insect larvae,
as well as fish species.
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