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Mixtures of organic micropollutants 
exacerbated in vitro neurotoxicity of 
prymnesins and contributed to aquatic 
toxicity during a toxic algal bloom

Beate I. Escher    1 , Jörg Ahlheim1, Alexander Böhme1, Dietrich Borchardt    1, 
Werner Brack    1, Georg Braun1, John K. Colbourne2, Janek Paul Dann1, 
Joern Gessner    3, Annika Jahnke1, Maria König1, Nils Klüver    1, 
Martin Krauss    1, Jungeun Lee1, Xiaojing Li    2, Stefan Lips1, Luisa Orsini    2, 
Karsten Rinke    1, Mechthild Schmitt-Jansen    1, Stefan Scholz    1, 
Tobias Schulze    1, Stephanie Spahr    3, Nadin Ulrich    1, Markus Weitere1 & 
Elisabeth Varga    4,5

Prymnesins produced by an algal bloom of Prymnesium parvum led to 
the death of several hundred tons of freshwater fish in the Oder River in 
summer 2022. We investigated effects on aquatic life and human cell lines 
from exposure to extracts of contaminated water collected during the fish 
kill. We detected B-type prymnesins and >120 organic micropollutants. 
The micropollutants occurred at concentrations that would cause the 
predicted mixture risk quotient for aquatic life to exceed the acceptable 
threshold. Extracts of water and filters (biomass and particulates) induced 
moderate effects in vivo in algae, daphnids and zebrafish embryos but 
caused high effects in a human neuronal cell line indicating the presence of 
neurotoxicants. Mixture toxicity modelling demonstrated that the in vitro 
neurotoxic effects were mainly caused by the detected B-type prymnesins 
with minor contributions by organic micropollutants. Complex interactions 
between natural and anthropogenic toxicants may underestimate threats to 
aquatic ecosystems.

In summer 2022 a harmful algal bloom (HAB) led to a catastrophic fish 
kill in the Oder River (Poland, Germany), where 249 metric tons of dead 
fish were retrieved in Poland alone1. This fish kill led to the eradication 
of up to 60% of fish2,3 plus up to 85% of mussel biomass and up to 85% 
of snail biomass in the Oder River3. It was a compound event caused 
by high salinity, high temperature, low stream flow and nutrients dis-
charged via wastewater and agricultural run-off that triggered a bloom 
of the golden algae Prymnesium parvum4. At the peak of the bloom,  
P. parvum made up more than half of the phytoplankton biomass in 

the Oder River, producing mainly three B-type prymnesins4, which 
are known to be highly toxic to fish5,6 and directly damage fish gills7. In 
addition to their ichthyotoxicity, they are also cytotoxic, neurotoxic 
and haemolytic in nanomolar concentrations5,8,9. The main mode of 
action is saponin-like disturbance of the membrane function leading 
to ion leakage8. P. parvum isolated and grown in laboratory cultures 
have been tested for their non-target toxicity to fish5,6 and Daphnia 
magna5. The pH dependence of the observed effect indicated that 
basic properties of prymnesins lead to an increased toxicity at higher 
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analytical method for 27 hydrophobic pesticides (Supplementary Text 2  
and Supplementary Table 2). In the solid-phase extracts (SPE) of the 
water filtrates (codes W1, W2, W3, W4, W5; Fig. 1 and Supplementary 
Table 1), 125 out of 410 targeted chemicals were detected (Supplemen-
tary Table 3) and 43 out of 426 targeted chemicals (Supplementary 
Table 4 and Supplementary Text 3) in the solvent extract of the filters 
(codes F1, F2, F3, F4, F5; Supplementary Table 1), which constitute algal 
biomass and particulate matter, with 32 chemicals common in the water 
SPE and the filter solvent extract. Among the chemicals with largest 
concentrations were the flame retardant tris(1-chloro-2-propyl)phos-
phate, the polymer additive hexa(methoxymethyl)melamine and the 
corrosion inhibitor 1H-benzotriazole with maximum concentrations 
of 1,735 ng l−1, 1,046 ng l−1 and 663 ng l−1, respectively. Samples from the 
two main locations (Fig. 1), one site close to Frankfurt (Oder) collected 
on 16 August 2022 (samples W1, W2), the other site further downstream 
in Schwedt/Szwed and Mescherin/Gryfino a day later (samples W3, W4, 
W5), each clustered together (Supplementary Fig. 1). Fewer chemicals 
were detected at the Frankfurt (Oder) sites (W1, W2), but for some chem-
icals, concentrations were higher than at the downstream sites (W3, 
W4, W5). Regarding the filter extracts (details in Supplementary Text 3 
and Supplementary Fig. 2), more chemicals were detected in the filter 
samples F3, F4, F5 than in F1 and F2. More hydrophobic chemicals (for 
example, orlistat (log Kow 5.3), salinomycin (log Kow 8.53)) were found 
in the filter extracts as compared to the water extracts, including most 
of the permanently positively charged alkylammonium compounds 
and the surfactant lauramidopropylbetaine, which bind strongly to 
organic matter23.

Most micropollutants detected in the Oder River (Supplementary 
Fig. 3) are likely to stem from wastewater treatment plant (WWTP) efflu-
ents because most occurred also in WWTP effluents from 56 European 
WWTPs24 but typically in lower concentrations as it would be expected 
from the comparably high urban discharge fraction of approximately 23% 
of treated wastewater at base flow (gauging station Frankfurt (Oder)).

Notable exceptions were hexa(methoxymethyl)melamine, 
2,4-dichlorophenol and tetraglyme, which had presumably direct 
industrial inputs, and 2,4-dichlorophenoxyacetic acid, desethylter-
butylazine, metazachlor-oxalamic acid, metazachlor ethane sulfonic 
acid and chlorotoluron, which are pesticides or pesticide metabolites 
that had presumably direct input from agricultural run-off. As already 
indicated in the official German report21, the concentrations of chemi-
cals were not unusually high. Although some concentration spikes were 
noted in the first half of August, these cannot have led to the observed 
fish kill but might have contributed to the increased vulnerability 
of the affected aquatic life. Our samples were taken when a peak of 
2,4-dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid 
was trailing out that had been observed in Hohenwutzen and Frankfurt 
(Oder) before 15 August 2022 (ref. 21).

Micropollutants detected in fish
Because the exposure of fish to organic micropollutants is not well 
described by chemical analysis of cocktails extracted from water, the 
comprehensive exposure to fish can only be estimated by experimen-
tally analysing the exposed fish themselves. As dead and affected fish 
could not be sampled, we opted for buying fish that had slight symp-
toms but had been in clean water before sacrificing them and extracting 
the organic micropollutants from their tissues. Therefore, as expected, 
we did not find prymnesins in the fish extracts, but we can assume that 
the mostly relatively hydrophobic micropollutants do not fluctuate 
as much within days and are still representative for the exposure dur-
ing the period of the fish kill. Of the 625 analysed chemicals, 137 were 
detected in muscle or gills of chubs or ide or sturgeons from the site, 
72 thereof were detected in the muscle samples, 107 were detected in 
the gills of chub and/or ide and 98 in the sturgeons. The concentrations 
in the samples are provided in Supplementary Tables 5 and 6 and more 
details are in Supplementary Text 4.

pH values5, which is relevant because the pH typically increases under 
eutrophic conditions due to photosynthesis.

The ichthyotoxic and haemolytic activity of P. parvum depends on 
the growth conditions, most likely due to differences in the production 
of prymnesins and potentially other toxins in response to nutrient avail-
ability8. Detailed investigations of the toxic mechanisms of prymnesins 
are rare due to late identification of the causative toxins in P. parvum 
and lack of purified standards8. Hill et al.10 demonstrated how salinity 
and nutrients impact on the formation of prymnesins in P. parvum and 
how the exposure to laboratory-cultured P. parvum increased oxidative 
stress biomarkers and swimming responses in fish embryos. P. parvum 
culture medium that presumably contained prymnesins activated 
antioxidant response in fish gill and liver cells11. Rasmussen et al.9 
and Varga et al.12 detected severe cytotoxicity of isolated prymnesins 
in vitro on rainbow trout RTgill-W1 cells at nanomolar concentrations.

Little is known about the adverse impacts of prymnesins on 
human health, but swimmers have reported allergy-like symptoms 
in an affected brackish-water lake13. Crude and purified algal extracts 
triggered lysis of human erythrocytes and inhibition of the uptake  
of the neurotransmitters into synaptic vesicles in rat brains14,15.  
Human intestinal cells (HCEC-1CT) were only slightly less sensitive to 
P. parvum extracts compared with RTgill-W1 when exposed in vitro12.

P. parvum typically triggers HABs in brackish estuarine systems16,17 
but its occurrence in inland waters with enhanced salinity has also been 
regularly reported18. The 2022 fish kill in the Oder River occurred in a 
freshwater system, which was impacted by high industrial discharges of 
sodium chloride2. The multifactorial causes leading to the fish kill were 
extensively investigated in several studies1–4,19–21. It was concluded that 
the combination of unfavourable factors such as eutrophication and 
nutrient inputs, hydrological conditions, temperature, salinity from 
mining and industry pollution and river regulation created the optimal 
conditions for the development of the golden algal bloom3. Freshwater 
systems are additionally threatened by organic micropollutants from 
wastewater, surface and agricultural run-off.

The objective of the present study was to quantify complex mix-
tures of micropollutants extracted from water, biomass and particulate 
matter and impacted fish sampled during the time of the fish kill. The 
organic extracts, which—as will be demonstrated—contained complex 
mixtures of B-type prymnesins and micropollutants, were also dosed to 
non-target aquatic organisms, that is, algae, daphnids and fish embryos 
that had not yet developed functional gills22. Human neuronal cell lines 
served as a model for effects on humans after exposure of river water 
through skin contact and ingestion. The focus of this study was on 
the mixture interactions of prymnesins and micropollutants and how 
micropollutants could have exacerbated the effects of the algal toxins. 
A detailed analysis of the detection of prymnesins and all inorganic 
parameters is given in an accompanying paper4.

Sampling was opportunistic and could not be planned because of 
the nature of the catastrophic event. The fish kill in the Oder River was 
reported in Germany on 9 August 2022. After mercury was reported 
not to be exceeded on 14 August 2022 and other causes were suspected, 
among them pesticides and micropollutants, a sampling team from 
Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB) 
collected two sets of water-grab samples in Küstrin/Kostrzyn and 
Frankfurt (Oder) on 16 August 2022, and a team from Helmholtz Centre 
for Environmental Research (UFZ) collected water at Schwedt/Szwed, 
Mescherin and Gryfino on 17 August 2022 (Fig. 1) and purchased fish 
from local fisheries. In addition, juvenile sturgeons from a restoration 
project were investigated.

Micropollutants detected in water, biomass and 
particulate matter
Sample locations (Fig. 1) and inorganic parameters are described in 
Supplementary Table 1 and Supplementary Text 1. Only chlorotha-
lonil was detected in the SORBSTAR passive sampler extracts with the 
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Mixture risk for aquatic organisms caused by 
detected micropollutants
The risk for aquatic organisms of the detected chemicals can be esti-
mated as risk quotient (RQ) by dividing the aqueous concentration by 
the predicted no effect concentrations (PNEC), which are safe levels of 
individual chemicals that should not trigger any effect in any aquatic 
species. PNECs for freshwater organisms were collected from literature 
and estimated by Finckh et al.25 and are reprinted in Supplementary 
Table 8. No PNECs are available for prymnesins; therefore they could not 
be included in this evaluation. The concentrations in the SPE extracts 
of the water and the solvent extracts of the filters were added up  
for each detected chemical i to obtain total aqueous concentrations. 
The resulting RQi of all detected chemicals i (Supplementary Table 7) 
can be summed up to obtain the mixture risk quotient RQmix. The cal-
culated RQmix were 16.4 and 16.5 for the samples from Frankfurt (Oder) 
(W1 + F1 and W2 + F2), 17.1 for W3 + F3 from Schwedt/Szwed, 22.0  
for sample 4 from Mescherin (W4 + F4) and 22.4 for sample 5 from 
Gryfino (W5 + F5). All RQmix values exceeded the safe RQ of 1 substan-
tially, indicating potential risk for aquatic organisms already due to 
micropollutants. As the Oder River is highly impacted by wastewater 
treatment plant effluents2, such a high potential risk by micropollut-
ants does not come to a surprise.

The contribution of individual chemical’s RQi to the RQmix is 
depicted in Supplementary Fig. 5 for all individual samples. As they did 
not differ very much, Fig. 1 depicts the mean contribution from both, 
water and particles. The polymer additive hexa(methoxymethyl)mela-
mine, of which the mode of action is unknown25, made up the highest 
contribution of 59% to 65% to the RQmix. As the PNEC for this chemical 
is only a predicted value, this contribution bears some uncertainty. 
The second-most relevant chemical is the herbicide nicosulfuron with  
7% to 12% contribution to RQmix. The PNEC for nicosulfuron is an  
annual average environmental quality standard of the Water Frame-
work Directive and hence reliable. Nicosulfuron alone already exceeded 
the RQ of 1. Nicosulfuron had rarely been detected in WWTP effluents25 
and could be directly released from agriculture. The contribution of 

additional chemicals is smaller but not negligible as demonstrated in 
the heat map in Fig. 1. A reduction of micropollutant loads would lead to 
higher resilience of the aquatic community against the consequences 
of warming and salinization.

Prymnesins detected in water, biomass, 
particulate matter and fish
At the time of sampling on 16 and 17 August 2022, it was not yet known 
that prymnesins from P. parvum had caused the fish kill, and accord-
ingly the extraction methods had not been optimized for high yields  
of prymnesins, but targeted organic micropollutants. It was still pos-
sible to obtain an estimate of the concentrations of prymnesins that was 
sufficient to estimate their contribution to mixture toxicity measured in 
the same extracts, but the real concentrations are probably even higher.

Parallel to our sampling, P. parvum was microscopically detected 
and confirmed later by Sanger sequencing of the internal transcripted 
spacer region using eDNA samples4. The first recorded cell density 
was around 110,000 cells ml−1 in a sample taken on 15 August 2022 at 
Hohenwutzen just after the peak of the bloom4.

High-resolution mass spectrometry (HRMS) analysis revealed 
the presence of up to three different prymnesins in the water and 
particulate matter samples: the B-type prymnesin backbone with one 
incorporated chlorine atom and the analogues with one or two attached 
hexose moieties (Supplementary Fig. 6). It was striking that the com-
monly co-occurring analogues with attached pentose units were not 
observed. In the fish and gill extracts, no prymnesins or prymnesin-like 
compounds could be detected by liquid chromatography coupled to 
HRMS (LC-HRMS). More details in Supplementary Text 5.

Only the filter extracts were above the limit of detection in the 
semi-quantitative determination of prymnesins according to Svenssen 
et al.26. We filled the data gaps by adjusting for the ratio of peak areas 
of the filter and water extracts of the LC-HRMS analysis. The resulting 
concentrations (Supplementary Table 8 and Supplementary Fig. 7) 
ranged from F5 + W5 of 2.7 nmol l−1, F4 + W4 of 4.9 nmol l−1 and F5 + W5 
of 8.9 nmol l−1 to F1 + W1 of 30.0 nmol l−1 (individual concentrations  
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Fig. 1 | Heat map of the contribution of chemicals to the risk quotients. 
Contribution of individual chemicals for the total water sample extracts (water + 
filter (biomass and particles)) of samples 1–5 (Supplementary Table 8). The top 

left insert shows the relative mean contribution of the top ten chemicals to the 
mixture risk quotient (RQ). The insert on the bottom shows the location of the 
sampling sites.
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in Supplementary Table 8), which agreed well with the unfiltered  
water concentration of 39.2 nmol l−1 (ref. 4) and F2 + W2 of 52.9 nmol l−1 
(unfiltered 63.7 nmol l−1)4.

Prymnesins could not be detected in fish. This can have various rea-
sons, most prominently that the sample preparation was not targeting 
prymnesins as it was not known at the time of sampling that prymnesins 
were the culprit. It might also be possible that prymnesins were never 
present in these fish (they showed only slight symptoms) or fish had 
depurated them before sampling. As government restriction orders 
and high uncertainty about the degree of degradation of the dead and 
floating fish prevented their analysis, we purchased or obtained fish 
that had shown signs of intoxication but had potentially depurated 
any toxicants as they were kept alive in tanks before we bought and 
sampled the fish. Even (relatively polar) micropollutants could have 
been excreted during that time. Nevertheless, we detected a substantial  
quantity and diversity of chemicals in these fish (Supplementary Fig. 4 
and Supplementary Table 5), which clearly indicates the multiple stress 
fish face in rivers. We have no proof that this additional body burden  
of micropollutants on its own impacted the fish, but the cocktail  
of pharmaceuticals, fragrance materials, pesticides, disinfectants  
and so on in a fish could have impacted the fish health.

In vivo toxicity towards algae, water flea and 
zebrafish embryos
Only the water extract could be tested for algal toxicity with the chloro-
phyte Scenedesmus vacuolatus (details in Supplementary Text 6,  
Supplementary Table 9 and Supplementary Fig. 8) because the filter 
extracts contained particles in the size of microalgae, which disturbed 
the algal toxicity test. The water samples (Supplementary Fig. 9) had 
a different response pattern than the positive control, the herbicide 
diuron (Supplementary Fig. 8), indicating that the phytotoxicity was 
non-specific and not caused by specific inhibition of photosynthesis.

The concentration–immobilization curves for the water flea 
Daphnia magna are depicted in Supplementary Fig. 11 and the 
thereof-derived effect concentration for 10% immobilization (EC10) for 
samples W1, F3, F4, F5 ranged from a relative enrichment factor (REF) 
of 4 to >10 (highest tested concentration was REF 10) (Supplementary 
Table 10) with details in Supplementary Text 7.

The zebrafish embryo (Danio rerio) is frequently used as a model 
for detecting developmental and acute neurotoxicity. The only para-
meter, for which concentration-dependent effects of the water extracts 
were observed in the zebrafish, was the photomotor response (PMR) 
(Supplementary Text 8, Supplementary Fig. 12, EC50 in Supplemen-
tary Table 11). The PMR has been previously shown to be sensitive to 

compounds interfering with the function and development of the 
nervous system27,28. The screening of the particulate matter samples 
induced no effects in all end-points if compared with the particulate  
matter blank control except for the locomotor response for F5  
(Supplementary Table 11).

The algal toxicity was the most sensitive in vivo end-point (Fig. 2a), 
followed by immobilization of D. magna (Supplementary Table 10). 
The water extracts had to be enriched more than ten times to startle 
the photomotor response in D. rerio (Supplementary Table 11). In the 
government report21 of the Oder River fish kill, direct toxicity assess-
ments with water samples was reported but no effects were observed 
for the bioluminescence inhibition test with Aliivibrio fischeri, algae and 
daphnia assays, which is consistent with the need to dose the extracts 
in the present study at REF > 1 to observe effects.

For algal toxicity, the relationship between photosynthesis and 
growth inhibition compared well with previous results of a similar 
assay for WWTP effluents and river water29: the higher WWTP effluent 
contribution, the more non-specific were the effects (Supplementary 
Fig. 10), which agrees with the highly WWTP effluent-impacted Oder 
River. SPE extracts from the Lambro and Po rivers in Italy30 and water 
from the Sava River in Croatia31 tested on Daphnia magna showed  
similar effects as the Oder water samples tested here. In previous 
studies, river water also did not cause any acute Danio rerio embryo 
toxicity32, whereas WWTP effluent caused effects on PMR33 and trig-
gered other stress responses33,34. The similarity of the in vivo effects to 
normal river water could also stem from the fact that the photolabile 
prymnesins35,36 were rapidly degraded in the in vivo bioassays, which 
were all conducted under artificial light.

In vitro neurotoxicity in human cell lines
Cytotoxicity and inhibition of neurite outgrowth in differentiated 
SH-S5Y5 cells were measured as in vitro indicator of mixtures of  
neurotoxic chemicals37. Concentration–response curves are depicted 
in Supplementary Fig. 13 for water extracts, Supplementary Fig. 14  
for filter extracts and Supplementary Fig. 15 for fish extracts. All water 
and filter extracts samples were cytotoxic at an REF of 1.7 to 15 and 
decreased the neurite outgrowth at an REF of 0.4 to 4.2 in the neuro-
toxicity assays, and blanks were clean (Supplementary Table 12).

The in vitro effects were observed at lower concentrations than 
in vivo effects (Fig. 2b). The cytotoxicity was higher in the filter extracts 
than in corresponding water extracts, but the effect on neurite out-
growth inhibition was more pronounced in the water extracts than in 
the filter extracts (Fig. 2b). The in vitro neurotoxicity data of the Oder 
River water extracts were at the higher end of effect potency (Fig. 3) 
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Fig. 2 | Comparison of in vivo and in vitro toxicity. a, Comparison of effect 
concentrations for in vivo bioassays (EC10 for 10% growth inhibition in green 
algae (green, squares; Supplementary Table 9), EC10 for 10% immobilization in 
Daphnia magna (gold upward triangles; Supplementary Table 10), 50% effect 
concentration EC50 in the zebrafish (Danio rerio) behavioural assay for PMR (blue 
downward triangles; Supplementary Table 11)). There was not enough sample 
available to test W1 and W2 in D. magna or the zebrafish embryo, and testing 

was not possible for the filter samples in the algal toxicity assay, and the PMR in 
D. rerio was not significantly different from control up to REF 4 for the filtrate 
samples (unpaired t-test P = 0.6771). b, Comparison of effect concentrations in 
the in vitro neurotoxicity assay with EC10 for neurite outgrowth inhibition (10% 
reduction in neurite length, magenta diamonds) and inhibitory concentration 
IC10 for 10% cytotoxicity (teal circles) in the differentiated neuronal cell line  
SH-SY5Y (Supplementary Table 12).
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when comparing with literature data on surface water sampled during 
rain events and WWTP effluent38.

The specificity ratio (SR), which is a measure of how more sen-
sitive neurite outgrowth inhibition is as compared to cytotoxicity 
(SR = IC10(cytotoxicity)/EC10(neurite outgrowth inhibition)37), ranged 
from 3.5 to 9.5 (mean 5.3 ± 2.1) for the water extracts (Supplemen-
tary Table 12). The SR was around 1 (mean 0.91 ± 0.34) for the filter 
extracts (Supplementary Table 12), which means that the effect on the  
neurites was not specific but caused indirectly by cytotoxicity. The 
water extracts had similar SR (3.6 to 8.5) as the data from literature, but 
the SRs of the filter extract were close to 1 (range 0.5 to 1.3), indicating 
non-specific neurotoxicity.

Most of the fish extracts were not cytotoxic but inhibited the  
neurite outgrowth (Supplementary Table 12). Extracts without  
clean-up were 19 ± 15 times more potent than samples with clean-up 
(Supplementary Fig. 16), indicating that the clean-up led to loss of 
chemicals or of matrix.

Data for the neurotoxicity assay were available for 11 of the 
detected chemicals, and six were active and five inactive. We measured 
additional 13 chemicals that had high occurrence and/or concentra-
tions, and nine of them were active and four were inactive (Supplemen-
tary Table 13). The relative effect potency (REP) of the 16 bioactive and 
detected micropollutants were low, ranging from 2.4 × 10−6 to 1.1 × 10−3 
(Supplementary Table 13) and their specificity ratios SR ranged from 
0.74 to 3.9, indicating low specificity.

There were no B-type prymnesin standards available, but an A-type 
prymnesin solution previously sold as haemolysis standard (Sigma 
Aldrich), which had an IC10 for cytotoxicity of 1.28 nM and an EC10 for 
neurite outgrowth inhibition of 1.45 nM (Supplementary Fig. 17 and 
Supplementary Table 13), which means prymnesins were very potent 
and had a high cytotoxicity but did not act specifically on neurites 
(SR = 0.88). This low SR and very high potency is an indication that the 
neurotoxicity of the filter extracts could be dominated by the prymne-
sins, whereas the water extracts are rather dominated by specifically 
acting neurotoxicants.

For another cytotoxicity assay using rainbow trout gill cells 
(RT-gillW1), the A-type prymnesin was 28 times more potent than 
the B-type prymnesin after 3 h and 17 times more potent after 24 h 
of exposure12. We used the potency ratio of 17 in RT-gillW1 after 24 h 
EC10(B-type)/EC10(A-type) to predict the IC10 for cytotoxicity of 22.1 nM 
and an EC10 for neurite outgrowth inhibition of 25.1 nM.

Contribution of prymnesins and micropollutants 
to the mixture effects
Despite concentrations of micropollutants that were substantially 
higher than prymnesin concentrations, they had only a small contribu-
tion to the predicted mixture effects expressed as bioanalytical equiva-
lent concentrations (BEQ) with the reference chemical narciclasine, that 
is, narciclasine-EQchem (equation (2)). In the water extracts, an average 
of 9% of the measured biological effect expressed as narciclasine-EQbio 
(equation (1)) could be explained by prymnesins, whereas less than 0.01% 
could be explained by the 16 bioactive and detected micro pollutants 
(Supplementary Table 14 and Fig. 4a). The contribution for all individual 
samples is shown in Supplementary Fig. 18: W1 and W2 had a higher 
fraction of narciclasine-EQbio explained by prymnesins than W3, W4, W5.

In the filter extracts F3, F4 and F5, an average of 66% of the effect 
was caused by prymnesins (Supplementary Table 14 and Fig. 4b). F1 
and F2 could not be evaluated with the iceberg model as bioactive 
micropollutants were not detected in these samples, but prymnesin 
concentrations were among the highest and would have explained 
200% of the narciclasine-EQbio in F1 (F2 could not be quantified due 
to false positive microscope images from cell debris). An uncertainty 
analysis of the iceberg model indicates that the potency of B-type 
prymnesins is probably overestimated (Supplementary Text 9).

It has to be taken into consideration though that prymnesins are 
photolabile35,36, and degradation might have occurred during process-
ing, which could have underestimated the observed effects. In contrast 
to the in vivo assays, which were conducted under artificial light, the 
24 h exposure of human neuronal cells were conducted in the dark and 
the isolated prymnesin solution and the water extracts were treated 
exactly the same way.

Hexa(methoxymethyl)melamine had a substantial but lower 
contribution to the micropollutant’s mixture effects than in the RQ 
analysis, presumably because the predicted PNEC was only estimated, 
whereas the in vitro neurotoxicity was an experimental value. Carba-
mazepine, 1H-benzotriazole and tris(2-chloroisopropyl)phosphate also 
had a substantial contribution to the mixture effect (Fig. 4a and Supple-
mentary Fig. 18a–e). Different chemicals were mixture effect drivers in 
the filter extracts, mainly surfactants and phosphate flame retardants 
(Fig. 4b and Supplementary Fig. 18f–h). Iceberg modelling was not 
possible for the fish extracts as only two bioactive chemicals could 
be included (tris(1-chloro-2-propyl)phosphate and tri(butoxyethyl) 
phosphate) and their contribution to narciclasine-EQbio was negligible.

This analysis clearly shows that the detected micropollutants 
constitute just the tip of the iceberg, many bioactive micropollutants 
are most likely unknown. It is striking that the prymnesins have such 
a high contribution to the mixture effects, but it cannot be excluded 
that other natural toxins had also contributed to the mixture effect. 
For instance the cyanobacteria toxins microcystin LR and YR were 
also identified in Oder water samples collected during the fish kill21. 
Cyanotoxins also cause neurotoxic effects as has been demonstrated 
with the neuroblastoma cell line SH-SY5Y (ref. 39).

Conclusions
HABs involving P. parvum have been reported to occur frequently in 
the estuaries of rivers, brackish-water lakes, but also in commercial 
aquaculture. So far the actual prymnesin toxins have only once been 
directly detected in a brackish lake40, but the presence of P. parvum 
has been confirmed on multiple occasions and has been associated to 
fish kills in both lakes and rivers18. Samples taken from the Oder River 
during the fish kill event in 2022 contained high concentrations of 
B-type prymnesins although the peak of the fish kill had presumably 
occurred a few days earlier with the first dead fish sighted in Germany on 
9 August 2022. A count of dead fish near our sampling site, carried out 
by a Polish group just 1 day after our sampling, showed that a substantial 
number of dead fish were still washed up on the riverbanks between 
Zatoń Dolna ( >200) and Widuchowa ( <50) (ref. 3). Accordingly, it can 
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also be assumed that the P. parvum peak was already at its tail end, and 
the toxic impact of prymnesins would have been even higher during the 
peak of the event. This is also evidenced by the chlorophyll A peaking 
to over 300 µg l−1 between 1 and 4 August 2022 (ref. 4), whereas being 
at or lower than 100 µg l−1 on 17 August 2022 (Supplementary Table 1 
and ref. 4). The prymnesins’ toxic effects were exacerbated by the high 
micropollutant loads that clearly led to mixture effects in cytotoxicity 
and neurotoxicity assays based on differentiated human neuronal cells, 
although they were not deemed to be contributing to the actual fish 
kill21 due to the high ichthyotoxicity of prymnesins that exceeded the 
contribution by micropollutants by far.

Nevertheless, the estimated mixture risk quotients for aquatic 
organisms revealed exceedance of the risk quotient threshold of  
RQ = 1 by several individual chemicals. The RQmix was clearly exceeding  
the threshold of 1 even if only 30 organic micropollutants were 
included in the model, despite presumably hundreds and thousands of  
organic chemicals probably present.

The neurite outgrowth inhibition of prymnesins equalled that 
of the potent reference compound narciclasine. However, it was 
non-specific with SR close to 1, calling for more research on the impact 
of prymnesins on drinking water and human recreational use of water 
bodies, including research on the exposure routes such as skin contact 
and oral uptake, toxicokinetics and more mechanistic investigations 
on the molecular mechanisms of toxicity and more diverse human 
health-related end-points. High in vitro effects indicate primarily a 
hazard potential but may not be used alone to conclude risks. However, 
according to the concept of adverse outcome pathways, molecular 
initiating events and cellular effects are a prerequisite for the mani-
festation of effects in vivo41.

The study has demonstrated how ad hoc sample campaigns during  
HAB outbreaks can provide important insights on the drivers of  
toxicity in water samples, which is highly relevant for risk manage-
ment and mitigation. Under climate change scenarios, society needs 
to brace against future compound extreme events, such as heat  
waves combined with long periods of sunshine and low flows42,  
because the harmful algal bloom in the Oder River in 2022 clearly had 
diverse and wide-ranging adverse impacts beyond the highly visible 
fish kills.

Methods
Water sampling and direct measurements
Water was sampled at the locations and coordinates given in Supple-
mentary Table 1. Grab samples were taken in pre-washed glass  
bottles and immediately transported to the laboratory in cool boxes. 
Sample codes, basic physico-chemical parameters (pH), nutrients, 
chlorophyll A content and inorganic ion concentrations are provided 
in Supplementary Table 1 and Supplementary Text 10. For pigment 
analysis, samples were filtered onto glass fibre filters (GFF, 0.7 µm, 
Whatman) and measured by high performance liquid chromatography 
after ethanolic extraction43.

Extraction
All water samples were stored in glass bottles in the refrigerator in  
the dark until further processing and exposure to direct sunlight was 
kept to a minimum. Water was filtered with (several) glass microfibre 
filters (GFF, 0.7 µm, Whatman). The filtered water samples were split in 
three aliquots. Aliquots (100 ml) were extracted for pyrethroid analysis 
without pH adjustment. The rest was split in two equal aliquots of which 

a Mean of water extracts

1H-Benzotriazole
Tris(2-chloroisopropyl)phosphate
Carbamazepine
Hexa(methoxymethyl)melamine
Propiconazole
Sulfamethoxazole
Imidacloprid
Tris(2-butoxyethyl) phosphate
Atrazine
Ampyrone
Lauramidopropylbetaine
Benzyldimethyltetradecylammonium
Benzyldimethylhexadecylammonium

Lauramidopropylbetaine
Tris(2-chloroisopropyl)phosphate
N,N-Dimethyltetradecylamine-N-oxide
Propiconazole
Benzyldimethyltetradecylammonium
Benzyldimethylhexadecylammonium
Tris(2-butoxyethyl) phosphate

BEQchem(chemicals)
Average % contribution to BEQchem(chemicals)

BEQchem(chemicals)
Average % contribution to BEQchem(chemicals)

BEQchem(unknown)

BEQchem
(unknown)

BEQchem
(prymnesins)

BEQchem

b Mean of filter extracts

(prymnesins)

Fig. 4 | Iceberg modelling results. a,b, Mean BEQ of water extracts (a), 
filter extracts (b). Data in Supplementary Table 14, detailed figures for 
individual samples in Supplementary Fig. 18. On the left: the distribution 
between bioanalytical equivalent concentrations BEQchem from the detected 
chemicals (blue), from prymnesins (green) and unknown BEQchem (grey, 

BEQchem(unknown) = BEQbio − BEQchem(chemicals) − BEQchem(prymnesins)). On 
the right: apportionment of BEQchem(chemicals) by individual chemicals. The 
reference chemical for the neurotoxicity assay was narciclasine; hence BEQ are 
narciclasine-EQ.
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one was adjusted to pH 7. Water was enriched with solid-phase extrac-
tion with an enrichment factor of 1,000 (details in Supplementary 
Text 11). The filters were combined, freeze dried and extracted with 
methanol by shaking and ultrasonication (Supplementary Text 12).

Fish
Two chubs (Squalius cephalus, fresh weight approximately 2 kg) were 
purchased from a local fisherman in Schwedt/Szwed who had caught 
the fish alive by electrofishing on 8 August 2022, when conductivity 
had already increased but the fish had no symptoms yet. These fish 
were kept alive in a tributary of the Oder River until 17 August 2022, 
when they were obtained by the research team, killed, frozen and trans-
ported to the laboratory. A 2-kg ide (Leusciscus idus) caught alive on 17 
August 2022 in the morning with observed symptoms of intoxication 
by a (private) fisherman in Gryfino was kept in a pool of tap water for 
<12 h before killing, freezing and transported to the laboratories for 
extraction. The chubs and the ide were dissected to sample muscle 
and gills separately. In total 35 sturgeons (Acipenser oxyrinchus) were 
obtained from a restoration project reintroducing sturgeons into 
the Oder River (https://www.igb-berlin.de/en/sturgeon; refs. 44,45). 
Juvenile sturgeons (23 individuals, in total 25 gwet weight, 0.92 g mean 
individual wet weight) that had symptoms of intoxication were frozen 
on 10 August 2022 (sturgeon_exposed) and 12 healthy juvenile sturgeon 
(in total 7 gwet weight, 0.58 g mean individual wet weight) that had been 
kept in a rearing facility in a tributary of the Oder River were sampled 
22 August 2022 (sturgeon_unexposed).

Homogenization of sturgeons, muscle and gills
The muscle of chubs and ide were homogenized using a blender,  
the gills of the chubs and ide and the whole juvenile sturgeons were 
homogenized using a cryo mill (Retsch) (Supplementary Text 13).

Extraction of sturgeons, muscle and gills
For extraction and clean-up a QuEChERS method was applied to 
homogenize sturgeons, gills and muscle. A blank was processed in 
the same way as the samples. Before analysis, the samples and the 
extraction blanks were spiked using an internal standard mix contain-
ing isotope-labelled compounds. A method-matched calibration was 
utilized for quantification (Supplementary Text 14).

Chemical analysis of micropollutants in water, particulate 
matter and fish
Targeted analysis of 27 pesticides in filtered water samples was per-
formed by gas chromatography/tandem mass spectrometry measure-
ments after Sorbstar extraction (details in Supplementary Text 15). 
The water SPE extracts, filter extracts, extracts of fish and fish organs 
were analysed for >600 chemicals with a target screening approach 
using liquid chromatography high-resolution mass spectrometry 
(LC-HRMS)25 (Supplementary Text 16).

Prymnesin analysis of all extracts
The presence and identity and the relative intensity of prymnesins were 
determined by LC-HRMS using a previously characterized extract of 
strain K-0081 (ref. 46) as retention time marker and an estimation of 
the concentrations of B-type prymnesins was performed as described 
by Svenssen et al.26 (Supplementary Text 17).

Toxicity assays
The concentrations of the extracts are given as relative enrichment 
factors (REF), which are defined as volume of original water sample 
dosed in form of its extract divided by the volume of the bioassay47. 
The concentration–response curves of the bioassays were fitted with 
a linear or a log-logistic concentration–response model according to 
ref. 47 and effect concentrations causing 10% (EC10) or 50% of effect 
(EC50) derived by interpolation.

Algal toxicity
Growth rate and photosynthetic capacity was quantified after a  
24 h exposure to the water extracts in a synchronized culture of the 
unicellular green algae S. vacuolatus according to ref. 48 (Supplemen-
tary Text 18).

Immobilization assays with Daphnia magna
Water and filter extracts were tested with Daphnia magna LRV0_1  
(ref. 49) according to OECD 202 guideline50 (Supplementary Text 19).

Zebrafish embryo toxicity test
An automated zebrafish embryo test with dosing at 2 h post fertilization 
(hpf) and exposure through to 96 h hpf was conducted using a dilution 
series of the extract with the highest tested concentration referring 
to a REF of 15. The automated image-based assessment is described in 
ref. 51. For the filter extracts only one concentration per sample was 
tested and the concentration was selected according to the IC10 of the 
cytotoxicity assay with SH-SY5Y cells. Using video tracking and image 
analysis, morphological effects and changes in embryonic movement 
(spontaneous tail contractions, photomotor response and locomotor 
response) as potential indicator of neurotoxicity after 96 hpf were 
quantified. Effect concentrations were calculated based on log-logistic 
modelling of concentration–response data (Supplementary Text 20).

Neurotoxicity assay
The water and fish extracts were tested in human neuroblastoma 
SH-SY5Y cells to investigate their effects on developmental neuro-
toxicity37. After 24 h of exposure, neurite length and cell viability were 
quantified based on phase-contrast and fluorescence images, respec-
tively, using an IncuCyte S3 live cell imaging system (Essen BioScience).  
The 10% effect concentrations on cell viability (IC10) and neurite  
outgrowth (EC10) were determined and their ratio, named specificity  
ratio (SR), indicates specificity of effects on neurite outgrowth  
(Supplementary Text 21).

Hierarchical clustering
The hierarchical clustering was performed in R (version 4.1.3) using 
the vegan package (version 2.6-4). For concentrations, the means of 
replicates were used if observations >2. Otherwise, values were set  
to 0. Bray–Curtis dissimilarity was used to generate distance matrices. 
Clusters and respective dendrograms for both samples and chemicals 
were generated by Wards hierarchical agglomerative clustering using 
the Ward2 clustering criterion.

Iceberg mixture modelling
Bioanalytical equivalent concentrations (BEQ) serve to express the 
toxicity as the concentration of a reference chemical that has the  
same effect as the mixture47. Narciclasine is used as reference chemical  
in the neurite outgrowth inhibition assay38 and the narciclasine equiva-
lent concentrations from chemical analysis narciclasine-EQbio can be 
derived with equation (1).

Narciclasine − EQbio =
EC10 (narciclasine)

EC10 (sample) (1)

The narciclasine equivalent concentrations from chemical analysis 
narciclasine-EQchem is the sum of the narciclasine-EQchem(i) of each indi-
vidual bioactive and detected chemical (equation (2)) with its relative 
effect potency REPi defined by equation (3).

Narciclasine − EQchem =
n
∑
i=1

REPi × Ci (2)

REPi =
EC10 (narciclasine)

EC10 (i)
(3)
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Data availability
The data that support the findings of this study are available within this 
article and the Supplementary Information.
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