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Abstract
Cyanobacteria are cosmopolitan, important components of biomass with 
a remarkable ability to synthesize a diverse array of bioactive compounds, 
some of which may have toxic effects on other organisms and ecosystems. 
In this study, filamentous cyanobacterial strains isolated predominantly 
from temperate European freshwaters (Aphanizomenon, Chrysosporum, 
Cuspidothrix, Dolichospermum, Planktothrix, Raphidiopsis), with a subset 
from Arctic waters (Microcoleus, Phormidesmis), were qualitatively screened 
for commonly studied cyanometabolites, using immunoassays and chroma-
tographic techniques. We also assessed the effects of culture extracts and 
filtrates on the survival of Daphnia magna and Daphnia pulicaria. The results 
indicated a broad capacity among tested strains to produce toxic and bio-
active compounds. Specifically, we detected anabaenopeptins, anatoxin-a, 
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INTRODUCTION

Phylogenetically, cyanobacteria are one of the oldest, 
widespread, and diverse autotrophic organisms world-
wide. They were among the first organisms to shape 
environmental conditions since the Precambrian, initi-
ating biogeochemical transformations in both the hydro-
sphere and atmosphere (Demoulin et al., 2019). They 
have been evolving and diversifying for more than 3 bil-
lion years on Earth, to become either widely distributed 
opportunistic species or narrowly ranged stenotypic 
specialists. To date, these prokaryotes can be found in 
different types of ecosystems, from marine and fresh-
water environments to terrestrial habitats, from geo-
thermal waters to the surface of ice. Many species also 
have sub-cosmopolitan distribution (Padisák,  2003). 
Due to numerous adaptations such as the production 
of extracellular polymeric substances, ability to desic-
cate, ability to survive freeze–thaw events, etc. (Carey 
et al., 2012; Chen et al., 2021; Dokulil & Teubner, 2000; 
Kvíderová et al., 2019), cyanobacteria often dominate 
in different ecosystems (Amarouche-Yala et al., 2014; 
Rybak et  al.,  2024; Vincent,  2000). Although these 
organisms have played pivotal roles as primary pro-
ducers and early colonizers during primary succes-
sion from the deep geological past to the present 
(Zawierucha,  2024), their excessive proliferation can 
be harmful to ecosystems.

Accelerated anthropogenic eutrophication and on-
going climate change are altering the biogeochemis-
try of aquatic ecosystems, making them increasingly 
susceptible to harmful cyanobacterial blooms (also re-
ferred to as cyanoHABs; Huisman et al., 2018; Lürling 
et  al.,  2017). Although the blooms occur most fre-
quently and intensively in eutrophic waters in summer 
(Jöhnk et al., 2008), there have been increasing reports 

of the mass occurrences of cyanobacteria in the cold 
season (Babanazarova et al., 2013; Coffer et al., 2020; 
Lindholm et al., 1989; Wejnerowski et al., 2018, 2024) 
and in oligotrophic waters (Cederwall & Cott,  2025; 
Reinl et  al.,  2021). Cyanobacterial blooms cause de-
terioration of water quality, formation of anoxic zones, 
biodiversity loss, and trophic network disruption at 
the macro- and microscale (Havens,  2008; Paerl & 
Otten,  2013; Wilk-Woźniak,  2019). This disruption re-
sults in a decline in ecosystem service quality and 
negative impacts on human health, the economy, 
and tourism (Carmichael & Boyer,  2016; Hamilton 
et al.,  2013). Given the long-term trends in the inten-
sity, duration, and scale of cyanoHABs (Vieira-Lanero 
et al., 2022; Zong et al., 2019) as well as climate change 
perspectives (Intergovernmental Panel on Climate 
Change, 2023), it is predicted that cyanobacterial bloom 
events will be more intense in the future and may favor 
toxic genotypes in cyanobacterial community structure 
(Mantzouki et al., 2018; Walls et al., 2018). According 
to previous estimates (Chorus,  2001; National Rivers 
Authority, 1990), toxic cyanoHABs can account for 25% 
to 75% of blooms.

The cyanotoxins frequently detected in water 
bodies are microcystins (MCs), nodularins (NODs), 
anatoxin-a (ATX-a) variants, beta-methylamino-L-
alanine, saxitoxins (STXs), and cylindrospermopsins 
(CYNs)—some sharing similar, while others hav-
ing distinct, modes of action (Codd et al., 2017) and 
all exerting diverse toxic effects on biota (Krienitz 
et al., 2003; Svirčev et al., 2016). Other bioactive sec-
ondary metabolites of cyanobacteria, not considered 
toxins, can also have toxic effects or at least inhib-
itory activity, for example, anabaenopeptins (APs; 
Spoof et  al.,  2016) or lipopolysaccharides (Gągała-
Borowska et  al.,  2022). So far, global monitoring of 

cylindrospermopsin, microcystins, and saxitoxins. Although numerous strains 
showed the potential to produce a variety of toxic and bioactive compounds 
and reached high biomass after 40 days of incubation, their extracts and fil-
trates frequently had negligible negative effects on the survival of Daphnia. In 
contrast, significant lethality was observed in response to planktic Limnothrix 
sp. and glacial Microcoelus autumnalis that tested negative for the studied 
compounds, as well as for an Aphanizomenon klebahnii strain in which only 
anabaenopeptins were detected. We also observed a positive relationship 
between the biomass used to prepare cyanobacterial extracts and Daphnia 
survival, and this result raises the question of whether there is a trade-off 
between the growth rates of strains and their toxicities. Our study extends the 
current knowledge of the geographical distribution of toxic cyanobacteria and 
suggests that some of them may also produce other, yet unidentified toxic 
compounds.

K E Y W O R D S
aquatic ecosystems, cyanobacterial blooms, cyanotoxins, eutrophication, extremophiles, 
HPLC-MS, toxicity assays
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cyanobacteria in the environment has shown that 
numerous cyanobacterial species from different gen-
era can produce harmful compounds. For example, 
cytotoxic alkaloids such as CYN can be produced 
by certain species of Anabaena, Aphanizomenon, 
Chrysosporum, Dolichospermum, Lyngbya, Oscillatoria, 
Raphidiopsis, and Umezakia, and hepatotoxins 
such as MCs and NODs are even more widespread 
(Bernard et  al.,  2017). Nevertheless, there are still 
gaps in knowledge, and an important aspect is the 
identification of the species that can produce certain 
toxic/bioactive metabolites. Much of the research has 
been focused on urbanized, polluted areas or located 
near scientific centers. In contrast, a plethora of hab-
itats around the world, especially the cryospheric 
ecosystems, remain largely terra incognita with re-
spect to cyanotoxins and other toxic compounds. 
Notably, cyanobacteria can be toxic in both thermo-
philic (Krienitz et al., 2003) and psychrophilic environ-
ments (Chrapusta et al., 2015; Jungblut et al., 2018; 
Kleinteich et al., 2018). Although new species of cya-
nobacteria and their morphotypes are still being de-
scribed at low and high latitudes (Kaštovský, 2024), 
their toxin profiles are usually unknown. The toxic po-
tential of some species may also be underestimated 
due to the small number of tested strains. Some re-
ports demonstrated the potential of cyanobacteria to 
produce other unknown metabolites, potentially re-
sponsible for toxicity observed in various bioassays 
(Davidović et  al.,  2023; Falfushynska et  al.,  2021; 
Hrouzek et al., 2016; Tokodi et al., 2018).

Polar and high mountain regions are undergoing 
rapid changes, including glacier retreat, which might 
lead to increased release of the toxic substances 
accumulated on glacial surfaces and pose a risk to 
the health of people relying on glacial meltwater for 
drinking (Beard et  al.,  2022). Waterbodies on gla-
cial ice surface (known as cryoconite holes) and in 
glacier forefields (ponds and lakes) can accumulate 
various contaminants (Clason et al., 2023). Glaciers 
also are sources of both organic and inorganic pol-
lutants, including biohazards (Buda et  al.,  2024; 
Makowska-Zawierucha et  al.,  2022). Cyanobacteria 
play a crucial role in glacier and glacier-adjacent hab-
itats as ecosystem engineers (Rozwalak et al., 2022; 
Wejnerowski et  al.,  2023). More thorough investiga-
tions of cyanobacterial toxicity will yield insights into 
the evolutionary connection between the presence 
of certain toxic cyanometabolites and the diversity of 
cyanobacteria and the relation among toxin presence 
and habitat quality, ecological stressors, and biolog-
ical activity/toxicity of specific cyanometabolites. All 
of them call for more comprehensive studies on toxic 
cyanobacteria.

This study aimed to characterize commonly stud-
ied cyanotoxins and other bioactive metabolites in 
filamentous cyanobacteria from a wide range of 

ecosystems, including strains from natural freshwa-
ter and brackish ecosystems and artificially heated 
lakes, and benthic, mat-forming glacial cyanobacteria 
from cryoconite holes. The studied strains included 
temperate isolates of planktic, bloom-forming, and 
potentially toxic cyanobacteria, representing both na-
tive and expansive taxa. We hypothesized that the 
toxicity of cyanobacteria extends beyond species 
commonly known to be toxic and that some strains 
classified as potentially nontoxic based on standard 
analytical assays exert harmful effects on aquatic or-
ganisms. To test this, 72 cyanobacterial strains were 
analyzed for the presence of various toxic cyanome-
tabolites using immunoassays and chromatographic 
techniques. In addition to toxin detection, the toxicity 
of the studied strains was assessed using a short-
term survival bioassay with Daphnia magna (Straus, 
1820) and D. pulicaria (Forbes, 1893) as indicator 
species to link analytical detections with organismal 
responses. Specifically, we measured toxicity of ex-
tracts and filtrates to discriminate between the toxicity 
of substances released extracellularly by living cells 
and total toxicity (including intracellularly stored and 
released metabolites). We also quantified chlorophyll 
a concentration at harvest to test whether toxicity to 
Daphnia scaled with cyanobacterial biomass in ex-
tracts and filtrates. Based on a multifaceted toxico-
logical approach, our study provides new, detailed 
insight into the occurrence of toxic cyanometabolites 
across a broad diversity of cyanobacteria taxa origi-
nating mainly from temperate European habitats, with 
a subset from Arctic environments.

MATERIALS AND METHODS

Cyanobacteria

We studied strains comprising bloom-forming fila-
mentous cyanobacteria from the temperate zone 
(Aphanizomenon, Chrysosporum, Cuspidothrix, 
Dolichospermum, Planktothrix, Raphidiopsis) and 
a small subset of cyanobacteria from Arctic glaciers 
(Microcoleus, Phormidesmis) held in the culture col-
lection at Adam Mickiewicz University in Poznań. The 
cultures were monocyanobacterial, each originally ob-
tained from a single trichome that was transferred sev-
eral times in a microcapillary (inlet diameter ~10 μm) 
through drops of medium containing imipenem antibi-
otic solution (10 μg · mL−1). Prior to the study, all strains 
were reisolated using microcapillaries. This proce-
dural control was applied to ensure the homogeneity 
of the biological material. Microscopic observations, 
trichome isolations, and photographic documentation 
were conducted using an inverted microscope Leica 
DM IL LED (Leica Microsystems, Wetzlar, Germany) 
and a digital camera Jenoptik Gryphax NAOS (Jenoptik 
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Optical Systems, Jena, Germany). The identification 
of strains was based on morphological (Hindák, 2008; 
Komárek, 2013; Komárek & Anagnostidis, 2005) and 
molecular (16S rRNA gene sequencing and maximum 
likelihood phylogenic) approaches (Appendix  S1). 
Glacial strains were identified earlier in Wejnerowski 
et al. (2023).

Cultures of temperate strains were incubated in glass 
vials using WC medium (Guillard & Lorenzen, 1972) 
as the growth medium. They were maintained in a cul-
ture room under a defined temperature (20 ± 0.5°C), 
photoperiod (16:8 h light:dark cycle), and light intensity 
(23 μmol photons · m−2 · s−1). Glacial cyanobacteria 
were grown in a cold room at 4 ± 0.5°C, at a 12:12 h 
light:dark cycle, and under 24 μmol photons · m−2 · s−1.

Detection of cyanometabolites

The biomass of 21-day-old cultures of each strain, 
concentrated by centrifugation from ~50 mL to vol-
umes of 2 mL each, was analyzed for the presence of 
14 toxic cyanometabolites. Detection of APs, ATX-a, 
and STXs was conducted with enzyme-linked immu-
nosorbent assay (ELISA) kits according to the man-
ufacturer protocols (Eurofins Abraxis, Warminster, 
United States; Product No. 520070, 520060, 520040, 
52255B, respectively). Cylindrospermopsin (CYN), 
MC (variants: dmMC-RR, MC-RR, MC-YR, dmMC-LR, 
MC-LR, MC-LY, MC-LW, MC-LF), and NOD identifica-
tion were performed using high-performance liquid 
chromatography with diode array detection (HPLC-
DAD) and mass spectrometry (LC-MS). Identification 
of CYNs, MCs, and NODs we  based on comparing 
retention times and absorption spectra of particular 
compounds (HPLC-DAD) or their retention times and 
the observed m/z values (LC-MS) to the standards. 
Cylindrospermopsin and NOD standards were ac-
quired from the National Research Council (Halifax, 
Canada); ATX-a and MCs were compared to in-
house standards prepared from cyanobacterial strain 
ANA123 (ATX-a), NIES107 (MCs), and PCC7820 
(MCs) originating from the Finnish Environment 
Institute (Helsinki, Finland), National Institute for 
Environmental Studies (Tsukuba, Japan), and Pasteur 
Culture Collection of Cyanobacteria (Paris, France), 
respectively. Cyanobacterial samples prepared for 
HPLC were also used to conduct the noncompetitive 
time resolved fluorescence immunoassay (TRFIA), 
which detects both microcystin and nodularin (Akter 
et al., 2016). Sample preparation for the ELISA assay, 
chromatography, the TRFIA assay, and the corre-
sponding analyses were performed following the 
procedure of Wejnerowski et al.  (2024). Strains that 
were ATX-a-positive and a few ATX-a-negative iso-
lates (negative control) revealed by ELISA were also 

checked for ATX-a using the above-mentioned chro-
matographic methods.

Daphnia survival tests

As model indicators of cyanobacterial toxicity, we used 
Daphnia magna clone BDeM2 and D. pulicaria clone 
DpBrH. Stock cultures were maintained in glass jars filled 
with 500 mL of filtered and conditioned water from Lake 
Kakskerranjärvi (southwestern Finland; 60°21′54.25″ N, 
22°14′7.971″ E). Cultures were incubated in a phytotron 
chamber at 20°C and light intensity of ~20 μmol photons 
· m−2 · s−1. They were refreshed weekly with aerated 
lake filtrate. The newly prepared food suspension 
(green alga Tetradesmus  obliquus; strain SAG 276-
3a) was supplied to cultures three times a week at a 
concentration far exceeding the level limiting early 
growth.

Incubation of cyanobacteria for the Daphnia sur-
vival test started from inoculation of 5 mL of 20-day-old 
stock culture of each strain separated into 175-cm2 
cell culture flasks (Nunc™ EasYFlask™, Thermo 
Scientific, San Jose, California, United States) con-
taining 500 mL of WC medium. The incubation of 
strains lasted 40 days, and after that, 100-mL sam-
ples were collected and filtered on GF/C grade filters 
(Whatman, Maidstone, United Kingdom). Chlorophyll 
a was extracted, and its concentration was measured 
according to method ISO10260:1992 (International 
Organization for Standardization,  1992). The re-
maining culture volume of each strain was used in 
Daphnia survival tests, which involved testing the 
effect of filtered extracts and filtrates from cyano-
bacterial cultures on Daphnia survival. Preparation 
of filtered extracts involved triple freeze-thawing 
and sonication for 15 min (Sonorex RK156, Banelin 
electronics, Berlin, Germany) of cyanobacterial cul-
ture (100 mL). Subsequently, extracts were filtered 
through GF/C filters using a glass vacuum filtration 
kit. Filtrates were obtained by filtration of cyanobacte-
rial volume (100 mL) through GF/C filters without the 
sonication and freezing processes. The prepared fil-
tered extracts and filtrates were maintained at −20°C 
until analysis.

Survival tests were conducted on Daphnia juve-
niles (not older than ~48 h) originating from stocks 
containing up to ~150 reproducing females. The 
experimental setup was the same for each studied 
Daphnia clone and was as follows: five replicates of 
a given clone (each replicate composed of 10 ran-
domly selected individuals) were exposed for 48 h 
to either 7 mL of filtered extract or 7 mL of filtrate of 
each cyanobacterial strain in glass vials. Filtered ex-
tracts and filtrates from up to seven strains of cyano-
bacteria were tested at one time. In each round, we 
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used controls that constituted five replicates of each 
Daphnia clone exposed to 7 mL of freshly prepared 
WC medium that cyanobacteria were cultured in. The 
WC medium used in controls was always fresh (i.e., 
~24 h since autoclaving). Before each test, filtrated 
extracts and filtrates of cyanobacteria and the con-
trol medium were aerated by air bubbling for 15 min. 
Incubation of experimental samples was carried out 
in the same phytotron chamber as what  Daphnia 
stocks were cultured in, and the samples were not fed 
during the test. After exposure, the numbers of living 
and dead daphnids were counted in all vials using 
a stereoscopic microscope. In total, 15,400 Daphnia 
newborns were used (2 Daphnia clones × 2 types of 
tested liquids × 5 replicates × 10 individuals within a 
replicate × 72 cyanobacterial strains plus 10 controls 
× 5 replicates × 10 individuals within a replicate × 2 
Daphnia clones). Based on the recorded data, the 
percentage survival of each Daphnia was calculated.

Statistical analyses

The chlorophyll a data were used as a proxy for 
cyanobacteria biomass at the end of incubation. 
The generalized linear mixed models (GLMMs) were 
used to compare Daphnia survival in response to 
cyanobacterial extracts and filtrates. Separate models 
for D. magna and D. pulicaria were built, each time 
including Daphnia survival as the response variable. 
Both models included treatment (extract vs. filtrate) in 
interaction with cyanobacterial taxon and treatment in 
interaction with the biomass (chlorophyll a was used 
to prepare extract/filtrate) as explanatory terms. The 
strain of cyanobacterium was included as the random 
intercept in each model. Such model parameterization 
allowed the comparison of Daphnia survival between 
extracts and filtrates depending on cyanobacterial 
taxon and the testing of the relationship between 
biomass (chlorophyll a used to prepare extract/
filtrate) and Daphnia survival depending on treatment 
(extract vs. filtrate). The models were fit with the 
beta error distribution and logit link function. For 
post hoc comparisons of Daphnia survival between 
extracts and filtrates, estimated marginal means with 
Tukey's multiplicity adjustment implemented via the 
emmeans ver. 1.10.6 R package (Lenth, 2023) were 
used. Because control groups exhibited minimal 
variability and were therefore excluded from the 
GLMMs, we conducted additional complementary 
analysis explicitly comparing each treatment with 
its matched control, separately for each Daphnia 
clone and for each strain × treatment combination. 
Daphnia survival was tested against the clone-
specific control using one-sided exact binomial tests. 
The p-values were adjusted for multiple testing using 
the Benjamini–Hochberg false discovery rate (FDR) 

procedure. All analyses were conducted using the 
R software version 4.2.2 (R Core Team,  2022) and 
RStudio version 2023.12.1 (R Studio Team, 2024).

RESULTS

Cyanometabolites detected in the strains

Of 72 investigated strains, 35 were determined to 
produce at least one of the toxic/bioactive metabolites 
investigated. Anabaenopeptins were detected by 
ELISA in Aphanizomenon gracile (12 strains), A. 
klebahnii (two strains), and Planktothrix agardhii (14 
strains). Anatoxin-a was only observed in Cuspidothrix 
issatschenkoi (two strains) and was confirmed by 
ELISA, HPLC-DAD, and LC-MS. Chromatographic 
methods showed that CYN was only present in A. 
gracile (five strains). Microcystins were found only in P. 
agardhii (nine strains), and this result was confirmed by 
TRFIA, HPLC-DAD, and LC-MS analyses. The latter two 
techniques allowed the identification of MC homologs: 
dmMC-RR was present in all MC-positive P. agardhii 
strains dmMC-LR was present only in two, whereas 
MC-RR was confirmed only for one strain. Other 
variants of MC were not detected in the studied set of  
P. agardhii strains. The TRFIA and chromatography 
showed that none of the 72 strains was NOD positive. 
Saxitoxin was detected by ELISA in A. gracile (one 
strain). Detailed data from the toxicological screening 
are in Appendix S2.

Cyanobacterial growth

The concentration of chlorophyll a measured in 
40-day-old cultures ranged from 10.1 to 979.6 μg · L−1 
(Figure  1a). The biomass of more than 500 μg · L−1 
of chlorophyll a was detected in 15 strains compris-
ing five species (Aphanizomenon gracile, A. klebah-
nii, Cuspidothrix issatschenkoi, Planktothrix agardhii, 
and Raphidiopsis raciborskii). Among the strains with 
biomass of more than 500 μg · L−1 were those produc-
ing different studied cyanometabolites, including ana-
baenopeptins, anatoxin-a, CYN, and MCs. No studied 
metabolites were detected in any of the polar strains 
(Microcoleus, Phormidesmis). Microcoleus autumnalis 
reached a higher biomass (chlorophyll a of 187.2 μg · 
L−1) than Phormidesmis priestleyi strains, for which 
chlorophyll a ranged from 17.0 to 42.9 μg · L−1.

Daphnia survival in response to 
cyanobacterial extracts and filtrates

Average survival of Daphnia in control trials was 100%, 
except in trial 4 of D. pulicaria, trial 8 of D. magna, and 
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6  |      WEJNEROWSKI et al.

F I G U R E  1   Chlorophyll a concentration in 40-day-old cyanobacterial cultures (a) and (b) mean reduction of Daphnia survival after 48 h 
exposure to extracts or filtrates of individual cyanobacterial strains, shown relative to the within-clone control. Strains with detected toxic/
bioactive cyanometabolites are marked in red, while strains in which no toxic/bioactive cyanometabolites were detected are marked in 
blue. Heat map tiles depict survival reduction relative to the within-clone control. Black dots mark treatments with a statistically significant 
effect of extract or filtrate versus the within-clone control (exact one-sample binomial test, BH-FDR, adjusted p < 0.05), while dot size 
encodes effect magnitude (3%–10%, 10%–30%, 30%–50%, ≥50%) absolute survival reduction relative to the within-clone control. APs, 
anabaenopeptins; ATX-a, anatoxin-a; CYN, cylindrospermopsin; MCs, microcystins; STXs, saxitoxins.

(a) (b)
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      |  7DOMINANCE AND TOXICITY WITHOUT LETHALITY

trial 10 of D. pulicaria, in which it reached 98%, 98%, 
and 96%, respectively. Binomial tests comparing treat-
ments to clone-specific controls showed that only a 
minority of extracts and even fewer filtrates caused a 
marked, biologically meaningful (≥30%) reduction in 
Daphnia survival (Figure 1b). Reductions >50% relative 
to control were observed for extracts of Limnothrix sp. 
W3 and Aphanizomena klebahnii W1 in both Daphnia 
clones and for extracts of Microcoleus autumnalis 
W104 in D. magna. In D. magna, 30%–50% survival 
reductions were detected for extracts of 10 strains 
comprising A. gracile, A. klebahnii, Chrysosporum 
bergii, and Phormidesmis priestleyi, whereas only one 
filtrate (M. autumnalis) reached this range. In D. puli-
caria, 30%–50% survival reductions were observed 
for extracts from five strains comprising A. gracile,  
A. klebahnii, Ch. bergii, and M. autumnalis, whereas 
no filtrates reached this threshold. Reductions of 10%–
30% were detected for 19 extracts and three filtrates 
in D. magna and for 22 extracts and one filtrate in  
D. pulicaria. Reductions of Daphnia survival of 3%–10% 
were significant (BH-adjusted p < 0.05) for 19 extracts 
and 16 filtrates in D. magna and for eight extracts and 
six filtrates in D. pulicaria.

The GLMM revealed a significant effect of the treat-
ment in interaction with cyanobacterial taxon on the 
survival of both Daphnia species (Table 1; model term: 
Treatment × Cyanobacterial taxon). The post hoc analy-
ses showed that the exposure of both D. magna and D. 
pulicaria to the filtered extracts of Aphanizomenon grac-
ile, A. klebahnii, Cuspidothrix issatschenkoi, Limnothrix 
sp., and Planktothrix agardhii resulted in lower survival 
of the Daphnia species  compared to the filtrates ob-
tained from these taxa (Table 2, Figure 2). A greater 
reduction in Daphnia survival due to extracts was also 
observed for Raphidiophsis raciborskii in relation to D. 
magna and for Chrysosporum bergii and Microcoleus 

autumnalis in relation to D. pulicaria. Survival of both 
Daphnia species was significantly affected by the in-
teraction between the treatment and the cyanobacterial 
biomass, from which the extract/filtrate was prepared 
(Table  1; model term: Treatment × Cyanobacterial 
biomass). A positive relationship between Daphnia 
survival and chlorophyll a content in cyanobacterial 
extracts was observed for both D. magna (β = 0.0020, 
95% confidence interval, CI = 0.0012–0.0028) and 
D. pulicaria (β = 0.0017, 95% CI = 0.00112–0.0022; 
Table 1, Figure 3). In contrast, there was no significant 
relationship between survival and chlorophyll a con-
centration in the cyanobacterial filtrates for either D. 
magna (β = 0.0001, 95% CI = −0.0005–0.0008) or D. 
pulicaria (β = 1.09 × 10−6, 95% CI = −0.0004–0.0004; 
Table 1, Figure 3).

DISCUSSION

Nearly half of the studied strains of cyanobacteria were 
observed to produce toxic/bioactive metabolites. Our 
results mostly corroborate existing literature reports 
demonstrating that (1) Aphanizomenon gracile is capa-
ble of producing APs, CYN, and STXs, (2) Cuspidothrix 
issatschenkoi has the potential to produce ATX-a, and 
(3) Planktothrix agardhii has the ability to produce APs 
and MCs (Table 3). However, we have observed that 
A. klebahnii can produce APs, which to our knowledge 
has not been detected in this species. So far, this abil-
ity has only been documented in other species of this 
genus (Table 3). Producers of APs can also be found 
in Aphanizomenon occurring in waterbodies experienc-
ing brackish water intrusions (Overlingė et  al.,  2024). 
Consistent with this pattern, we detected three AP-
positive strains of A. gracile (W15, W16, W22) iso-
lated from the Baltic coastal lakes Wicko, Kopań, and 

Model term dfnum dfdenom F p

Daphnia magna

Treatment 1 692 61.82 <0.001

Cyanobacterial taxon 11 692 5.24 <0.001

Cyanobacterial biomass 1 692 11.30 <0.001

Treatment × Cyanobacterial taxon 11 692 5.16 <0.001

Treatment × Cyanobacterial biomass 1 692 24.49 <0.001

D. pulicaria

Treatment 1 692 67.20 <0.001

Cyanobacterial taxon 11 692 10.17 <0.001

Cyanobacterial biomass 1 692 18.64 <0.001

Treatment × Cyanobacterial taxon 11 692 6.77 <0.001

Treatment × Cyanobacterial biomass 1 692 19.62 <0.001

Note: The model was fitted with beta error distribution and logit link function and included the strain of 
cyanobacterium as a random effect. Numerator and denominator degrees of freedom (dfnum, dfdenom), 
F-statistics, and p-values are shown.

TA B L E  1   Results of the generalized 
linear mixed model to study the effects of 
treatment (extract vs. filtrate) in different 
cyanobacterial taxa (Aphanizomenon 
flos-aquae, A. gracile, A. klebahnii, 
Aphanizomenon sp., Chrysosporum 
bergii, Cuspidothrix issatschenkoi, 
Dolichospermum planctonicum, 
Limnothrix sp., Microcoleus autumnalis, 
Phormidium priestleyi, Planktothrix 
agardhii, Raphidiopsis raciborskii) and 
cyanobacterial biomass (chlorophyll a, μg 
· L−1; biomass, from which the extract and 
filtrate were prepared) on the survival of 
Daphnia magna and D. pulicaria.
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Sarbsko (Northern Poland), all characterized by brack-
ish conditions (Woszczyk & Schubert, 2021).

Although most of the tested species were already 
identified as producers of the detected toxins/metabo-
lites (Table 3), many of them had not yet been observed 
in the investigated region (Appendix  S1). Importantly, 
this is evidence for the presence of ATX-a-producing 
strains of Cuspidothrix issatschenkoi and an STX-
producing strain of Aphanizomenon gracile. We also 
detected CYN-producing A. gracile strains in four new 
lakes, confirming the potential of this species to pro-
duce this toxin. Collectively, these data support the oc-
currence of toxin-producing cyanobacteria in lowland 
Central European water bodies.

Based on the chlorophyll a concentrations deter-
mined in this study, the biomass achieved by most 
of the strains in the simulated laboratory blooms ex-
ceeded the Alert Level 2 threshold (12 μg · L−1) as 
defined in the World Health Organization guide-
line  (2024) as well as the alert levels specified in the 
Joint Research Centre Technical Report (Sanseverino 
et  al.,  2023) for the monitoring and management of 
cyanobacteria in recreational waters. Considering 
the concentration of chlorophyll a in 40-day-old cul-
tures and the results of cyanometabolite detection, it 
is hard to question earlier estimations (Chorus, 2001; 
National Rivers Authority,  1990) that toxic cyanobac-
teria can constitute a considerable fraction of blooms. 
Among the strains with the highest biomasses reached 
within the incubation period were the strains in which 
APs (Aphanizomenon gracile, Planktothrix agardhii), 
ATX-a (Cuspidothrix issatschenkoi), CYN (A. gracile), 
and MCs (P. agardhii) were detected. A higher growth 
potential of toxic genotypes compared to potentially 
non-toxic genotypes has been observed but for coc-
coid bloom-forming cyanobacterium Microcystis (Davis 
et al., 2009). The fact that toxin-producing cyanobacte-
ria grow more rapidly than their competitors that do not 
produce toxins is alarming.

Despite the relatively high number of strains produc-
ing both substantial biomass and toxic metabolites, 
the average survival of Daphnia in most cyanobacte-
rial extracts and filtrates exceeded 70%. Only three 
cyanobacterial candidates had marked, biologically 
meaningful negative effects: the planktic Limnothrix 
sp. W3 and Aphanizomenon klebahnii W1, which 
had extracts that noticeably reduced the survival of 
both Daphnia species, and the glacial Microcoleus 
autumnalis W104, which had extracts that reduced 
the survival of D. pulicaria. In the case of D. magna, 
survival was markedly reduced in response to both 
the extract and filtrate of M. autumnalis, and the mea-
sured trait exhibited a distinctly wide 95% confidence 
interval. Unexpectedly, both Limnothrix sp. and M. au-
tumnalis were free of the studied metabolites, whereas 
A. klebahnii produced just APs—compounds also 
present in several other non-lethal strains to Daphnia. T
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The results for these three strains may suggest their 
ability to synthetize other, unknown compounds that 
are harmful to Daphnia. Findings for Limnothrix sp. 
and M. autumnalis support the hypothesis that cya-
nobacterial toxicity extends beyond traditionally rec-
ognized toxic species. This hypothesis suggests that 
strains diagnosed as non-toxic by standard assays 
may still exert harmful effects on aquatic organisms, 
especially in cryospheric ecosystems, wherein such 
impacts have been poorly studied to date. Thereby, 
classifying strains as “toxic” or “potentially non-toxic” 
based solely on the presence or absence of target 
metabolites can be an oversimplification.

The common feature of Limnothrix sp. and Microcoleus 
autumnalis and the formation of excessive amounts of ex-
tracellular polymeric substances (EPSs; Figure 4) to form 
irregular gelatinous aggregates at the bottom (Limnothrix 
sp.) or carpet-like mats covering the bottom and walls 
of culture containers (M. autumnalis; Appendix  S1). 
The presence of EPSs can be highly beneficial for 

cyanobacteria growth (Deng et  al.,  2025). Although 
the EPSs themselves are rather non-toxic (More 
et al., 2014), they can interact with toxic cyanometab-
olites (Gan et  al.,  2012) and absorb them from water 
(Mohamed et  al.,  2023). It is possible that sonication 
of the biomass during extract preparation led to the re-
lease of unknown cyanobacterial toxic compounds ad-
sorbed in the EPSs, thus revealing the toxicity of these 
strains to Daphnia. The case of Limnothrix sp. provides 
plausible support for this assumption, as only the ex-
tract of this strain induced severe mortality in both D. 
magna and D. pulicaria.

Our results did not indicate the presence of known 
toxins in the glacial cyanobacteria. However, the ob-
served strong reductions in Daphnia survival caused 
by Microcoleus autumnalis extracts and filtrates and by 
the extract of a single strain of Phormidesmis highlight 
the need for further assessment of other glacial cyano-
bacteria in the context of water safety, especially since 
cyanotoxins have previously been detected in polar 

F I G U R E  2   Mean (±95% confidence interval) survival of Daphnia magna and D. pulicaria in extract and filtrate as a function of 
cyanobacterial taxon.
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10  |      WEJNEROWSKI et al.

samples (Chrapusta et al., 2015; Jungblut et al., 2018; 
Kleinteich et al., 2018).

A higher biomass of cyanobacteria increases the 
potential for higher concentrations of toxins (Visser 
et  al.,  2016) and can cause more pronounced toxic 
effects. However, we observed a counterintuitive 
positive correlation between the biomass at harvest 
and Daphnia survival in extract bioassays. Although 
most of the high-biomass strains were capable of 
producing known toxic or bioactive compounds, their 
extracts did not markedly reduce Daphnia survival. 
Considered alongside substantial among-strain (and 
within-species) variation in biomass under the same 
initial nutrient-rich conditions, our findings may reflect 

inherent, strain-specific life-history strategies shaped 
by native environments. More specifically, our findings 
suggest a possible trade-off between growth rate and 
investment in toxic metabolites—compounds that can 
deter consumers but are costly to produce, with costs 
manifesting as reduced growth (Lei et  al.,  2024). 
Conceptually, the observed pattern aligns with growth-
defense frameworks in plant ecology (e.g., Coley's 
Resource Availability Hypothesis; Coley et al., 1985), 
which posit that taxa from resource-limited environ-
ments have slower growth with greater investment in 
defenses, whereas those from resource-rich environ-
ments exhibit faster growth with lower defensive in-
vestment. We note that most studied strains originated 

F I G U R E  3   The relationship between the chlorophyll a concentration (from which the extracts/filtrates were prepared) and the survival of 
Daphnia magna and D. pulicaria as a function of treatment (extract vs. filtrate). Significant relationships are shown as solid lines, while the 
shaded areas indicate 95% confidence intervals. Each point represents the mean survival (N/N0) of Daphnia exposed to extracts or filtrates 
from a single experimental vessel.
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      |  11DOMINANCE AND TOXICITY WITHOUT LETHALITY

from eutrophic temperate waters and were incubated 
under the same nutrient-rich medium. Moreover, cul-
ture monitoring revealed no organoleptic signs of 
aging (e.g., yellowing or whitening of the culture bio-
mass or subjective changes in odor) nor any physi-
cochemical indicators such as pH shifts and nutrient 
limitation (Appendix S3). Additionally, cultures with the 
highest biomass often contained a relatively low level 
of phaeophytin, a degradation product of chlorophyll 
a. Therefore, we suspect that the allocation patterns 
predicted by Coley's framework may also operate in 
cyanobacteria even without experimentally imposed 
resource limitation, suggesting that strain-level trade-
offs between growth and toxicity reflect inherent evo-
lutionary allocation strategies. Since increased toxin 
production also requires nutrient investment (Van de 
Waal et al., 2009), reduced allocation to toxin synthesis 
could serve as a resource-conserving strategy under 
non-stressful conditions. Further studies are needed 
to quantify toxin dynamics in the studied strains and 
record cyanobacterial growth curves to test the po-
tential trade-off between growth rate and toxicity and 
to determine whether faster growing strains produc-
ing ATX-a, CYN, MCs, and STXs may also reach the 
stationary-phase earlier—a stage during which toxin 
production typically declines (Harland et  al.,  2013, 
2015; Sivonen, 1996).

CONCLUSIONS

Toxicological screening revealed the widespread po-
tential of bloom-forming cyanobacteria to produce vari-
ous cyanometabolites, including APs (Aphanizomenon 
gracile, A. klebahnii, and Planktothrix agardhii), ATX-a 
(Cuspidothrix issatschenkoi), CYN (A. gracile), MCs 
(P. agardhii), and STXs (A. gracile). Several of these 
results expand the current understanding of the geo-
graphic distribution of toxic cyanobacteria.

In line with Roy-Lachapelle et al. (2021), future work 
will require verification of the ELISA-positive AP strains 
using LC-MS, along with comparative analyses of AP 
structure and activity across strains. The limitations 
of ELISA were particularly evident in the detection of 
ATX-a, as numerous strains yielded false-positive re-
sults near the lower detection limit. Only two strains 
with ELISA-detected concentrations above the upper 
detection threshold were confirmed to contain ATX-a 
via chromatographic analysis.

Toxin-producing strains tended to achieve higher 
biomass compared to potentially non-toxic strains, 
suggesting a possible ecological advantage. However, 
their toxicological impact on Daphnia survival was lim-
ited. Daphnia generally exhibited high resistance to cy-
anobacterial extracts and filtrates, even when prepared 
from dense biomass of confirmed toxin-producing 

Number of studied strains 
within a taxon

Number of strains with detected 
cyanometabolites

APs ATX-a CYN MCs NOD STXs

Aphanizomenon flos-aquae (3 
strains)

a d hi

Aphanizomenon gracile (21 
strains)

12
b

5
j

1
p

A. klebahnii (14 strains) 2

Aphanizomenon sp. (1 strain)

Chrysosporum bergii (2 strains) kl

Cuspidothrix issatschenkoi (4 
strains)

2
e

r

Dolichospermum planctonicum (5 
strains)

f

Limnothrix sp. (1 strains)

Microcoelus autumnalis (1 strain)

Phormidesmus priestleyi (3 
strains)

Planktothrix agardhii (14 strains) 14
c

g m 9
o

Raphidiopsis raciborskii (3 strains) b n st

Note: Cells containing numbers indicate detections in this study. Lowercase letters in gray-filled boxes 
denote taxa for which metabolite production has been reported previously in the literature. aMurakami 
et al. (2000), bFalfushynska et al. (2021), cMonteiro et al. (2021), dRapala et al. (1993), eBallot, Fastner, 
Lentz, and Wiedner (2010), fPark et al. (1993), gSivonen et al. (1989), hPreußel et al. (2006), iFastner 
et al. (2007), jKokociński et al. (2013), kSchembri et al. (2001), lAdamski et al. (2020), mMohamed and 
Bakr (2018), nHawkins et al. (1985), oAkcaalan et al. (2006), pBallot, Fastner, and Wiedner (2010), 
rNogueira et al. (2004), sLagos et al. (1999), tBernard et al. (2017).

TA B L E  3   Toxicological screening 
of cyanobacterial taxa, summarizing 
the number of strains in which specific 
cyanometabolites were detected in this 
study using ELISA (APs, ATX-a, STXs), 
TRFIA (MCs/NOD), and HPLC-DAD/LC-
MS (ATX-a, CYN, MCs, NOD).
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strains. Some strains that tested negative for studied 
cyanotoxins or bioactive compounds still caused sig-
nificant reductions in Daphnia survival, indicating the 
possible presence of other unidentified toxic metabo-
lites. Interestingly, we observed slow-growing cyano-
bacterial strains to be more toxic to Daphnia than the 
fast-growing ones, suggesting that cyanobacteria can 
utilize alternative strategies based on a trade-off be-
tween growth rate and toxicity—an allocation pattern 
conceptually analogous to that predicted by Coley's 
Resource Availability Hypothesis. These findings un-
derscore the need for further research into such trade-
offs and their implications for the ecological success 
and toxicity of bloom-forming cyanobacteria.
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Appendix S1. Details about studied strains of 
cyanobacteria.
Appendix S2. The results of ELISA, TRFIA, HPLC-
DAD, and LC-MS for extracts from studied strains of 
cyanobacteria.
Appendix S3. Data about phaeophytin concentration 
(a), pH (b), total nitrogen (c), and total phosphorus (d) 
concentrations in 40-day-old cyanobacterial cultures 
incubated for Daphnia biotests. Strains with detected toxic/
bioactive cyanometabolites are marked in red, strains for 
which no toxic/bioactive cyanometabolites were detected 
have blue font. Abbreviations: APs—anabaenopeptins, 

ATX-a—anatoxin-a, CYN—cylindrospermopsin, MCs—
microcystins, STXs—saxitoxins.
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