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A B S T R A C T

Harmful Algal Blooms (HABs) represent a significant global challenge to human health, economies, and eco
systems, including those of the Black Sea. Despite previous reports of potentially toxic microalgae and phyco
toxins in the basin, the taxonomy and occurrence of toxigenic species and their associated toxins remain poorly 
resolved. During the PHYCOB cruise in September 2021, the diversity and distribution of toxigenic microalgae 
and phycotoxins were investigated across 23 stations in the western Black Sea, covering Bulgarian and Romanian 
waters. Numerous potentially toxic microalgal taxa were identified using complementary morphological (light 
microscopy and scanning electron microscopy) and molecular (DNA metabarcoding) methods. The genus Pseudo- 
nitzschia was the only representative of potentially toxic diatoms, but no domoic acid was found. Among toxic 
dinoflagellates, Dinophysis spp., Protoceratium reticulatum, Lingulaulax polyedra, and Gonyaulax spp. were 
frequently observed, along with the related pectenotoxins and yessotoxins. Species distribution modelling 
indicated that the western Black Sea provides favorable conditions for Dinophysis spp., L. polyedra, and 
P. reticulatum. Additionally, several Alexandrium species were identified, including the first record of A. fragae in 
the basin, along with the detection of the associated phycotoxins (GTX-2/3 and GDA). This study provides the 
first integrated assessment combining light and scanning electron microscopy, DNA metabarcoding, and 
chemical analyses of toxigenic microalgae in field samples from the western Black Sea, contributing to an 
improved understanding of their region-specific profiles.

1. Introduction

The Black Sea is a unique marine basin, largely isolated from the 
global ocean (connected to the Mediterranean Sea only through the 
narrow Bosphorus Strait), and characterized by extensive freshwater 
input, strong vertical stratification, low salinity, and permanent euxinic 
conditions below depths of 150–200 m (Bakan and Büyükgüngör, 2000; 
Zaitsev, 2008). These factors create challenging physiological condi
tions for its inhabitants, resulting in an ecosystem with lower species 

diversity compared to other marine basins and one that is highly 
vulnerable to anthropogenic pressures (Zaitsev and Mamaev, 1997). The 
Black Sea ecosystem has been strongly affected by eutrophication in the 
past, particularly in its north-western and western regions (Aubrey et al., 
1996). The anthropogenic nutrient enrichment and the associated in
crease in microalgal blooms have been identified as key ecological 
problems for the health of the Black Sea environment (Moncheva et al., 
2001; Nesterova et al., 2008).

Harmful algal blooms (HABs), along with associated problems, have 

* Corresponding author.
E-mail address: bernd.krock@awi.de (B. Krock). 

1 Present address: IAEA Marine Environment Laboratories, Department of Nuclear Sciences and Applications, International Atomic Energy Agency, 98000 Monaco, 
Principality of Monaco.

Contents lists available at ScienceDirect

Harmful Algae

journal homepage: www.elsevier.com/locate/hal

https://doi.org/10.1016/j.hal.2025.103025
Received 21 May 2025; Received in revised form 5 November 2025; Accepted 11 November 2025  

Harmful Algae 151 (2026) 103025 

Available online 13 November 2025 
1568-9883/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-9620-6422
https://orcid.org/0000-0001-9620-6422
https://orcid.org/0000-0002-8207-4382
https://orcid.org/0000-0002-8207-4382
https://orcid.org/0000-0002-4559-8267
https://orcid.org/0000-0002-4559-8267
https://orcid.org/0000-0002-3294-5346
https://orcid.org/0000-0002-3294-5346
https://orcid.org/0000-0002-4590-6223
https://orcid.org/0000-0002-4590-6223
https://orcid.org/0000-0002-4213-2111
https://orcid.org/0000-0002-4213-2111
https://orcid.org/0000-0001-7107-4160
https://orcid.org/0000-0001-7107-4160
https://orcid.org/0000-0001-7510-0063
https://orcid.org/0000-0001-7510-0063
mailto:bernd.krock@awi.de
www.sciencedirect.com/science/journal/15689883
https://www.elsevier.com/locate/hal
https://doi.org/10.1016/j.hal.2025.103025
https://doi.org/10.1016/j.hal.2025.103025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hal.2025.103025&domain=pdf
http://creativecommons.org/licenses/by/4.0/


been observed globally (Anderson et al., 2012b; Gobler, 2020; Halle
graeff et al., 2021a). The species that cause HABs are diverse, and some 
produce potent toxins (phycotoxins). Phycotoxins can either directly kill 
fish and other marine organisms or bioaccumulate through the food 
web, ultimately affecting higher trophic consumers, including humans 
(Landsberg, 2002; Vilariño et al., 2018). There is a growing concern that 
climate change could impact the geographic distribution, frequency, and 
severity of HABs (Gobler et al., 2017). HAB occurrences are highly 
variable at the regional scale and thus necessitate high resolution 
monitoring at a local level to assess their current status and forecast 
future trends (Anderson et al., 2012b; Hallegraeff et al., 2021b). Moni
toring programs and increased awareness of microalgae, especially HAB 
species, are urgently needed, since these programs can protect human 
health from intoxication and fatalities (Trainer et al., 2012).

HAB species in the Black Sea have been documented since the 
beginning of the 20th century, with new species reported thereafter 
(Ryabushko, 2003; Dzhembekova et al., 2017, 2018; Krakhmanyi and 
Terenko, 2019; Moncheva et al., 2019; Krakhmalnyi et al., 2024). Many 
potentially toxic species are common in the Black Sea plankton com
munity, and some of them form blooms (Nesterova et al., 2008; Mon
cheva et al., 2019). Additionally, various phycotoxins have been found 
in the Black Sea, though at levels below EU regulatory limits. Amnesic 
Shellfish Poisoning (ASP) toxin domoic acid (DA) has been detected in 
mussel and plankton samples from Bulgarian waters (Peneva et al., 
2011; Peteva et al., 2018, 2020a, 2020b), as well as in cultures of 
Pseudo-nitzschia calliantha isolated from the Ukrainian Black Sea 
(Besiktepe et al., 2008). Diarrhetic Shellfish Poisoning (DSP) toxins 
(okadaic acid – OA, dinophysistoxins – DTX-1 and DTX-2), pecteno
toxins (PTX-2 and PTX-2sa), and yessotoxins (YTXs) have been quanti
fied in mussels and plankton samples from Bulgarian and Russian waters 
(Vershinin and Kamnev, 2000; Morton et al., 2007, 2009; Peteva et al., 
2020a, 2020b, 2023). Paralytic Shellfish toxins (PST) (saxitoxin – STX, 
B1, and gonyautoxins – GTX-2/3), as well as spirolides (13-desmethyl 
spirolide C – SPX1) and goniodomin A (GDA), have also been reported in 
mussels and plankton samples (Vershinin et al., 2006; Kalinova et al., 
2015; Peteva et al., 2020a, 2020b). Furthermore, putative 
phycotoxin-related intoxications have been reported in the past 
(Moncheva et al., 1993; Vershinin and Kamnev, 2000; Morton et al., 
2009). Despite this, knowledge of toxic microalgae in the Black Sea re
mains fragmentary and insufficient, and expanded, targeted research is 
required to address issues related to HAB problems in a globally 
changing environment.

In spring 2019, during an oceanographic cruise in Romanian and 
Bulgarian waters, the presence of numerous potentially toxic species and 
phycotoxin variants was reported (Dzhembekova et al., 2022). An in
tegrated morphological and molecular approach identified 20 poten
tially toxic species, some of which were widely distributed within the 
investigated area. Among the detected phycotoxins, PTX-1 and PTX-13, 
as well as several YTX variants, were recorded for the first time in the 
basin. The PHYCOB project was subsequently developed to further 
expand knowledge of HAB threats in the Black Sea. As part of this 
project, detailed data on the distribution and abundance of potentially 
toxic microalgae in the western Black Sea (Bulgarian and Romanian 
waters) were collected in September 2021 using morphological and 
molecular techniques. Additionally, phycotoxin levels in size fraction
ated plankton samples were determined. In parallel, potentially toxic 
algal species were isolated and brought into culture for a detailed 
morphological, phylogenetic, and toxinological characterization 
(Dursun et al., 2025). Similarities and differences between the recent 
data and prior findings from May 2019 in the same study region 
(Dzhembekova et al., 2022) are discussed to explore temporal patterns 
in species distribution and associated phycotoxins. Data from both 
campaigns were used in species distribution models to map habitat 
suitability in the western Black Sea for potentially toxic species associ
ated with the detected phycotoxin variants.

2. Material and methods

2.1. Sampling and sample processing

23 stations (Fig. 1) were sampled in the western part of the Black Sea 
(Bulgarian and Romanian waters) using the R/V TÜBİTAK MARMARA 
in September 2021 (Fig. 1). At each station, water samples for plankton 
community composition analyses and phycotoxins (azaspiracid and 
karlotoxin determination) were taken from specific depths by utilizing 
Niskin bottles mounted on a conductivity-temperature-depth (CTD) 
rosette (Table S1).

In addition, at each station two vertical net tows from 30 m depth to 
surface were conducted using a plankton net (20 µm mesh size, 40 cm 
diameter, Hydro-Bios, Kiel, Germany) for analyses of plankton and 
phycotoxins. The collected net tow concentrates were adjusted to 1 L 
with filtered seawater before being split into several fractions. One 
fraction of live plankton net tow samples, together with Niskin bottle 
samples (1 L sample pooled from three depths: surface, thermocline, and 
deep chl-a maximum, and gently concentrated using 5 µm pore size 
polycarbonate filters), was inspected and documented onboard for 
microplankton community composition and potentially toxic species 
using an inverted microscope (Axioskop 35, Zeiss) equipped with an HD 
digital camera (Gryphax Jenoptik, Jena, Germany). Aliquots from the 
net tow concentrates were preserved for microscopic analyses (20 mL 
used for qualitative identification and 50 mL used for identification and 
cell counting, fixed with formaldehyde solution buffered to pH 8.0–8.2 
with disodium tetraborate (Marvin Ltd., Plovdiv, Bulgaria) to 2 % final 
concentration). For DNA metabarcoding analysis, a 150 mL aliquot from 
the net tow concentrates was filtered under gentle vacuum (<0.2 bar) 
through 1 μm pore-size polycarbonate filters (Whatman, USA). For 
phycotoxin analyses, 730 mL from the net tow concentrates was size- 
fractionated over a sieve array, consisting of 200 µm, 50 µm and 20 
µm Nitex sieves. The residue of each mesh was rinsed with filtered 
seawater and each fraction was transferred to a 50 mL centrifuge tube 
and adjusted to 30 mL with filtered seawater. The contents of each tube 
were separated into two aliquots for the analysis of lipophilic toxins 
(including domoic acid) and hydrophilic PSTs. Prior to aliquoting, ho
mogenization of the samples was ensured, and the rapidly sedimenting 
material was brought back into suspension by shaking. Subsequently, 
the aliquots were centrifuged at 3220 x g for 15 min. After centrifuga
tion, the supernatants were decanted and the remaining cell pellets were 
resuspended with a small volume of filtered seawater and transferred to 
cryovials containing ceramic beads (lysing matrix D, Thermo BIO 101, 
Illkirch, France). The samples were centrifuged again, the supernatants 
were carefully removed with a pipette, and the cell pellets were stored at 
− 20 ◦C until further processing and analysis.

For azaspiracid and karlotoxin determination, a total of 8 to 9.5 L of 
pooled water from surface (3 m), 10 m depth, and the thermocline, 
prescreened with 200 µm gauze, were filtered through 5 µm poly
carbonate filters. Filters were stored in 50 mL falcon tubes at − 20 ◦C 
until further processing and analysis.

2.2. Microscopy of fixed samples

Identification and cell enumeration of the fixed Niskin bottle samples 
(hereafter referred to as bottle samples) were performed using an IX 73 
Olympus inverted microscope in Utermöhl chambers (Moncheva and 
Parr, 2010). The bottle samples (1 L) were concentrated in the labora
tory using the sedimentation method, reducing the volume to approxi
mately 30 mL by settling and removing the supernatant in two stages 
(Moncheva and Parr, 2010). The sample was then homogenized, and a 1 
mL sample fraction was completely analyzed. Considering only the 
potentially toxic species discussed in this paper, an average of 41 cells 
per sample was counted. Based on these primary data, the abundance 
(cells L− 1) was calculated for each species, or the lowest taxonomic 
level, and used as quantitative estimates in this study.
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Taxonomic identification and cell counting of the net tow samples 
were conducted using an inverted microscope (Nikon Eclipse TE2000-U) 
connected to a video-interactive image analysis system (L.U.C.I.A, 
Version 4.8, Laboratory Imaging Ltd, Prague, Czech Republic) at 400 ×
magnification in Sedgewick-Rafter counting chambers. A total of 400 
cells were counted from each sample, while all rare and large species 
were counted (Moncheva and Parr, 2010). Cell abundance, expressed as 
cells per net tow (cells NT− 1), was used both for Spearman rank corre
lation to compare species and phycotoxin data, and as presence data to 
indicate species distribution. Quality control (QC) and quality assurance 
(QA) of the data were performed following the Quality Control Guide
lines for Phytoplankton (Moncheva, 2010).

In addition, formalin-fixed net tow samples were inspected using 
scanning electron microscopy (SEM, FEI Quanta FEG 200) for a quali
tative identification of potentially toxic species. Samples for SEM were 
processed as described by Tillmann et al. (2017).

2.3. DNA metabarcoding analysis

DNA from the filters was extracted immediately after filtration using 
a 5 % Chelex buffer, following the protocol described in Tanabe et al. 
(2016), and stored at − 20 ◦C. For detection of eukaryotic species, uni
versal primers targeting the 18S rRNA gene V7–V9 variable region 
(18S-V7F: TGGAGYGATHTGTCTGGTTDATTCCG and 18S-V9R: 
TCACCTACGGAWACCTTGTTACG; modified from Tanabe et al. 2016) 
were used. The construction of paired-end libraries and sequencing on 
Illumina Miseq 300 PE platform (Illumina, San Diego, CA, USA) were 
performed by Macrogen Inc. (Seoul, South Korea). The procedures for 
sequence processing, selection, and taxonomic identification of opera
tional taxonomic units (OTUs) followed the workflow described in 
Dzhembekova et al. (2017), with the exception that sequences with 
length over 300 bp were truncated to 300 bp by trimming the 3′ tails. 
The trimmed sequences shorter than 250 bp were filtered out. Sequences 
were clustered to OTUs at a similarity level of ≥ 99.1 %. Taxonomic 
assignment was performed using BLAST against a sequence database 
downloaded from GenBank. For taxonomic identification, a reference 
similarity threshold ≥ 99 % was set for species-level identification. As an 
additional verification, representative sequences of all OTUs associated 
with toxic species were manually BLAST-searched in the GenBank online 
database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

DNA sequences for this study can be found in the DDBJ Sequence 
Read Archive under accession number DRA014629 (biosamples 
SAMD00515617– SAMD00515639).

2.4. Selection of toxic microalgal species

The IOC-UNESCO Taxonomic Reference List of Harmful Micro Algae 
(Lundholm et al., 2009) was used as a general reference database for the 
selection of toxic microalgal species for both microscopy and NGS data. 
However, the dataset was supplemented by information on Dinophysis 
hastata, which is not included on the list of toxic species due to a lack of 
targeted studies and has nevertheless been monitored within monitoring 
programs for Dinophysis species and diarrhetic shellfish toxins in 
different regions (Farrell et al., 2018; Fernández et al., 2019; Salas and 
Clarke, 2019). Additionally, members of the genus Gonyaulax and 
Sourniaea diacantha (the accepted taxonomic name of Gonyaulax verior), 
were also considered due to their unresolved taxonomy and toxic po
tential, which remain insufficiently characterized (Riccardi et al., 2009; 
Huang et al., 2025b). All cells of the Gonyaulax spinifera-type (based on 
cell size and shape) were included in the counting category Gonyaulax 
cf. spinifera. Although, under light microscopy (LM), Pseudo-nitzschia 
and Alexandrium were not identified at the species level, they were 
included in the dataset of toxic species at the genus level (as Pseudo-
nitzschia spp. and Alexandrium spp.) due to the generally high number of 
toxic representatives within these genera.

On the other hand, Phalacroma rotundatum was excluded from the 
analyses, because this species is likely a vector rather than a direct 
source of phycotoxins (González-Gil et al., 2011).

2.5. Phycotoxin extraction

For the extraction of paralytic shellfish toxins (PSTs) and lipophilic 
toxins (including domoic acid (DA)), 500 µL 0.03 M acetic acid (p.a., 
Merck, Darmstadt, Germany) for PSTs and 500 µL methanol (HPLC- 
grade, Merck) for lipophilic toxins and DA were added to the respective 
cell pellets. To each sample, 0.9 g of ceramic beads (Lysing Matrix D, 
Thermo BIO 101) were added as well. After sealing and vortexing the 
cryovials, cells were lysed by reciprocal shaking at maximum speed (6.5 
m s− 1) for 45 s in a shaker (FastPrep, Bio 101). Subsequently, homog
enates were centrifuged at 16,100 x g and 4 ◦C for 15 min (5415R, 

Fig. 1. Map of study region and station locations.
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Eppendorf, Hamburg, Germany). The extracts were transferred to spin 
filters with a pore size of 0.45 µm (Milipore Ultrafree, Eschborn, Ger
many) and centrifuged at 16,100 x g and 10 ◦C for 1 min. The filtrates 
were finally transferred to high performance liquid chromatography 
(HPLC) sample vials (2 mL, Agilent, Waldbronn, Germany) and vials 
were sealed with rubber crimp caps (Agilent). If necessary, the extract 
was transferred to a cone-shaped HPLC sample vial (Vial, crimp top, 
micro sampling, Agilent Technologies) to increase the fill level. Samples 
were stored at − 20 ◦C until mass spectrometric analysis.

For the extraction of azaspiracids (AZAs) and karlotoxins (KmTxs), 
the filters were rinsed with 500 µL methanol until complete discolor
ation of the filters. Then the methanolic extracts were transferred to spin 
filters and filtered at a cut-off of 0.45 µm by centrifugation. Filtrates 
were transferred into analytical glass vials for subsequent mass spec
trometric analysis.

2.6. LC-MS/MS analysis

PST measurements were performed in the selected reaction moni
toring (SRM) mode on a Xevo TQ-XS triple quadrupole mass spectrom
eter equipped with a Z-Spray source (Waters, Eschborn, Germany). 
Chromatographic separation was achieved on an Acquity UPLC Glycan 
BEH Amide column (130 Å, 150 mm × 2.1 mm, 1.7 μm, Waters, 
Eschborn, Germany) equipped with an in-line 0.2 μm Acquity filter and 
thermostated at 60 ◦C with an isocratic elution to 5 min with 98 % eluent 
B followed by a linear gradient of 2.5 min to 50 % B and 1.5 min isocratic 
elution. The flow rate was 0.4 mL min− 1, and the injection volume was 2 
μL. Mobile A comprised water with 0.15 % formic acid and 0.6 % 
ammonia. Mobile B comprised water/acetonitrile (3:7, v/v) with 0.1 % 
formic acid (Liu et al., 2021). Instrument parameters are given in Table 
S2 and used mass transitions in Table S3. PSTs were quantified by 
external calibration with standard mix solutions of four concentration 
levels consisting of the following PSTs: STX, NEO, GTX2/3, GTX1/4, 
dcSTX, dcNEO, dcGTX2/3, dcGTX1/4, B1(GTX5), B2(GTX6), C1/2, and 
C3/4 purchased from the Certified Reference Materials Program (CRMP) 
of the Institute for Marine Biosciences, National Research Council 
(Halifax, NS, Canada).

For the measurement of lipophilic toxins, including DA, ultra
performance liquid chromatography (UPLC®) coupled with tandem 
quadrupole mass spectrometry (LC-MS/MS) was used. The UPLC system 
included a column oven, an autosampler and a binary pump (AQUITY I 
UPLC Class, Waters, Eschborn, Germany). The separation was carried 
out on a RP-18 column (Purospher®STAR endcapped (2 µm) Hibar®HR 
50–2.1 UPLC, Merck) equipped with a precolumn (0.5 µm, OPTSSOL
V®EXP™, Sigma-Aldrich, Hamburg, Germany). This system was 
coupled to a triple quadrupole mass spectrometer (Xevo®TQ-XS, Wa
ters). Data were acquired and analyzed with Masslynx (version 4.2, 
Waters). To uniquely identify the phycotoxins, in addition to the mass 
transitions defined in the selected reaction monitoring (SRM) mode, the 
retention times of the phycotoxins of the standards were compared with 
those in the samples. For quantification, an evaluation method was used 
which contained the specific transitions and default settings, except for 
the smoothing function, which was turned off. In some cases, enhanced 
production spectra were recorded. These were used for the identification 
of known substances by comparing the recorded characteristic frag
mentation patterns with those in the literature.

The various eluents and gradients used for the different phycotoxin 
analyses are described in supplementary information (Tables S4–S9). 
Certified standard solutions were used to identify and quantify phyco
toxins. These were gymnodimine A (GYM-A), 13-desmethylspirolide C 
(SPX-1), okadaic acid (OA), dinophysistoxin-1, and -2 (DTX-1, DTX-2), 
pectenotoxin 2 (PTX-2), yessotoxin (YTX), domoic acid (DA), and 
azaspiracid-1 (AZA-1). GYM-A, SPX-1, OA, and PTX-2, like the PST 
standards, were obtained from the Institute of Marine Biology from 
Canada, while DTX-1, DTX-2, YTX, DA, and AZA-1 were obtained from 
the Laboratorio CIFGA S.A., Lugo, Spain. In addition, a goniodomin A 

(GDA) standard was used, which was obtained from A. Andersen and a 
KmTx-2 standard was provided by A. Place. The mass transitions of the 
screened phycotoxins are given in Table S6 (various phycotoxins), Table 
S7 (AZAs), Table S8 (KmTxs), and Table S9 (YTXs).

2.7. Statistical analysis: spearman rank correlation and species 
distribution modelling

Spearman rank correlation was employed to identify statistically 
significant correlations between species abundances and phycotoxin 
levels in net tow samples, using a two-tailed p-value threshold of 0.05. 
The analyses and graphical representations were conducted in the R 
environment utilizing the statistical and programming software R (R 
Core Team, 2021), along with the packages ‘tidyverse’ (Wickham et al., 
2019), ‘patchwork’ (Pedersen, 2025), ‘viridis’ (Garnier et al., 2024), 
‘scales’ (Wickham et al., 2025), ‘corrplot’ (Wei and Simko, 2024) and 
‘Hmisc’ (Harrell, 2024), accessible online at the CRAN repository 
(http://CRAN.R-project.org/).

Habitat distributions of three Dinophysis species, as well as 
L. polyedra and P. reticulatum, were examined using MaxEnt (Maximum 
Entropy) species distribution models (SDMs). Species occurrence data 
were derived from light microscopy analyses of net tow samples 
collected during the spring 2019 campaign (Dzhembekova et al., 2022) 
and from net and bottle samples collected in the present study, and were 
implemented as presence-only records. Environment variables used as 
model inputs included temperature, salinity, currents, dissolved oxygen, 
pH, chlorophyll a, and concentrations of phosphate and nitrate. The two 
sampling campaigns were considered as distinct events due to the dy
namic nature of the processes involved, and separate MaxEnt models 
were developed for each. Consequently, two series of species distribu
tion models (SDMs) were developed to assess species distribution 
influenced by unique seasonal variations. The obtained habitat suit
ability maps were examined in relation to phycotoxin levels detected in 
parallel in net samples.

MaxEnt is a machine learning method that has been employed in the 
modeling of distribution and habitat suitability of HAB species, 
including in the Black Sea (Townhill et al., 2018; Goncharenko et al., 
2021; Rodríguez-Gómez et al., 2021; Borges et al., 2022, 2023; Hu et al., 
2024). It estimates habitat suitability using environmental predictors 
and presence-only data (Phillips and Dudík, 2008; Elith et al., 2011; 
Phillips et al., 2017). The probability distribution that is most uniform (i. 
e., nearest to maximum entropy) while still constrained by the envi
ronmental characteristics at the observed occurrence locations is 
determined by employing the principle of maximum entropy. This 
method is particularly effective when working with presence data and 
has been demonstrated to perform well across a diverse spectrum of 
ecological contexts and sample sizes (Phillips and Dudík, 2008; Elith 
et al., 2011; Merow et al., 2013; Phillips et al., 2017).

SDM models were forced with averaged monthly values of the chosen 
variables throughout the periods of interest (April− June 2019 and 
July− September 2021). The latter were obtained using the E.U. 
Copernicus Marine Service Information (CMEMS) from the Black Sea 
Physics Reanalysis (Lima et al., 2023) and the Black Sea Biogeochem
istry Reanalysis (Grégoire et al., 2020). The Black Sea Physics Reanalysis 
offers monthly and daily oceanic data for the Black Sea basin 
commencing from January 1st, 1993. The hydrodynamical core utilizes 
the NEMO general circulation ocean model, configured in the Black Sea 
domain with a horizontal resolution of 1/27◦ x 1/36◦ and 31 vertical 
levels. The MAST/ULiege Production Unit generates the biogeochemical 
reanalysis for the Black Sea utilizing the BAMHBI biogeochemical 
model.

The species distribution models were obtained by using the r package 
‘dismo’ (Hijmans et al., 2023), ‘rJava’ (Urbanek, 2024), ‘rmaxent’ 
(Baumgartner and Wilson, 2022), ‘raster’ (Hijmans, 2024a), ‘terra’ 
(Hijmans, 2024b), and ‘maps’ (Becker et al., 2023) employing the 
Maximum entropy (MaxEnt) machine learning method (Phillips and 
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Dudík, 2008; Elith et al., 2011; Merow et al., 2013; Phillips et al., 2017). 
The maps were created using QGIS software (GGI Development Team, 
2025).

The input data for the MaxEnt model comprises a compilation of 
observed species’ occurrence locations and a collection of environ
mental predictors within a user-specified spatial extent divided into grid 
cells, along with the possibility to modify background or pseudoabsence 
data. MaxEnt samples background locations, contrasts them with pres
ence locations, and produces an estimate of species probability occur
rence (or relative environmental suitability) on a scale from 0 (least 
likely) to 1 (most likely) (Phillips and Dudík, 2008; Elith et al., 2011; 
Phillips et al., 2017).

The models were evaluated using both threshold dependent and 
threshold independent metrics, specifically Area under the Receiver 
operating characteristic (ROC) curve (AUC) (Bradley, 1997), which 
represents the overall model performance across all thresholds and 
strengths of prediction and the True skill statistics (TSS) to assess the 
model reliability (agreement between predictions and known occur
rences, across various binary thresholds) (Pearce and Ferrier, 2000; 
Allouche et al., 2006; Liu et al., 2009, 2011). TSS was introduced as a 

metric less affected by the prevalence (Liu et al., 2009): TSS =
(

TP
TP+FN

)

+

(
TN

TN+FP

)

− 1, where: TP is the number of true positive instances, TN- 

the number of true negative instances, FP- the number of the false pos
itive instances and FN is the number of the false negative instances.

The threshold used to calculate TSS was the sum of the maximized 

true positive rate TPR =

(
TP

TP+FN

)

and the true negative rate: TNR =

(
TN

TN+FP

)

for each model. The latter was considered optimal, ensuring 

that both the number of incorrectly predicted presences and the number 
of incorrectly predicted absences are of equal importance.

K-fold cross-validation was used to assess models’ performance with 
the number of folds (k) set to a maximum of five. The choice of k fol
lowed sensitivity analyses conducted with values ranging from 3 to 5, 
considering the number of occurrence records (presence-only) and the 
spatial extent of the study area.

3. Results

3.1. Diversity and abundance of potentially toxic microalgae

Multiple potentially toxic taxa were identified using morphological 
and molecular methods (Table 1).

Potentially toxic microalgal taxa were observed at all stations and 
across all sampled depths, in varying but generally very low abundances 
(Tables S10–S11). Most species belonged to the class Dinophyceae.

Among the Gonyaulacales, Gonyaulax (Gonyaulax cf. spinifera, G. 
polygramma, and unidentified Gonyaulax spp.), Lingulaulax polyedra, 
Protoceratium reticulatum, and Sourniaea diacantha were detected 
(Fig. 2).

As representatives of Alexandrium, both PST-producing species 
(A. fragae), GDA-producers (A. pseudogonyaulax), spiroimine producers 
(A. ostenfeldii), as well as species considered non-toxic (A. insuetum, A. 
margalefii, and A. tamutum) were identified. However, the low abun
dance of Alexandrium spp. hindered their reliable quantification.

Table 1 
Potentially toxic taxa identified during the investigation using different methods: by light microscopy on board using live samples (LM live), in SEM preparations 
(SEM), in the fixed bottle samples (LM/BS), fixed net tow samples (LM/NS), and DNA metabarcoding (DNA). For completeness, records based on isolated strains from 
the companion paper (Dursun et al., 2025) are also listed (strain-based). Identification is indicated by “+” (identified), “− ” (not identified), and “?” (uncertain 
identification). Phycotoxins potentially associated with these species are also listed, with those detected in the current study shown in bold. Some non-toxic repre
sentatives of the genera are also included for additional context.

Species Associated toxins LM Live SEM LM/BS LM/NS DNA Strain-based

Pseudo-nitzschia spp. DA + + + + + −

Pseudo-nitzschia calliantha DA − − − − + +

Alexandrium spp.* PSTs, SPX, GDA, haemolytic 
products

+ + + + + +

Alexandrium fragae PSTs − + − − − −

Alexandrium pseudogonyaulax GDA + − − − ? +

Alexandrium ostenfeldii PST, spiroimines − − – − − +

Alexandrium insuetum non-toxic − + − − − −

Alexandrium margalefii non-toxic − − − − + −

Alexandrium tamutum non-toxic − − − − + +

Alexandrium andersonii PSTs − − – − − +

Gonyaulax spp. YTXs + + + + + +

Sourniaea diacantha non-toxic + + − + + +

Lingulaulax polyedra YTXs + + + + + +

Protoceratium reticulatum YTXs + + + + + +

Dinophysis acuminata OA, DTXs, PTXs + − + + + −

Dinophysis acuta OA, DTXs, PTXs + + + + + −

Dinophysis caudata OA, DTXs, PTXs + + − + − −

Dinophysis sacculus OA, DTXs, PTXs + + + + − −

Dinophysis hastata not known + + − − − −

Polykrikos hartmannii unclear + − − + + +

Karlodinium spp. KmTxs + − − − + +

Prorocentrum cordatum** unclear + + + + + +

Amphidomataceae*** AZA + + + + + +

Azadinium spinosum AZA − + − − − −

Azadinium trinitatum non-toxic − + − − − −

Azadinium luciferelloides not known − + − − − −

Amphidoma languida AZA − + − − − −

Amphidoma pontica non-toxic − + − − − +

DA – domoic acid; PSTs – Paralytic Shellfish Toxins; SPX – spirolides; GDA – goniodomin A; OA – okadaic acid; DTXs – dinophysistoxins; PTXs – pectenotoxins; YTXs – 
yessotoxins; KmTxs – karlotoxins; AZAs – azaspiracids.

* Toxin profiles vary between species and strains.
** PHYCOB strains of P. cordatum are reported in Tillmann et al. (2023).
*** detailed data on Amphidomataceae are reported in Tillmann et al. (2025).
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YTX-associated species occurred in low abundances (maximum 
counts ≤270 cells L− 1 in bottle samples) and were more frequently 
observed in net samples than in bottle samples. P. reticulatum was 
recorded at all stations, reaching up to 168 cells L− 1 (station 15). 
L. polyedra was detected at 15 stations with the highest abundance of 
220 cells L− 1 (station 9), whereas G. cf. spinifera was found at more 
stations (at 20 stations) with a maximum abundance of 270 cells L− 1 

(station 8).
Among the Dinophysales, species known to produce DTXs and PTXs 

(D. acuminata, D. acuta, D. caudata, and D. sacculus) were identified, 
along with D. hastata, a representative not yet tested for phycotoxin 
production (Fig. 3). Dinophysis species occurred widely but at low 
abundances (<200 cells L− 1). D. acuminata, D. acuta, and D. sacculus 
were found in both net tow and bottle samples, whereas D. caudata was 

observed only in net tow samples. D. acuta was the most frequent 
Dinophysis species, present at 70 % of the stations. D. acuminata and 
D. sacculus were detected at 61 % of the stations, whereas D. caudata was 
scarcely found, present in only four samples.

Members of the Gymnodiniales, including Polykrikos hartmannii and 
Karlodinium spp., as well as Prorocentrales (Prorocentrum cordatum), 
were also detected (Fig. 4). P. hartmannii was detected only in the net 
tow samples, whereas Karlodinium was recorded in both types of sam
ples. In bottle samples, Karlodinium was included within the larger group 
of small unarmored dinoflagellates and not counted separately. In net 
tow samples, P. hartmannii was rare, whereas Karlodinium was most 
frequently observed (at 20 stations). Among a few other planktonic 
species of Prorocentrum, P. cordatum was common in both sample types, 
occurring in higher abundances than other dinoflagellate species, up to 

Fig. 2. Light microscopy of living cells (A, C, E–G, M–P) and SEM micrograph documentations (B, D, H–L, Q–T) of potentially toxic Gonyaulacales from the PHYCOB 
2021 survey. (A, B) Lingulaulax polyedra. (C, D) Protoceratium reticulatum. (E) Alexandrium pseudogonyaulax (note the compressed cell shape, species determination in 
this case was supported by a swimming behaviour typical for A. pseudogonyaulax). (F, G) Two different cells of Alexandrium spp. (H, I) Two different views of the same 
cell of Alexandrium fragae, note the ventral pore (white arrow in H) and the reticulate hypotheca visible in I. (J, K) Two different views of the same cell of Alexandrium 
insuetum, note the ventral pore (vp) and the disconnection of the first apical plate from the pore plate (arrows in K). (L) Right-lateral view of Alexandrium sp., note the 
ventral pore (arrow), but the width of plate 6′’ is not discernable. (M–O) Three different cells of Gonyaulax spp. (P) Sourniaea diacantha. (Q–S) Three different cells of 
Gonyaulax spp. in ventral (Q) or dorsal (R, S) view. (T) Ventral view of Sourniaea diacantha. Scale bars = 5 µm (A–D, H–J, L, Q–T) or 10 µm (E–G, M–P) or 1 µm (K).
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3520 cells L− 1 (station 7).
Detailed data on the distribution, abundance, and taxonomy of the 

Amphidomataceae from the PHYCOB cruise are presented in Tillmann 
et al. (2025). Briefly, two of the known AZA producers, Azadinium spi
nosum and Amphidoma languida, were detected, along with other rep
resentatives not associated with toxin production (Az. luciferelloides, Az. 
trinitatum, and the newly described Amphidoma pontica). Amphidoma
taceae species occurred at all stations, with the highest total abundance 
of 13.6 × 103 cells L− 1 (Tillmann et al., 2025).

DNA metabarcoding confirmed many of these dinoflagellate species, 
generally with low read counts, except for Karlodinium veneficum, which 
was recorded with higher read numbers in some samples (Table S12). 
Species-level identification was hampered for one OTU showing equal 
similarity to two different toxic species of Alexandrium 
(A. pseudogonyaulax and A. hiranoi), two OTUs related to Gonyaulax that 
did not meet the reference similarity threshold, and one OTU assigned 
only to the genus level (best match to a reference sequence deposited as 
Karlodinium sp.).

Potentially toxic diatoms Pseudo-nitzschia were identified to the 
genus level only under LM (Fig. 4F), while metabarcoding data and 

strain isolation (Dursun et al., 2025) revealed the presence of 
P. calliantha. Pseudo-nitzschia occurred at all stations reaching up to 8404 
cells L− 1 in bottle samples (station 9).

3.2. Phycotoxin distribution

Among the screened toxins, gonyautoxins (GTX-2/3), goniodomin A 
(GDA), pectenotoxins (PTXs), and yessotoxins (YTXs) were found in the 
study region (Tables 2, 3, Supplementary material Table S14). On the 
other hand, azaspiracids (AZAs), karlotoxins (KmTxs), domoic acid 
(DA), cyclic imines (gymnodimines and spirolides), okadaic acid (OA), 
and dinophysistoxins were not detected in the field samples. The 
respective detection limits are provided in the Supplementary material 
(Table S13).

GTX-2/3 was detected at a total of 13 stations, with levels ranging 
from 0.2 to 1.8 ng NT− 1 in the 20–50 µm size fraction, the highest value 
being measured at station 8. GDA was detected at only three stations 
(stations 7, 13, and 23), with levels of 1.9, 1.7, and 3.0 ng NT− 1 in the 
20− 50 µm size fraction, respectively (Table 2). Among the PTXs, PTX-2 
was observed at all stations. The highest levels detected during the 

Fig. 3. Light microscopy of living cells (A, B, D, F, H) and SEM micrograph documentations (C, E, G, I) of potentially toxic Dinophysales from the PHYCOB 2021 
survey. (A) Dinophysis acuminata. (B, C) Dinophysis acuta. (D. E) Dinophysis caudata. (F, G) Dinophysis sacculus. (H, I) Dinophysis hastata. Scale bars = 10 µm.
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expedition were 155.0 ng NT-1 in the 20–50 µm size fraction at station 7 
(Table 2), up to 70.1 ng NT− 1 in the 50–200 µm size fraction at station 10 
(Table 3), and 44.3 ng NT− 1 in the >200 µm size fraction at the same 
station (Table S14). Moreover, PTX-2 seco acids were detected in all size 
fractions, with levels up to 11.8 ng NT− 1 in the 20–50 µm size fraction at 
station 7, 11.3 ng NT− 1 in the 50–200 µm size fraction at station 10, and 
11.5 ng NT− 1 in the >200 µm size fraction at station 10. In addition to 
PTX-2 and PTX-2 seco acids, PTX-12 was also detected at low levels, 
with maxima of 2.2 ng NT− 1 in the 50–200 µm size fraction at station 20 
(Table 3), and 2.2 ng NT− 1 in the >200 µm size fraction at station 1. The 

third and least abundant PTX was PTX-11, which reached maxima of 2.1 
ng NT− 1 in the 20–50 µm size fraction at station 17 (Table 2) and 2.5 ng 
NT− 1 in the 50–200 µm size fraction at station 10 (Table 3).

The other lipophilic toxin group present in the region was the yes
sotoxin group, of which seven variants were detected in total. In addi
tion to the base compound yessotoxin (YTX), six other variants were 
detected during the expedition. These variants were: 41a-homo-YTX 
(compound #5), carboxy-YTX (#3), entries #21, 22 (m/z 1061 >
981), undescribed (m/z 1131 > 1051), #20 (m/z 1273 > 1193), and 
#21 (m/z 1405 > 1325) (designations of all compounds according to 

Fig. 4. Light microscopy of living cells (A–D, F) and SEM micrograph documentation (E) of potentially toxic microalgae from the PHYCOB 2021 survey. (A) 
Karlodinium sp. (B) Polykrikos hartmannii. (C) Azadinium sp., (D, E) Prorocentrum cordatum. (F) Pseudo-nitzschia sp. Scale bars = 5 µm (A, C–E) or 10 µm (B, F).

Table 2 
Phycotoxin contents [ng NT− 1] of the 20–50 µm size fractions of 30 m vertical net tows. “− “ indicates toxin levels below the respective limit of detection (Table S13). 
PTX-11 and PTX-12 are expressed as PTX-2 equivalents. All YTX variants are expressed as YTX equivalents. a YTX numbers refer to Miles et al. (2005).

Pectenotoxins (PTX) Yessotoxins (YTX) PST/ GDA

Station PTX-2 PTX-2 sa PTX-11 PTX-12 YTX 41-a-homo-YTX Carboxy-YTX e# 21/22 a #20 a undesc. a #21a GTX-2/3 GDA

1 12.6 − − − 122.9 1.8 − − − − − − −

2 5.4 − − − 27.6 1.3 − − − − − − −

3 5.0 − − − 14.8 − − − 0.6 − − − −

4 21.1 − − − 106.2 1.7 − 0.6 0.6 4.4 1.2 − −

5 23.4 − − − 120.3 4.3 − − 0.6 − − − −

6 45.6 3.0 − − 36.1 3.1 − − − − − 0.7 −

7 155.0 11.8 1.4 − 28.7 5.4 − − − − − 0.7 1.9
8 152.4 10.1 − − 22.2 5.4 − − − − − 1.8 −

9 84.2 3.1 − − 20.6 4.8 − − − − − 0.4 −

10 154.5 4.1 − − 49.6 7.2 − − − − − 0.9 −

11 9.4 − − − 31.7 1.1 − − − − 0.6 − −

12 14.4 − − − 81.6 0.8 11.4 − − 1.9 − − −

13 5.6 − − − 19.4 1.2 − − − − − − 1.7
14 4.5 − − − 60.7 1.8 − − − − − − −

15 3.5 − − − 51.9 2.9 − − − − − 0.3 −

16 59.9 3.8 − − 13.4 3.8 − − − − − 0.8 −

17 61.5 6.4 2.1 − 31.4 8.2 − 0.6 0.6 − − 0.6 −

18 54.3 6.4 − − 24.4 4.7 − − 0.6 − − 0.4 −

19 2.7 − − − − − − − − − − 0.4 −

20 18.7 − − − 60.1 3.9 − − − − − 0.3 −

21 4.7 − − − 35.5 2.7 − − − − − 0.2 −

22 27.0 1.7 − − 43.7 1.5 − − − − − − −

23 12.4 − − − 319.7 10.3 − − 1.6 − − 0.3 3.0
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Miles et al. (2005)). YTX was found at 22 of the 23 stations, and with 
levels up to 319.7 ng NT− 1 in the 20–50 µm size fraction. The highest 
levels were detected at stations 23, 1, and 5 (319.7, 122.9, and 120.3 ng 
NT− 1, respectively) (Table 2). The YTX variant with the highest level 
was 41a-homo-YTX, recorded at 10.3 ng NT-1 in the 20–50 µm size 
fraction at station 23 (Table 2). Compound #20 was the second most 
abundant YTX variant, with a relatively high level of 1.6 ng NT− 1 in the 
same size fraction at station 23. All other YTX variants were detected at a 
few stations and at lower levels (Table 3). All YTX compounds were 
found exclusively in the 20–50 µm size fraction, and their levels were 
higher at deep stations (stations 1, 4, 5, and 23) than at the coastal 
stations along the cruise transects.

3.3. Correspondence between detected toxigenic species and phycotoxins

Across the stations, potentially toxic dinoflagellates and their asso
ciated toxins co-occurred (Fig. 5A, B). Spearman rank correlation ana
lyses between the abundances of potential toxin producers and the 
related phycotoxin levels in the net tow samples revealed significant 
correlations for part of the dataset. Pectenotoxins showed positive cor
relations with the cell abundances of D. acuminata and D. sacculus 
(Fig. 6A, B). PTX-2 and PTX-2sa levels were strongly correlated with 
D. sacculus cell abundances in both size fractions and moderately 
correlated with D. acuminata in the smaller fraction (20–50 µm). For 
yessotoxins, the 41-a-homo-YTX variant levels were moderately corre
lated with L. polyedra and Gonyaulax cf. spinifera cell abundances 
(Fig. 6C).

3.4. Relationship between selected dinoflagellates, phycotoxins, and 
environmental predictors: spatial distribution modeling

All models showed AUC values ranging from 0.8 to >0.9 and TSS 
values >0.5 (Tables S15, S16), indicating good to excellent predictive 
performance. The resulting distribution maps, together with data gath
ered during the sampling campaigns, suggest that the species of concern 
co-occur and exhibit substantial overlap in their environmental niche 
suitability (Figs. 7A-D, 8A–E).

In spring 2019, nitrates were the most influential predictor, while 

temperature and phosphate contributed considerably less to the proba
bility of occurrence (Table S15). In contrast, during summer 2021, 
phosphate concentration was the primary variable influencing the pre
dicted species occurrences, whereas currents and dissolved oxygen had 
considerably weaker effects (Table S16).

The species distribution maps were overlaid with phycotoxin levels 
to assess whether the highest probabilities align with the highest 
measured phycotoxin values. In both seasons, the highest toxin abun
dances were recorded in regions with the highest predicted probabilities 
of species occurrence; however, due to niche overlap, it remains chal
lenging to identify specific phycotoxin producers.

4. Discussion

The presence of numerous harmful species and phycotoxins was 
documented in Bulgarian and Romanian Black Sea waters in September 
2021, complementing a case study conducted in spring 2019 
(Dzhembekova et al., 2022).

During both sampling campaigns, the overall hydrographic condi
tions were comparable. The greatest difference was observed in water 
temperature, which was notably lower in May 2019 compared to 
September 2021, when significantly warmer surface temperatures re
flected the late summer maximum (Mohamed et al., 2022). Corre
sponding to the colder water temperatures, oxygen concentrations were 
higher in May.

Seasonal variations in plankton composition and abundance, 
including potentially toxic species, have been documented in different 
regions of the Black Sea, with some taxa exhibiting a consistent year- 
round presence (Türkoğlu and Koray, 2002; Vershinin et al., 2005; 
Yasakova, 2013; Dzhembekova and Moncheva, 2014; Moncheva et al., 
2019). The potentially toxic species identified in September 2021 (this 
study) largely overlapped with those detected in May 2019 
(Dzhembekova et al., 2022), but occurred at lower abundances. The 
Romanian coastal stations (7–10) showed the highest numbers.

The major phycotoxin groups also corresponded well between the 
two periods, although some toxin variants differed by season, and new 
phycotoxins appeared only in samples from the summer campaign, as 
detailed in the sections below.

Pseudo-nitzschia was the most widespread potentially toxic taxon, 
observed at all stations, similar to the previous study (Dzhembekova 
et al., 2022). Cell abundances, however, were low, likely reflecting the 
seasonal dynamics of the genus in the Black Sea (Dzhembekova et al., 
2021; Lifanchuk et al., 2023). Only one Pseudo-nitzschia species 
(P. calliantha) was identified through DNA metabarcoding, whereas the 
same approach detected three species (P. calliantha, P. delicatissima, and 
P. pungens) in the previous investigation (Dzhembekova et al., 2022). 
Although Pseudo-nitzschia was the most dominant species in the net tow 
samples during both campaigns, no domoic acid was detected. These 
findings corroborate the reported lack of DA production in cultures of 
P. calliantha strains isolated during the PHYCOB sampling campaign 
(Dursun et al., 2025). In contrast, earlier studies reported DA in spring 
plankton samples from Bulgarian coastal waters (Peteva et al., 2018, 
2020b) and in cultures of P. calliantha strains isolated from the Ukrai
nian Black Sea (Besiktepe et al., 2008). Pseudo-nitzschia calliantha strains 
from the Mediterranean Sea have also been reported as toxigenic, both 
in field studies and under laboratory conditions (Marić et al., 2011; 
Tanković et al., 2022). The lack of consensus on the key abiotic and 
biotic factors controlling DA production, the strain-specific response, 
and the occurrence of both toxic and non-toxic strains within most 
Pseudo-nitzschia species (Bates et al., 2018; Lelong et al., 2012; Trainer 
et al., 2012) hampers the interpretation of amnesic shellfish toxin pat
terns, which require further studies to better understand Pseudo-nitz
schia-related toxicity in the Black Sea.

Alexandrium spp. were detected at almost all sampling stations dur
ing this study, albeit at low abundances. The combination of different 
methodological approaches resulted in the identification of multiple 

Table 3 
Toxin contents [ng NT− 1] of the 50–200 µm size fractions of 30 m vertical net 
tows. “− “ indicates toxin levels below the respective limit of detection (Table 
S13). PTX-11 and PTX-12 are expressed as PTX-2 equivalents.

Station Pectenotoxins (PTX)

PTX-2 PTX-2 sa PTX-11 PTX-12

1 2.9 − − −

2 2.0 − − 1.4
3 8.3 − − 1.3
4 8.8 − − −

5 7.0 − − 1.6
6 28.6 2.1 − −

7 30.5 4.8 − −

8 24.1 3.6 − 2.0
9 23.8 2.5 − 1.6
10 70.1 11.3 2.5 −

11 20.4 − − −

12 16.7 − − −

13 − − − −

14 7.1 − − −

15 3.7 − − −

16 15.0 2.8 − −

17 9.2 − − −

18 11.9 1.7 − 1.7
19 23.0 2.0 − 1.5
20 18.0 − − 2.2
21 4.6 − − 1.5
22 26.1 − − −

23 41.8 1.4 − 1.5
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Alexandrium species (this study and Dursun et al., 2025), including both 
toxigenic (A. andersonii, A. fragae, A. pseudogonyaulax, and A. ostenfeldii) 
and non-toxigenic (A. tamutum, A. insuetum, and A. margalefii) repre
sentatives co-occurring in the Black Sea. Similar observations have been 
reported in the Mediterranean Sea (Anderson et al., 2012a). Addition
ally, DNA metabarcoding recorded A. minutum in May 2019 
(Dzhembekova et al., 2022). The high similarity among A. fragae, A. 
minutum, and A. tamutum (Branco et al., 2020) is reflected in the per
formance of the metabarcoding marker used. For instance, only a single 
base pair difference is observed in this region between A. minutum and 
A. tamutum strains originally used for their phylogenetic delineation 
(Montresor et al., 2004). Thus, although the A. minutum and A. tamutum 
OTUs differed by ~1.7 % (over 475 bp) and the BLAST top-hit approach 
identified them as separate species, species-level delineation with this 
marker is unreliable and requires further support. Nevertheless, the 
presence of A. tamutum in the Black Sea in 2021 is supported by a 
strain-based investigation (Dursun et al., 2025), whereas the identity of 
A. minutum detected during the previous cruise remains unconfirmed by 
corroborating data. On the other hand, OTU sequences identified as 

A. minutum and A. tamutum differed by > 2 % (over 410 bp) from a 
reference sequence of A. fragae (KX097019), providing no molecular 
evidence for the presence of A. fragae in the samples, despite its iden
tification by SEM analyses. These findings highlight the importance of 
using a multifaceted approach that combines field samples and cultures 
to clarify the identity and toxicity of species and strains in the Black Sea 
and other ecosystems. This is particularly crucial for species that are 
challenging to identify under LM or through DNA metabarcoding, such 
as those with identical (A. pseudogonyaulax and A. hiranoi) or highly 
similar (A. minutum and A. tamutum) marker gene sequences.

Interestingly, in contrast to the previous study (Dzhembekova et al., 
2022), phycotoxins associated with Alexandrium species (GTX-2/3 and 
GDA) were detected. GDA was measured at levels comparable to those 
reported in plankton samples from the Bulgarian Black Sea (Peteva et al., 
2020a), but significantly lower than values in other brackish waters 
(Kremp et al., 2019). As a possible source, DNA metabarcoding detected 
an OTU with equal similarity to A. pseudogonyaulax and A. hiranoi, both 
known GDA producers (Lassus et al., 2016). Strain-based data confirmed 
the presence of A. pseudogonyaulax in the PHYCOB samples and further 

Fig. 5. Distribution of potentially toxic dinoflagellate species and associated phycotoxin levels in net tow samples across sampling stations. A) PTX variants and PTX- 
producing species; B) YTX variants and YTX-producing species. Stacked bars show the abundances of dinoflagellate species, expressed as 10³ cells NT⁻¹. The heatmap 
below displays phycotoxin concentrations (ng NT⁻¹ in the combined 20–200 µm fraction) on a log₁₀ scale.
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revealed its ability to produce GDA (Dursun et al., 2025), clearly iden
tifying this species as a source of GDA in the Black Sea. Compared with 
GDA, GTX-2/3 were detected more frequently in the samples. Although 
low levels of GTX-2/3 have previously been reported in wild and culti
vated mussels from the Bulgarian Black Sea (Kalinova et al., 2015; 
Krumova-Valcheva and Kalinova, 2017; Peteva et al., 2019, 2020b) and 
in Russian waters (Vershinin et al., 2006), this is the first report of these 
toxins in plankton samples. GTX-2/3 were detected at levels much lower 
than those reported from other regions (Fabro et al., 2017; D’Agostino 
et al., 2019), including brackish waters (Kremp et al., 2019). This is most 
likely due to the low Alexandrium abundances, however differences in 
phycotoxin cell quotas among Alexandrium species (Branco et al., 2020), 
variability in toxin production within strains (Kremp et al., 2019), and 
environmental effects influencing phycotoxin production (Lim and 

Ogata, 2005) may also play roles. GTX-2/3 are produced by several 
Alexandrium species, including A. minutum (Lewis et al., 2018) and the 
recently described A. fragae (Branco et al., 2020). While no evidence of 
A. minutum was found in this study, SEM analyses confirmed the pres
ence of A. fragae in the Black Sea for the first time, suggesting its po
tential contribution to PST production in the region. This issue is 
discussed further in the context of previous reports on Alexandrium and 
GTX-2/3 in the Black Sea by Dursun et al. (2025).

Five species of the genus Dinophysis were recorded in the investigated 
area: D. acuminata, D. acuta, D. caudata, D. sacculus, and D. hastata. All of 
them, except for D. hastata, which was identified only in the current 
study based on live samples and SEM observations, were also previously 
reported in the May 2019 net tow samples (Dzhembekova et al., 2022). 
In contrast to microscopy-based analyses, DNA metabarcoding detected 

Fig. 6. Correlation analysis between the potentially toxic dinoflagellate species and the relevant phycotoxin variants by fractions: (A, B) 20− 50 µm fraction; (C) 
50− 200 µm fraction. Circle size and color intensity are proportional to the Spearman’s rho correlation coefficients. Only significant results are labeled, with the 
statistical significance annotated as * p < 0.05, ** p < 0.01, and *** p < 0.001.
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only two Dinophysis species. This highlights methodological limitations 
of the metabarcoding approach. For instance, the limited resolution of 
commonly used 18S rDNA markers (V4 and V7-V9) within the Dinoph
ysis genus has been documented, and further validation of molecular 
data has been recommended (Dzhembekova et al., 2022; Gaonkar and 
Campbell, 2023). In this study, both D. acuminata and D. acuta were 
identified using a top BLAST hit approach, although sequence similarity 
to other Dinophysis species was relatively high. The presence of these 
species in the samples was confirmed by the parallel morphological 
observations.

The high adaptability of some Dinophysis representatives to changing 
environmental conditions (Rial et al., 2023) likely contributes to the 
consistent presence of the genus in Black Sea plankton community 
(Türkoğlu and Koray, 2002; Petrova and Velikova, 2003; Terenko, 
2011). Moreover, the western Black Sea appears to provide suitable 
habitats for Dinophysis species, largely overlapping with regions where 
higher toxin levels were detected.

Among Dinophysis-associated toxins, only PTXs were detected in this 
and previous studies (Peteva et al., 2020b; Dzhembekova et al., 2022). 
This can be attributed to: (1) the presence of strains that produce only 
PTXs (Reguera et al., 2014), (2) the release of other phycotoxins (e.g., 
okadaic acid and dinophysistoxins) into the water column (Nagai et al., 
2011), or (3) analytical sensitivity, as PTXs can be detected at much 
lower levels than OA/DTXs. The detection of only PTXs in mussel tissue 
from samples collected in Bulgarian waters (Peteva et al., 2018, 2020b) 
supports the first hypothesis, although uncertainty regarding Dinophysis 
phycotoxins in the western Black Sea still remains, especially consid
ering the more diverse toxin composition in Russian waters (Morton 

et al., 2009). In this regard, the establishment of cultures is crucial to fill 
the gap in knowledge about the phycotoxin profiles of local Dinophysis 
strains.

The major PTX, namely PTX-2, was recorded in both seasons, 
whereas the other PTX variants showed seasonal variability: PTX-2 sa, 
PTX-11, and PTX-12 were detected in summer samples, while PTX-1 and 
PTX-13 were found in spring samples. These differences might reflect 
variability in toxin profiles and cell toxin quotas among species and 
strains (reviewed in Reguera et al., 2014; Lassus et al., 2016), as well as 
between seasons and years (Pizarro et al., 2013). In the current inves
tigation, PTXs were positively correlated with D. sacculus and 
D. acuminata, whereas in spring, they were associated only with D. acuta 
cell abundance (Dzhembekova et al., 2022). Despite their distinct 
ecological preferences, distinguishing phycotoxin production by species 
remains challenging due to the co-occurrence of multiple Dinophysis 
species (Petrova and Velikova, 2003; Escalera et al., 2006; Lindahl et al., 
2007; Ajani et al., 2016; Díaz et al., 2019; Baldrich et al., 2021).

Potential YTX-producers (P. reticulatum, L. polyedra, and Gonyaulax 
spp.) were present in the plankton community along the western Black 
Sea during both sampling campaigns. Gonyaulax cf. spinifera and 
L. polyedra were more frequently observed in the net tow samples during 
the spring campaign (Dzhembekova et al., 2022), whereas P. reticulatum 
was consistently present in this study. It is worth noting that with the 
description of Pentaplacodinium (Mertens et al., 2018, 2023; Luo et al., 
2020), there is general uncertainty about previous identifications of 
P. reticulatum, as both genera are almost undistinguishable in their light 
microscopy appearance. However, in this study, together with the data 
presented in Dursun et al. (2025), the identification of P. reticulatum is 

Fig. 7. Species distribution models representing MaxEnt (Maximum entropy) predicted probability of occurrence [0; 1] and the most favorable environment based 
on the data collected during the spring expedition of 2019 (Dzhembekova et al., 2022) for: A. D. acuminata; B. D. acuta; C. L. polyedra, and D. P. reticulatum in the 
western Black Sea coastal and shelf waters, overlayed with phycotoxin levels. The probability is represented with a color scheme, with light blue indicating the least 
likelihood of suitable conditions, light yellow indicating conditions matching those where species were found, and red corresponding to the highest predicted 
probability of a suitable environment.
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Fig. 8. Species distribution models representing MaxEnt (Maximum entropy) predicted probability of occurrence [0; 1] and the most favorable environment based 
on the data collected during the summer expedition of 2021 for: A. D. acuminata; B. D. acuta; C. D. sacculus; D. L. polyedra and E. P. reticulatum in the western Black 
Sea coastal and shelf waters, overlayed with phycotoxin levels. The probability is represented with a color scheme, with light blue indicating the least likelihood of 
suitable conditions, light yellow indicating conditions matching those where species were found, and red corresponding to the highest predicted probability of a 
suitable environment.
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unequivocally confirmed by both molecular evidence (metabarcoding 
data and phylogeny of strains) and morphological analyses (SEM ob
servations of field samples and cultures).

Yessotoxin was detected in both May 2019 and September 2021, 
whereas the other YTX variants differed among campaigns, except for 
compound e# 21/22, which was detected during both seasons. Moder
ate correlations were found between 41-a-homo-YTX levels and the cell 
abundances of L. polyedra and Gonyaulax spp. in the net tow samples 
from this study. In May 2019, YTX was associated with both L. polyedra 
and P. reticulatum, whereas YTX variants were linked only to L. polyedra 
(Dzhembekova et al., 2022). Toxin screening of Black Sea strains under 
culture conditions confirmed YTX production by P. reticulatum and 
YTX-variants production by L. polyedra, while no toxins were detected in 
one strain of Gonyaulax sp. (Dursun et al., 2025). Similar inconsistent 
relationships between the presence of YTXs and their putative producers 
in the field have also been reported in the Mediterranean Sea (Busch 
et al., 2016). These findings can be attributed to the highly variable 
toxin profiles and cell toxin quotas of YTX-producing species and strains 
(Paz et al., 2008), as demonstrated for the tested Black Sea strains of 
P. reticulatum and L. polyedra (Dursun et al., 2025). Similar variations 
have also been reported in other geographic locations (Peter et al., 2018; 
Sala-Pérez et al., 2016). In addition, YTX profiles and toxin cell quotas 
may be influenced by environmental factors (Peter et al., 2018; Röder 
et al., 2012), as observed during the spring campaign in the Black Sea 
(Dzhembekova et al., 2022).

Despite the low abundances of YTX-producing species, the low levels 
of YTXs in the samples, and the relatively low oral toxicity of YTX an
alogues (Tubaro et al., 2003), both P. reticulatum and L. polyedra, as well 
as their associated phycotoxins, should be closely monitored. This is 
particularly important considering the occurrence of massive L. polyedra 
blooms in the region (Velikova et al., 1999; Moncheva et al., 2001; 
Terenko and Krakhmalnyi, 2021) and the higher YTX cell quotas re
ported for the Black Sea P. reticulatum strains compared to L. polyedra 
(Dursun et al., 2025). In addition, L. polyedra resting cysts are widely 
distributed and abundant in Black Sea sediments, providing a potential 
inoculum for bloom initiation (Dzhembekova et al., 2024). Furthermore, 
model outputs indicate that the western coastal area is suitable for 
P. reticulatum and L. polyedra, along with other bloom-forming species 
(Goncharenko et al., 2021).

In the present study, several Gonyaulax species were reported. Given 
the challenging taxonomy of Gonyaulax, and particularly the cryptic 
diversity described for the Gonyaulax spinifera species complex (Huang 
et al., 2025a, 2025b), the identity of the cells reported here as Gonyaulax 
cf. spinifera requires further examination and clarification, as thoroughly 
discussed in Dursun et al. (2025). Unfortunately, both DNA meta
barcoding data and strain-based data failed to resolve species-level 
identification due to low similarity with available reference sequences. 
No YTX production was found in one strain each of Gonyaulax sp. and 
Sourniaea diacantha (Dursun et al., 2025), but further studies are 
necessary to better elucidate the diversity of Gonyaulax species and their 
associated phycotoxins in the Black Sea.

Among other potentially toxic dinoflagellates, the bloom-forming 
P. cordatum was also observed. Although no toxigenic Black Sea 
strains have been described under laboratory conditions (Moncheva, 
1991), the frequent bloom events documented in the region (Moncheva 
et al., 2019) and the high risk of mass outbreaks predicted for certain 
Black Sea areas (Goncharenko et al., 2021) highlights the importance of 
monitoring this species for potential harmful effects. However, it is 
important to note the risk of overestimating P. cordatum abundance in 
fixed samples, considering the number of morphologically similar small 
Prorocentrum species, such as P. thermophilum, P. pervagatum, and in 
particular P. ponticum, having a comparable shape and size. For 
example, while live microscopy and SEM analyses confirmed the pres
ence of P. ponticum in the present study, this species was not counted in 
the fixed samples used for quantitative analysis.

Two OTUs in the DNA samples were attributed to Karlodinium. One 

of them was identified as K. veneficum, whereas the other could not be 
resolved to the species level. Examination of Karlodinium strains ob
tained from the PHYCOB samples revealed significant sequence differ
ences from other known Karlodinium species, with no karlotoxin 
production observed (Dursun et al., 2025). In line with these findings, no 
KmTx was detected in the field samples. Whether the absence of KmTx is 
due to strain-specific variability in toxin cell quotas of K. veneficum 
(Bachvaroff et al., 2009), low sensitivity of KmTx detection (Krock et al., 
2017), or attributed to misidentification remains unclear, especially in 
light of the low resolution of the 18S rRNA region within some genera 
and the limited reference sequence data for different Karlodinium species 
available in GenBank.

While this study provides valuable data on the distribution of 
potentially toxic plankton species and phycotoxins in the western Black 
Sea, some limitations must be acknowledged. Sampling was limited to a 
single cruise conducted over a week in mid-September 2021 and 
restricted to 23 stations within Bulgarian and Romanian waters. Thus, 
the results represent a temporal snapshot and may not fully capture 
seasonal or interannual variability in plankton communities and toxin 
production across the Black Sea. Furthermore, while plankton net tows 
are useful for detecting the presence and diversity of potentially toxic 
species, they may be biased for accurate quantitative analyses due to the 
mesh size selectivity, clogging, and damage of fragile cells (Sournia, 
1978), affecting the actual water volume filtered (Mack et al., 2012). 
Therefore, net-based observations should be complemented by data 
from discrete water samples collected using Niskin bottles, as imple
mented in this study, which provide a more standardized approach for 
quantitative analyses of plankton (Karlson et al., 2010). In addition, the 
low abundances recorded in the samples represent a limitation for 
species distribution modelling, as they may introduce potential bias in 
occurrence data. The sensitivity and specificity of the molecular assay 
can also influence detection outcomes. Although DNA metabarcoding is 
a sensitive and powerful instrument for biodiversity monitoring, the 
method also has limitations related to the resolution of target regions, 
the completeness and reliability of reference nucleotide databases, and 
the standardization of workflow. The problem with limited resolution 
can be mitigated by incorporating multiple target regions to improve 
identification efficiency (Sildever et al., 2019; Fu et al., 2021). Addi
tionally, the detection of microalgal species via DNA metabarcoding was 
significantly limited due to the dominance of metazoan sequences, 
particularly from zooplankton taxa, in the raw data. Future studies 
might consider pre-filtration of the plankton net tow samples to reduce 
DNA overshadowing by abundant non-target organisms.

5. Concluding remarks

Comprehensive knowledge of the occurrence of toxic microalgae and 
phycotoxins in the Black Sea is essential for assessing ecosystem and 
public health risks. Although this study covers only a limited period and 
area, the data help to fill existing information gaps regarding their 
identity and distribution in the western Black Sea. Numerous potentially 
toxic species and phycotoxins were observed to co-occur in September 
2021 in Bulgarian and Romanian waters, largely overlapping with those 
reported in May 2019. The most prevalent toxins were PTX-2 and YTXs, 
with GTX-2/3 and GDA also present. The microalgal species identified as 
the most probable toxin producers were P. reticulatum and L. polyedra for 
YTXs, D. acuminata and D. sacculus for PTXs, A. pseudogonyaulax for 
GDA, and A. fragae for GTX-2/3. The latter species represents the first 
record for the Black Sea, most likely previously overlooked due to lim
itations associated with the application of a single method for species 
identification. This finding underscores the value of integrated, high- 
resolution analyses of microalgal composition and phycotoxin distri
bution. A notable contribution to improving the understanding of Black 
Sea species taxonomy and toxicology was provided by the strain-based 
component of the study (Dursun et al., 2025). The results further 
emphasize the importance of experimental work using cultured local 
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isolates for comprehensive morphological, phylogenetic, and toxino
logical characterization.

To date, no cases of human poisoning have been officially reported in 
the western Black Sea. Similarly, despite the occurrence of numerous 
potentially toxic species and phycotoxins in the Mediterranean Sea, only 
extremely rare cases of intoxication and limited effects on aquaculture 
have been documented (Zingone et al., 2021). Nevertheless, the detec
ted toxins, including potent neurotoxins (GTXs) along with others (GDA, 
PTXs, YTXs), may pose risks to ecosystems and public health (reviewed 
in Landsberg, 2002 and Lassus et al., 2016). The co-occurrence of these 
compounds further raises the possibility of combined impacts on biota 
(Alarcan et al., 2018), especially under environmental stress (Krishna 
et al., 2025). Despite generally low toxin levels in plankton, repeated 
exposure and bioaccumulation may present cumulative ecological and 
human health risks, warranting further investigation, including regular 
monitoring of toxic microalgae and toxins in water, as well as toxin 
measurement in seafood. As this study provides only a snapshot of 
potentially toxic microalgae and phycotoxins in the area, a temporal 
analysis covering a wider spatial range and including more sampling 
stations is recommended to evaluate seasonal variability within a 
broader regional or basin-scale context.
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Lassus, P., Chomérat, N., Hess, P., Nézan, E., 2016. Toxic and harmful microalgae of the 
world ocean: = micro-algues toxiques et nuisibles de l’océan mondial. Denmark, 
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