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A new carotenogenic strain of a green microalga Coelastrella Chodat (Scenedesmaceae, Sphaero-
pleales) was isolated in unialgal culture from the thallus of a Crimean epilithic lichen sampled in Se-
vastopol in March 2024. The strain is characterized by a pronounced ability to accumulate secondary
carotenoids under acute abiotic stress conditions. We describe the methods we used to isolate phy-
cobionts from small lichen samples, purify algae, establish axenic culture, adapt cells to laboratory
conditions, and maintain strains in long-term culture collection. Species identification was performed
using a combination of morphological (light and scanning electron microscopy) and molecular ge-
netic approaches (analysis of the ITS1–5.8S–ITS2 fragment of the 18S rRNA gene cluster). The novel
strain was identified as Coelastrella rubescens (Vinatzer) Kaufnerová & Eliás, 2013 and deposited into
the collection of living cultures of carotenogenic microalgae at IBSS (https://algae.ibss-ras.ru), desig-
nated as IBSS-156. The growth characteristics of the IBSS-156 strain were evaluated under two-stage
batch culture conditions. The data indicate high specific growth rates of the alga at the vegetative stage:
up to (0.62 ± 0.11) day⁻¹. The dynamics of the algal pigment composition that we received reflects
the massive accumulation of secondary carotenoids under stressful conditions. We found that measur-
ing the absorption spectra of living microalgal cultures in the visible region allows for a rapid assessment
of their physiological state and the rate of ketocarotenoid accumulation in biomass during two-stage
cultivation. The obtained results highlight the potential of Crimean lichens as a source of promising
astaxanthin-producing strains suitable for mass cultivation in arid and hot climates, such as those found
in the Crimea and adjacent regions of southern Russia.
Keywords: carotenogenic microalgae, phycobionts, Coelastrella, two-stage cultivation

The term “carotenogenic microalgae” refers to a taxonomically and ecologically heterogeneous group
of unicellular algae with a pronounced capacity for secondary carotenogenesis. This trait constitutes
a key adaptation mechanism in extremophiles enabling survival during abrupt environmental deteriora-
tion through the massive accumulation of ketocarotenoids in cytoplasmic lipid inclusions (oleosomes)
[Cheng, Shah, 2023; Debnath et al., 2024; Patel et al., 2022; Solovchenko, Minyuk, 2021].
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4 N. Dantsyuk, O. Krivenko, I. Mansurova, and I. Degtyar

The main biological features of carotenogenic microalgae include ephemerality of vegetation,
the presence of a resting stage in their life cycle, the induction of secondary carotenoid and neutral
lipid biosynthesis during the transition to the resting stage, and the ability to rapidly shift between rest
and active growth.

The rising research interest in this algal group is rooted in both fundamental and applied aspects.
On the one hand, it aims to advance our understanding of the general patterns and specific features
of adaptation mechanisms in diverse ketocarotenoid producers. On the other hand, it seeks to reveal
new commercially promising sources of C₄₀ ketocarotenoids of the astaxanthin group and neutral lipids
suitable for the production of high-quality biodiesel [Islam et al., 2013; Karpagam et al., 2015; Patel
et al., 2022].

The most extensively studied and still the only astaxanthin producer successfully introduced into
mass cultivation is a freshwater microalga Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875
(Chlorophyceae, Chlamydomonadales, Haematococcaceae). With a two-stage cultivation protocol, astax-
anthin in its biomass can reach 5 % of dry weight [Han et al., 2013; Mota et al., 2022]. However, the low
ecological plasticity of this species restricts its large-scale cultivation to areas with a subtropical maritime
climate, where temperature does not exceed +28 °C during the hottest part of the day [Mohanasundaram
et al., 2023]. Within the Russian Federation, such areas are localized zones on the Crimean and Cau-
casian coasts, which are of significant recreational value. Consequently, Russian companies interested
in astaxanthin are completely dependent on import. Solving this problem requires searching for and in-
troducing into cultivation new, high-yielding strains of astaxanthin producers that are easily adaptable
to local conditions, resistant to contamination, and tolerant to extreme environmental factors [Patel et al.,
2022; Solovchenko, Minyuk, 2021]. In literature, over 130 such species are reported [Minyuk, 2020].
Many of them occur in the algal flora of both the Crimean subtropics and the steppe and foothill zones
of the peninsula. These are chiefly representatives of two orders of green microalgae: Chlamydomon-
adales and Sphaeropleales [Dantsyuk et al., 2021]. Their growth characteristics in culture and the specific
mechanisms regulating astaxanthin biosynthesis remain poorly understood. Nevertheless, several stud-
ies conducted at IBSS suggest that some of these species may be undemanding and highly productive
sources of astaxanthin [Chelebieva et al., 2018; Dantsyuk et al., 2021]. These considerations underscore
the need for a comprehensive analysis of the Crimean carotenogenic microalgal flora, an assessment
of its bioresource potential, and a search for novel strains with high potential for industrial cultivation
across diverse natural and climatic zones of the peninsula and adjacent areas of southern Russia.

A poorly characterized group of carotenogenic microalgae includes phycobionts of Crimean crus-
tose and foliose epilithic lichens adapted to extreme conditions: high daytime temperatures, low hu-
midity, and intense solar radiation. These lichens form dense, bright orange‑red crusts on rock sur-
faces [Czeczuga, Osorio, 1989; Voitsekhovich, 2013; Voytsekhovich, Beck, 2016]. Those are promising
candidates for open‑air mass cultivation in Crimean regions unsuitable for conventional agriculture.

The aim of this work was to isolate astaxanthin-producing microalgae from Crimean lichens,
with a focus on strains adapted to local conditions. The following tasks were solved:
1) to isolate and obtain algologically pure cultures of phycobionts from Crimean lichens;
2) to reveal a strain with high ketocarotenoid accumulation potential and identify it taxonomically using

an integrative approach;
3) to assess the biotechnological potential of the selected strain by evaluating its growth performance

during the vegetative stage and pigment dynamics under combined abiotic stress conditions.

Marine Biological Journal 2025 Vol. 10 No. 4
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MATERIAL AND METHODS
Crustose lichens – bright orange, tightly attached crusts on rock surfaces, tree bark, and lime-

stone boulders – were sampled in foothills of the Western Crimea (Sevastopol area) in spring
and summer (Fig. 1). Sampling sites were as follows:

• A, the Victory Park (Sevastopol, 44°36′10″N, 33°27′23″E, isolated by I. Drobetskaya in March
2024);

• B, the Chelebi Yaurn Beli mount (Baydar Gate mountain pass, Orlinoye settlement, Sevastopol,
44°24′18″N, 33°46′49″E, isolated by N. Dantsyuk in April 2024);

• C, the Saint George monastery (Cape Fiolent, Sevastopol, 44°30′29″N, 33°30′29″E, isolated
by N. Dantsyuk in April 2024);

• D, the Toropova Dacha forest park (Balaklava municipal district, Sevastopol, 44°30′34″N,
33°41′2″E, isolated by I. Mansurova in May 2024).

Fig. 1. Crustose epilithic (A, B) and foliose epiphytic (C, D) lichens

Material was separated from a substrate with a sharp spatula and placed in labeled polyethylene bags,
each marked with sample number, sampling date, GPS coordinates, and sampler’s surname. In a labo-
ratory, samples were air‑dried at room temperature for 24 h and then stored at +20 °C in labeled paper
envelopes in a dark and dry place until analysis.

Isolation of algologically pure phycobiont cultures. To isolate microalgal cells into unialgal cul-
ture, we used a modified method of density gradient centrifugation proposed by [Fontaniella et al., 2000].
The technique involves step-by-step centrifugation of macerated lichen thalli in a density gradient of so-
lutions: 0.25 M sucrose – 80% potassium iodide solution – 10 mM phosphate buffer. The core of our
modification was the optimization of sample‑to‑solution ratios for biomass inputs of 0.1–0.3 g.

A sample of a dry lichen thallus was washed with distilled water to remove debris and ground in a mor-
tar with 5 mL of distilled H₂O. A homogenate was filtered through six layers of gauze into a polypropy-
lene Falcon tube and centrifuged at 200 g for 10 min. The supernatant was discarded, and the pellet
was resuspended in 4 mL of 0.25 M sucrose. Into a centrifuge tube, 3 mL of 80% KI solution were placed.
Along the inner wall of the tube, 2 mL of the resulting cell suspension in sucrose was carefully layered
on top of the solution. The tube was centrifuged at 50 g for 1 min. Large fragments of lichen thalli pre-
cipitated and concentrated in the lower KI layer, while microalgal cells remained suspended in the upper
sucrose layer. This layer was carefully transferred with a micropipette into a new tube containing 3 mL
of 80% KI solution. Then, 2 mL of 10 mM phosphate buffer was added, and the samples were centrifuged

Marine Biological Journal 2025 Vol. 10 No. 4



6 N. Dantsyuk, O. Krivenko, I. Mansurova, and I. Degtyar

at 130 g for 2 min. Microalgal cells formed an intermediate layer (an interphase) between the phos-
phate buffer and KI solution, while fungal hyphae fragments passed into the KI layer as a dense pellet.
The interphase containing algal cells was carefully sampled with a micropipette and transferred into
3 mL of 80% KI solution. Along the inner wall of the tube, 3 mL of the phosphate buffer was care-
fully layered on top of the KI solution and centrifuged at 200 g for 3 min. If necessary, this step was
repeated. Subsequently, 1 mL of distilled H₂O was added to the microalgal cell suspension sampled
from the interphase layer, and the sample was centrifuged at 290 g for 5 min. The resulting cell pellet
was resuspended in 0.5–1.0 mL of twice diluted BBM (Bold’s Basal Medium) [Bischoff, Bold, 1963].
The resulting “primary inoculum” was transferred into a glass tube with a cotton plug and stored at room
temperature under illumination with a photosynthetically active radiation (hereinafter PAR) flux density
not exceeding 35 μmol photons·m⁻²·s⁻¹ until antiseptic treatment.

Antiseptic treatment. To combat microbial contamination, antibiotics with a broad spectrum of an-
timicrobial activity were used: cefotaxime (“Biokhimik”) and ampicillin (“Belmedpreparaty”). A mix-
ture was prepared by combining 500 μg·mL⁻¹ of ampicillin and 100 μg·mL⁻¹ of cefotaxime [Kan, Pan,
2010]. As a fungicide, “Fundazol” was used (“Zelenaya Apteka Sadovoda”): when penetrating plant
tissue, it blocks the reproductive function of fungi. Its solution (40 μg·mL⁻¹) was added to suppress
micromycete contamination [Mokrosnop, Zolotareva, 2012].

Isolation of unialgal cultures.After antiseptic treatment, an alga was acclimated to laboratory con-
ditions by maintaining the cell culture on liquid BBM under optimal temperature for lichen phycobionts,
+18…+20 °C, and PAR flux density of < 35 μmol·m⁻²·s⁻¹ [Voitsekhovich, 2013]. To obtain unialgal
cultures, we applied the standard streak plate method [Gaisina et al., 2008; Temraleeva et al., 2014]. Mi-
croalgae were inoculated on agar-enriched (1.5–2%) BBM in Petri dishes. The dishes with microalgae
were incubated in a refrigerated cabinet at +14…+16 °C and a PAR flux density of 20–26 μmol pho-
tons·m⁻²·s⁻¹ in a 15 h light : 9 h dark mode. Germinated colonies were transferred with an inoculation
loop into separate test tubes containing approximately 0.3 mL of liquid BBM to obtain an actively grow-
ing cell culture. Within one week, the alga was examined under a microscope to assess algological purity.
If necessary, the procedure was repeated until obtaining a monoclonal culture of phycobiont cells. Once
a unialgal culture was obtained, it was inoculated into agar slants for long‑term storage in the collection
of living cultures of carotenogenic microalgae at IBSS.

Conditions for two-stage culturing of phycobiont cells. Phycobiont cell were cultured
in a two‑stage batch culture mode [Minyuk et al., 2016]. Prior to cultivation, a synchronized cell culture
in an actively growing state was obtained: an algal inoculum was prepared and grown on BBM for 7 days
under unilateral side illumination (JazzWay DL 8W 6500K LED lamps, China) with continuous air
bubbling. PAR photon flux density incident on the culture surface was 120 μmol·m⁻²·s⁻¹. The photope-
riod was 15 h light : 9 h dark (close to natural mode and recommended for carotenogenic microalgae
cultivation). Temperature was maintained at the level of (+23 ± 1) °C.

During the I stage (the “green” one), which lasted 11 days, the alga was cultivated in 0.5-L glass
conical flasks. Cultivation conditions did not differ from those of the preliminary phase. The cultures
were continuously aerated with air at a rate of 1 L·min⁻¹ using an air compressor Hailea ACO-9620
(China). During the light period, the medium pH was maintained at 7 by pulsed addition of carbon
dioxide (CO₂ volume fraction of 99.8% according to [GOST 8050-85, 2006]) with a solenoid valve
Camozzi A7E (Italy) and a digital pH controller Aqua Medic pH 2001 C (Germany). The initial cell
abundance in flasks was 1.5·10⁶ cells·mL⁻¹, and the culture volume was 0.45 L.

Marine Biological Journal 2025 Vol. 10 No. 4
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To proceed to the II stage (the “red” one), the culture was concentrated by centrifugation at 290 g
for 5 min. The supernatant was discarded, and the cell pellet was resuspended in BBM with a 10‑fold
reduction in nitrogen and phosphorus content. The initial cell abundance at the “red” stage was ap-
proximately 1.5·10⁶ cells·mL⁻¹, with a culture volume of 0.45 L in each flask. The mode of lighting
was switched to continuous bilateral (140 μmol photons photons·m⁻²·s⁻¹ from each side). This configu-
ration, combined with the 10‑fold reduction in cell abundance, resulted in a 20-fold positive gradient
of cell irradiation [Minyuk et al., 2017]. The supply of CO₂ was adjusted to a level that maintained
the medium pH close to 7 around the clock.

Monitoring of culture growth and cell sizes. Cell abundance (n) was analyzed using
a MACSQuant Analyzer flow cytometer (“Miltenyi Biotec,” Germany), equipped with three lasers (405,
488, and 635 nm), at “Spectrometry and Chromatography” core facility at IBSS. Data were processed
applying FCS Express 7 Research Edition software.

The average specific growth rate (μ) of cultures at the “green” stage was calculated from the daily
increase in n [Wood et al., 2005]:

𝜇𝑛 =
ln 𝑛𝑖

𝑛0

(𝑡𝑖 − 𝑡0) ,

where μ⛽ is specific growth rate for ∆n, day⁻¹;
n0 is initial cell abundance, cells·mL⁻¹;
ni is cell abundance on day i, cells·mL⁻¹;
tᵢ – t₀ is duration of the cultivation period, days.

Light microscopy and scanning electron microscopy. For light microscopy, we used an inverted
microscope Nikon Eclipse Ts2R. Cell sizes were determined from micrographs taken with an Infinity 3
Lumenera camera applying ImageJ software (NIH, the USA).

For scanning electron microscopy (hereinafter SEM), 2.5 mL of culture of vegetative microalgal
cells was sampled during the exponential growth phase (day 4 of the experiment) and fixed by adding
25% glutaraldehyde solution to a final concentration of 0.5%. Fixation requires a neutral, slightly al-
kaline environment [Chubchikova et al., 2022], and to ensure this, pH in the medium was adjusted
to 7.3 right before fixation by regulating the supply of CO₂. Fixed samples were immediately mixed
with a microvortex (Microspin FV-2400, “Biosan,” Latvia), placed in a refrigerator at +3 °C, and mixed
every 10–15 min for 1 h. If necessary, samples fixed according to this protocol can be stored refrigerated
for two weeks [Rylkova et al., 2024]. At the next stage, microalgal suspension was concentrated on poly-
carbonate track‑etched membranes with a pore size of 2 µm (manufacture by Joint Institute for Nuclear
Research, Russia) placed on moist filter paper supports [Rylkova et al., 2024]. Filtration was carried out
under a vacuum of no more than 0.2 atm. Fixative was washed off from the suspension on the filters
treating them twice with 1 mL of Na/K phosphate buffer (chloride‑free), the use of which is preferred
for Scenedesmales [Chubchikova et al., 2022], and then rinsed once with 1 mL of deionized H₂O. Then,
the filters with the alga were placed together with the supports into a 16‑well plate and dehydrated in in-
creasing concentrations of ethanol: 20, 30, and 50%, for 5 min; 57 and 96%, for 10 min; and 100%, twice
for 10 min. Solutions were changed using a dispenser. Critical point drying was performed in a Leica
EM CPD300 (Germany) in a soft mode for 2.5 h. Sputter coating (Au/Pd, 0.5–1.0 min) was carried out
with a Leica EM ACE200 system. SEM images of cells were obtained under a Hitachi SU3500 scanning
electron microscope (Japan) in the Microscopy Laboratory at IBSS.
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Molecular genetic analysis. Genomic DNA was extracted from concentrated algal cultures with
a “DNA-Extran-3” kit (“Syntol,” Russia) following the manufacturer’s protocol. DNA quality was as-
sessed by electrophoresis in a 1.5% agarose gel stained with ethidium bromide (0.2 μg·mL⁻¹). Amplifi-
cation of a DNA fragment encoding the 5.8S region and the adjacent ITS1 and ITS2 regions of the nu-
clear ribosomal gene cluster was performed by polymerase chain reaction (PCR) using the ready‑to‑use
ScreenMix kit (“Evrogen,” Russia) and ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTC-
CGCTTATTGATATGC) primers [White et al., 1990]. The protocol was as follows: initial denaturation
at +94 °C for 3 min; 34 amplification cycles (+94 °C for 30 s; +60 °C for 30 s; and +72 °C for 60 s);
and a final extension at +72 °C for 10 min. PCR product was purified with Cleanup Standard reagents
(“Evrogen”) according to the manufacturer’s protocol and sequenced with GenSeq reagents (“Syntol”)
on a genetic analyzer Nanophore 5 (Institute of Analytical Instrumentation of RAS, Russia).

The search for similarity between the obtained sequence and that available in the GenBank database
(National Center for Biotechnology Information, NCBI) was carried out applying the BLASTN algo-
rithm [Morgulis et al., 2008; Zhang et al., 2000]. Alignment was performed using MAFFT v. 7.48 [Ka-
toh, Toh, 2010] with L-INS-I option; ambiguously aligned 5’ and 3’ ends were trimmed. Genetic
distances between nucleotide sequences were calculated using the Kimura’s two parameter model
(K2P model) with MEGA 11 software [Kimura, 1980; Tamura et al., 2021]. Phylogenetic analysis
and tree construction involving the maximum likelihood (ML) algorithms were performed in IQ-TREE
1.6.12 [Trifinopoulos et al., 2016] with the SYM + G4 nucleotide substitution model automatically se-
lected by ModelFinder based on the Bayesian information criterion (BIC). Branch support was assessed
using an SH-aLRT test and ultrafast bootstrap with 10,000 replicates, and also an approximate Bayes
test with search stopping after 1,000 iterations and perturbation strength set to 0.1. Tree topology accu-
racy was evaluated by bootstrap analysis with 1,000 replicates. Trees were visualized and edited using
the service https://phylo.io/index.html.

Spectrophotometry. Absorption spectra of cell suspensions of living microalgal cultures
at the “green” and “red” stages were recorded on a Shimadzu UV-2600i spectrophotometer (“Spectrom-
etry and Chromatography” core facility at IBSS) over the wavelength range of 380–800 nm in a 1‑cm
quartz cuvette. Right before measurement, each sample was thoroughly mixed to minimize sedimenta-
tion effects; the measurement time per sample was within 30 s. As the reference, BBM was used.

Graphs were plotted in Golden Software Grapher 17.3.454. Measurements were performed in three
biological replicates and three analytical replicates. Data in figures and text are presented as mean values
and standard error of the mean.

RESULTS AND DISCUSSION
Cells of green algae, lichen photobionts, were isolated from specimens of epilithic and epiphytic

lichens sampled in foothills of the Western Crimea. Isolation involved a method of density gradient
centrifugation adapted for small samples. Microscopic analysis revealed the absence of thallus debris
and foreign impurities in resulting cell suspensions (Fig. 2A). During one week of acclimation to labora-
tory conditions, isolated cells acquired characteristics typical of free‑living populations: more uniform
cell sizes, shape, and intracellular content (Fig. 2B).

During the isolation of algologically pure cultures on agar‑enriched nutrient media in Petri
dishes, the first colonies appeared within 2–4 weeks. Similar germination times for photobionts
on agar media have been reported by other researchers [Bačkor et al., 1998; Gasulla et al., 2010].
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The colonies varied in morphology and consistency, appearing as powdery, smooth, or granular, with
various shades of green (Fig. 2C–E). Such features of cell colonies may serve as secondary taxonomic
criteria.

Fig. 2. The stages of isolating phycobionts into a pure culture: cells under a light microscope immediately
after the isolation (A) and after one week of culturing (B); solid media cultures of phycobionts isolated
from epilithic (C, D) and epiphytic (E) lichens; aging culture of the IBSS-156 strain on agar (F). Scale bars
are 10 μm

Repeated subculturing allowed obtaining axenic cultures suitable for long‑term preservation. After
a month of incubation on agar slants in a refrigerated cabinet, the aging culture of a strain iso-
lated from a thallus of a crustose epilithic lichen sampled in the Victory Park in Sevastopol
(see Fig. 1A) changed its color from green to red‑orange (Fig. 2F). This color change indicates
the accumulation of secondary carotenoids in the microalga: a characteristic trait of extremophiles
under abiotic stress.

Taxonomic identification of a strain usingmorphological andmolecular approaches.Cell mor-
phology and the life cycle of the isolated strain were examined via light microscopy and SEM. In actively
growing cultures, light microscopy revealed single vegetative cells of oval or lemon shape (Fig. 3A).
Mean cell length was 5–7 μm, and width was 3.5–6 μm. The chloroplast was parietal, with one
pyrenoid. Asexual reproduction occurred via autospore formation. Those are enclosed in a spherical
sporangium (typically 2 or 4 per sporangium) and released after rupture of a sporangial wall (Fig. 3D).
Sexual reproduction with gamete formation was not observed. Mature cells at the stage of secondary
carotenogenesis turned orange while retaining an oval shape. Mean cell length was 8 μm, and width
was 6.5 μm (Fig. 3B).

SEM images of vegetative cells at magnification ×7000 (Fig. 3C) reveal 8 meridional ribs converg-
ing at the cell poles and forming a thickening. The cell wall architecture, in conjunction with dis-
tinctive cell sizes and other morphological traits, enables unambiguous classification of the isolated
strain within the genus Coelastrella Chodat (Scenedesmaceae, Sphaeropleales) [Krivina et al., 2024;

Marine Biological Journal 2025 Vol. 10 No. 4



10 N. Dantsyuk, O. Krivenko, I. Mansurova, and I. Degtyar

Wang et al., 2019]. Algae of this genus are widely distributed, and many species are cosmopoli-
tan ones, exhibiting tolerance to a broad temperature range. Coelastrella representatives are typi-
cally soil‑associated species inhabiting various types of soils and water bodies: from wetlands to hot
springs. Many species are aerophytes; those colonize natural and artificial solid substrates and contribute
to biofilm formation [Kawasaki et al., 2020; Mikhailyuk et al., 2019; Wang et al., 2019]. To date, docu-
mented report of Coelastrella sp. as a lichen photobiont is restricted to one publication [Loureiro et al.,
2024]. It describes the morphological and molecular genetic traits of threeCoelastrella sp. strains isolated
from lichens in northern Portugal.

Fig. 3. Cells of the IBSS-156 strain under a light (A, B) and electron (C, D) microscope. Scale bars
are 10 μm (A, B, D) and 5 μm (C)

As known, analysis of even ultrastructural cell features does not allow unambiguous identification
of certain Coelastrella species [Krivina et al., 2024]. Therefore, conducting parallel molecular genetic
studies is a standard practice when investigating representatives of this genus, as well as other green
microalgae with similar phenotypes [Kawasaki et al., 2020; Mikhailyuk et al., 2019; Wang et al.,
2019]. The issue of the most suitable genomic regions for studying this genus remains unresolved. How-
ever, an increasing number of researchers use the ITS1–5.8S–ITS2 region of 18S rRNA gene clus-
ter when describing new strains [Kawasaki et al., 2020; Krivina et al., 2024; Maltsev et al., 2021].
For the IBSS-156 strain isolated from a Crimean epilithic lichen, a nucleotide sequence of 411 base
pairs was obtained from this DNA region (GenBank NCBI accession number is PV022508).

Phylogenetic analysis of this region allowed constructing a phylogenetic tree (Fig. 4). It unequivocally
supports the classification of the studied strain within the genus Coelastrella.
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With robust support, the strain is placed within the Coelastrella rubescens (Vinatzer) Kaufnerová
& Eliás, 2013 clade, which constitutes a well‑supported lineage in the genus phylogeny. The ob-
tained sequence shows full identity with the corresponding fragment of an authentic strain C. rubescens
CCALA 475. These two sequences form a subgroup sister to C. rubescens var. oocystiformis Qinghua
Wang, Huiyin Song, Xudong Liu, Guoxiang Liu & Zhengyu Hu, 2019 FACHB-2297a, with a K2P ge-
netic distance of 0.017. This value is close to the minimum interspecific threshold for the ITS1–5.8S–
ITS2 region based on pairwise comparisons of authentic strains Coelastrella corcontica (Kalina & Pun-
cochárová) Hegewald & N. Hanagata, 2002 CCALA 308 and Coelastrella multistriata (Trenkwalder)
Kalina & Puncochárová, 1987 CCALA 309.

Fig. 4. The phylogenetic position of the IBSS-156 Coelastrella strain (Scenedesmaceae, Sphaeropleales)
based on the maximum likelihood (ML) inference from partial ITS1–5.8S–ITS2 region of the 18S rRNA
gene cluster. Bootstrap support values (> 80) are shown at the nodes. Authentic strains are marked with *;
the type species is marked with T

Marine Biological Journal 2025 Vol. 10 No. 4



12 N. Dantsyuk, O. Krivenko, I. Mansurova, and I. Degtyar

The obtained topology of the tree constructed from a relatively small ribosomal DNA fragment
agrees well with phylogenies based on complete 18S rRNA gene sequences [Krivina et al., 2024; Malt-
sev et al., 2021; Wang et al., 2019]. Specifically, the C. rubescens lineage belongs to a subgroup with
species usually assigned to a so-called core subclade. The latter one is strongly supported as a sister one
to a clade comprising Coelastrella thermophila Qinghua Wang, Huiyin Song, Xudong Liu, Guoxiang Liu
& Zhengyu Hu, 2019 and Coelastrella saipanensis N. Hanagata, 2001; this is fully consistent with phylo-
genies presented in [Krivina et al., 2024; Maltsev et al., 2021]. Thus, the strain isolated from a Crimean
lichen can be assigned with high confidence to C. rubescens. This conclusion is corroborated by mor-
phological data: in terms of maximum linear sizes, number and position of cell wall ribs, and number
of autospores per sporangium, our strain matches C. rubescens var. rubescens, with its key taxonomic
traits summarized in [Andreyeva, 1998; Kaufnerová, Eliáš, 2013; Krivina et al., 2024]. Accordingly,
this isolate was registered in the general catalogue of the collection of living cultures of carotenogenic
microalgae at IBSS (https://algae.ibss-ras.ru) as the IBSS-156 strain Coelastrella rubescens (Vinatzer)
Kaufnerová & Eliás, 2013 (Scenedesmaceae, Sphaeropleales).

Study of the growth characteristics of the IBSS-156 strain in batch culture and under stress
conditions. A two-stage cultivation scheme is the main approach for growing microalgae to obtain
valuable products of secondary carotenogenesis: ketocarotenoids of the astaxanthin group and neutral
lipids [Solovchenko, Minyuk, 2021]. At the I, vegetative (“green”) stage, the alga is maintained under
optimal growth conditions to maximize accumulation of vegetative cell biomass. Upon reaching the sta-
tionary growth phase and the onset of nutrient depletion, cultures are transferred to the II (“red”) stage
by inducing multifactorial stress that triggers the biosynthesis of astaxanthin and neutral lipids. The most
commonly applied stress factor is acute nitrogen and phosphorus deprivation, along with a significant
increase in light intensity and temperature. To study the growth performance of the IBSS-156 strain,
an optimized two-stage cultivation scheme was chosen [Minyuk et al., 2016]. This approach enables
investigation of the morphophysiological traits of the alga during the “green” stage and assessment
of its capacity to accumulate valuable target products under stress conditions.

The growth dynamics of the IBSS-156 strain in batch culture at the vegetative stage is shown
in Fig. 5A. The exponential growth phase lasted from day 1 to day 5, with an average specific growth rate
of (0.52 ± 0.11) day⁻¹ and a maximum of (0.62 ± 0.11) day⁻¹ on day 3. From day 7, the culture remained
at the stationary phase. Cell abundance increased 8-fold over 11 days of vegetative growth. High growth
rates and the ability to rapidly accumulate biomass are characteristic of Coelastrella species [Corato
et al., 2022; Goecke et al., 2020; Maltsev et al., 2021; Nayana et al., 2022]. For a reference strain (a free-
living one) Vinatzer/Innsbruck V 195 (IPPAS H-350 = CCALA 475) Coelastrella rubescens (Vinatzer)
Kaufnerová & Eliás, 2013, the maximum specific growth rate at the “green” stage was 0.95 day⁻¹ under
cultivation conditions comparable to those in our study [Minyuk et al., 2017].

After transfer to abiotic stress conditions, by the day 3 of the “red” stage (Fig. 5B), cell abun-
dance rose 1.6-fold relative to the initial concentration. No further growth occurred. A similar response
of C. rubescens culture at the onset of the “red” stage under the same stress protocol was reported previ-
ously [Minyuk et al., 2017]. This increase may be attributed to the algae utilizing nutrients introduced
when the concentrated cell suspension was diluted with a medium, despite the medium being depleted
in nitrogen and phosphorus. The first signs of secondary carotenogenesis were observed on day 3 after
stress. Visually, the culture in flasks changed its color from green to brown-orange; light microscopy
revealed a rise in cell size and altered coloration (see Fig. 3B).
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Fig. 5. Dynamics of the cell abundance (1) and the average daily specific growth rate (2) for the IBSS-156
Coelastrella rubescens strain during the vegetative stage (A) and secondary carotenogenesis stage (B)

Changes in pigment composition definitely indicate the development of secondary carotenogenesis
in cells in response to abiotic stress. This phenomenon is manifested in a decrease in the specific content
of chlorophyll and associated primary carotenoids in cells relative to secondary carotenoids [Lemoine,
Schoefs, 2010; Shah et al., 2016]. To quantitatively evaluate the dynamics of these processes, researchers
use the ratio of absorption peaks of pigment extracts at wavelengths corresponding to the absorption
maximums of chlorophyll and secondary carotenoids [Solovchenko, Minyuk, 2021]. To carry out a rapid
assessment, we analyzed the absorption spectra of living microalgal cultures at the “green” stage (Fig. 6A)
and the “red” one (Fig. 6B). It is evident that spectral profiles of a cell suspension of a living C. rubescens
culture differ significantly under different cultivation conditions.

At the “green” stage, distinct absorption maximums attributable to chlorophyll a were observed in its
blue (425 nm) and red (680 nm) regions. An additional shoulder noted at 650 nm in the red region
(at 650 nm) is related to chlorophyll b absorption: an accessory photosynthetic pigment of green algae.
In the blue region, this pigment contributes to a peak at 470–480 nm together with primary carotenoids.
Absorption intensities at blue-region maximums exhibited a continuous increase throughout the experi-
ment reaching their highest levels on day 11. Absorption intensities at red-region maximums remained
unchanged after day 5 (Fig. 6A).

During the “red” stage, a progressive smoothing of the absorption spectrum was noted in chlorophyll
absorption bands, culminating in a unimodal profile with a broad peak shifted towards the blue‑green re-
gion by day 12 of the experiment. At 480–490 nm, a progressive increase in peak intensity was recorded
reflecting accumulation of secondary carotenoids. By day 17, the values dropped sharply without spectral
change. Concurrently, initial indicators of the alga’s transition to a resting state were observed: complete
cessation of cell division and thickening of the outer cell membrane. The observed spectral dynamics
aligns with the established concept of gradual degradation of the photosynthetic apparatus in micro-
algae during their transition to a resting state, and also with the accumulation of ketocarotenoids in cells.
The absorption maximums of these pigments are shifted to longer wavelengths compared to those of pri-
mary carotenoids [Lemoine, Schoefs, 2010]. Thus, changes in the absorption spectra of living cultures
of carotenogenic microalgae during cultivation can be used for rapid assessment of the physiological
state of cells and for monitoring the accumulation of ketocarotenoids in a culture.
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Fig. 6. Changes in the shape of optical absorption spectra of a cell suspension of a living culture
of the IBSS-156 Coelastrella rubescens strain during the “green” (A) and “red” (B) stages of cultivation
(digits on curves indicate the experiment duration in days)

Conclusions:
1. This study reports the first successful isolation ofCoelastrella cells (Scenedesmaceae, Sphaeropleales)

from a thallus of a Crimean epilithic lichen into a unialgal culture. The demonstrated simplicity
and reproducibility of the isolation protocol substantiate the utility of the modified method of density
gradient centrifugation described in the paper for routine isolation of lichen photobiont cells into
a culture.

2. The taxonomic position of the isolated strain within Chlorophyta was confirmed by molecular
genetic identification and scanning electron microscopy. Based on a comprehensive combination
of morphological and molecular traits, the strain is assigned to the genus Coelastrella of the fam-
ily Scenedesmaceae within the order Sphaeropleales. Phylogenetic analysis of the ITS1–5.8S–ITS2
fragment of the ribosomal DNA cluster with high statistical support assigns the strain to the species
C. rubescens. The isolate has been deposited in the collection of living cultures of carotenogenic
microalgae at IBSS (https://algae.ibss-ras.ru) as IBSS-156 Coelastrella rubescens.
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3. The strain demonstrated high specific growth rate, up to (0.62 ± 0.11) day⁻¹, and the capacity to ac-
cumulate both green biomass and secondary carotenoids under two-stage cultivation conditions.
Absorption spectra of cell suspensions at the “red” stage clearly reflect the degradation of green
photosynthetic pigments and biosynthesis of secondary carotenoids. Spectral monitoring of living
microalgal cultures is a method for rapid assessment of their physiological state and for analysis
of ketocarotenoid accumulation during cultivation.
These findings indicate the possibility of isolating promising astaxanthin producers adapted to local

conditions from Crimean lichens. Further research is required on the biological properties and com-
mercial potential of the new strain IBSS-156 Coelastrella rubescens as a candidate biotechnological ob-
ject for mass cultivation under the climatic conditions of Crimea and southern Russia, with the aim
of producing ketocarotenoids of the astaxanthin group, which are of high medical and nutritional value.
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НОВЫЙШТАММ ЗЕЛЁНОЙ КАРОТИНОГЕННОЙМИКРОВОДОРОСЛИ
COELASTRELLA RUBESCENS,

ПЕРСПЕКТИВНЫЙ ДЛЯ КУЛЬТИВИРОВАНИЯ
В КЛИМАТИЧЕСКИХ УСЛОВИЯХЮГА РОССИИ

Н. В. Данцюк1, О. В. Кривенко1,
И. М. Мансурова1, И. В. Дегтяр2

1ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация
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Впервые из таллома эпилитного крымского лишайника выделена альгологически чистая
культура зелёной каротиногенной микроводоросли рода Coelastrella Chodat (Scenedesmaceae,
Sphaeropleales), которая характеризуется выраженной способностью к накоплению вторичных
каротиноидов в условиях острого абиотического стресса. Детально описаны методы выделения
фикобионта из малых навесок образца лишайника, получения альгологически чистой и аксе-
ничной культур, адаптации клеток к условиям лабораторного культивирования и длительного
хранения в коллекционном фонде. Выполнена таксономическая идентификация фикобионта
с использованием морфологических подходов (световой и сканирующей электронной микро-
скопии) и молекулярно-генетических методов (анализа фрагмента последовательности региона
ITS1 — 5.8S — ITS2 гена 18S rRNA). Полученный штамм внесён в каталог коллекции живых
культур каротиногенных микроводорослей ФИЦ ИнБЮМ (https://algae.ibss-ras.ru) как IBSS-156
Coelastrella rubescens (Vinatzer) Kaufnerová & Eliás, 2013. Проведена оценка ростовых характе-
ристик штамма IBSS-156 в условиях двухстадийной накопительной культуры. Получены дан-
ные, свидетельствующие о высоких, до (0,62 ± 0,11) сут−1, удельных скоростях роста культуры
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на вегетативной стадии. Динамика пигментного состава водорослей при действии комплекс-
ного стресса свидетельствует о накоплении вторичных каротиноидов. Показано, что регистра-
ция спектров поглощения живых культур микроводорослей в видимой области может быть эф-
фективным способом экспресс-оценки их состояния и скорости накопления кетокаротиноидов
в биомассе в процессе двухстадийного культивирования. Результаты работы указывают на воз-
можность выделения из крымских лишайников перспективных продуцентов астаксантина, ко-
торые могут быть предложены для массового культивирования в зонах с засушливым и жарким
климатом, в том числе в Крыму и прилегающих районах юга России.
Ключевые слова: каротиногенные микроводоросли, фикобионты, Coelastrella, двухстадийное
культивирование
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SCHISTOSOMA MANSONI (TREMATODA: SCHISTOSOMATIDAE) OCCURRENCE
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Molluscs of the genera Biomphalaria and Bulinus, intermediate hosts of human-pathogenic Schis-
tosoma trematodes, were found in 8 freshwater bodies in the western region of Kindia Prefecture
of Guinea. While Bulinus snails were free from schistosome infection, Biomphalaria specimens were
parasitized, with infection foci revealed in 4 water bodies. Morphological analysis of shells of in-
fected snails confirmed that they belong to the species Biomphalaria pfeifferi. The movement behavior,
body shape, internal anatomy, and morphometric characteristics of the cercariae shed from the snails
matched those of Schistosoma mansoni. The obtained ITS1 rDNA gene sequences showed 100%
identity with homologous loci of S. mansoni parasitizing on humans and rats in Africa and Brazil.
In contrast, they differed by 6 nucleotide substitutions from those of the closest relative, S. rodhaini,
and by 2–6 substitutions from those of S. rodhaini × S. mansoni hybrids. Phylogenetic analysis strongly
supported (100% bootstrap) the clustering of the sampled sequences with that of S. mansoni, distinct
from those of S. rodhaini and hybrid lineages, confirming species identification. This study reports
the first documented evidence of S. mansoni infection in B. pfeifferi and its molecular characterization
in the Republic of Guinea. Infected snails (n = 32) were significantly larger on average than unin-
fected ones (n = 1,110) in samples where trematodes were found. Analysis of environmental factors
revealed no effect of pH, dissolved oxygen, or water temperature within their observed ranges during
the study period (October and November) on occurrence of B. pfeifferi and prevalence of infection
with S. mansoni. Notably, B. pfeifferi exhibited tolerance to slightly hypoxic conditions, likely explain-
ing their persistence in excrement-contaminated waters and facilitating schistosome larvae transmis-
sion. The presence of schistosomes was associated with specific biocenosis features, including slack
or slow-flowing water and abundant submerged vegetation. All infected water bodies were located
within urban areas. Obtained data are significant for developing schistosomiasis control strategies
in the region.
Keywords: Schistosoma, schistosomiasis, natural focus of infection, intermediate hosts, Biomphalaria,
ITS1 rDNA, Republic of Guinea
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Human schistosomiasis is a tropical disease caused by six trematode species of the genus Schis-
tosoma Weinland, 1858. Out of them, two species, S. haematobium (Bilharz, 1852) and S. mansoni
Sambon, 1907, are responsible for 99% of schistosomiasis infections worldwide. The World Health Or-
ganization considers schistosomiasis to be one of the most serious tropical diseases, with approximately
90% of cases occurring in Africa [Onasanya et al., 2021]. Furthermore, the prevalence of schistoso-
miasis has increased among the African population over the past two decades [Salari et al., 2020]. Be-
cause of human migration from Africa to the Eurasian continent, climate warming, and the associated
risk of introducing the trematode intermediate hosts, molluscs, to new areas, studying various aspects
of schistosome ecology is relevant not only in African countries, but also in other ones, including Rus-
sia. Thus, publications have reported the recent spread of schistosomiasis in Corsica and Portugal, even
among residents who have not visited endemic areas [Gabrielli, Garba Djirmay, 2023].

The spread of schistosomiasis is associated with two key factors: water contamination by human ex-
crement containing parasite eggs and the presence of infected molluscs in natural water bodies. Current
control programs focus on analyzing the infection rate in the population. However, human infection orig-
inates from free-swimming larvae: cercariae produced by schistosome sporocysts that parasitize snails.
Even if parasite eggs are prevented from entering water, infected snails will continue to produce new
cercariae for some time. Moreover, “human” Schistosoma species can parasitize other mammals [Aula
et al., 2021] meaning that animal reservoirs allow the infection to circulate independently of humans.
Therefore, preventing and treating infection in humans alone is insufficient to control the spread of schis-
tosomiasis. It is also necessary to monitor the presence of the parasite in molluscs in water bodies.

A large number of various kinds of research, from morphology, biology, and ecology to genomic
surveys, transcriptomic works, and development of PCR diagnostics, is focused on trematodes that
cause human schistosomiasis, and also on other representatives of the family Schistosomatidae Stiles
& Hassall, 1898 which they belong to (e. g., [Alzaylaee et al., 2020; Gandasegui et al., 2016; Sato
et al., 2018]). However, given the diversity of climatic conditions in regions where these helminths
are revealed, the spread and variability of their mollusc hosts, the possible inclusion of “human” schis-
tosomes in parasite systems of various reservoir and random hosts (both definitive and intermediate
ones) [Aula et al., 2021], and the occurrence of interspecific hybrids [De Elías-Escribano et al., 2025;
Savassi et al., 2020; Webster et al., 2013], data on their morphological, ecological, and molecular genetic
characteristics in different habitats are still insufficient. For example, in literature, there is no information
on the occurrence of Schistosoma species in molluscs in the Republic of Guinea. Notably, in the mono-
graph [Brown, 2005], the presence of S. mansoni and S. haematobium in two molluscs, Biomphalaria
pfeifferi (Krauss, 1848) and Bulinus globosus (Morelet, 1866), within Guinea is stated by registration
of trematodes in humans and the occurrence in this region of both mollusc species, which are the main
hosts of these parasites in Africa. In the genetic database GenBank NCBI (National Center for Biotech-
nological Information), among 556,222 records for various schistosome DNA fragments, there are no de-
posited nucleotide sequences of representatives of this genus from the Republic of Guinea [Nucleotide
database, 2024].

Currently, two Schistosoma species pathogenic to humans, S. mansoni and S. haematobium,
are known to be common among the population of Guinea. Both species are native for the territory
of the republic [Aula et al., 2021]. According to the analysis of human surveys conducted in 1989–2019,
the prevalence of the parasites varies 1 to 15% in different areas [Guilavogui et al., 2023]. However, some
publications provide significantly higher values. Thus, in Forested Guinea, the occurrence of S. mansoni
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in schoolchildren reached 86.1%, and that of S. haematobium, 75% [Hodges et al., 2011]. Besides,
in the region neighboring Guinea (Guinea-Bissau, Cameroon, Equatorial Guinea, Gabon, and Nigeria),
another species parasitizing humans occurs: S. guineensis [Kane et al., 2003; Webster et al., 2006]; inter-
specific hybrids were revealed as well [Savassi et al., 2020]. In the Republic of Guinea, it has not been
registered so far. Given that species identification based on egg morphology (the most common method
applied for schistosomiasis pathogens) may be inaccurate, especially for hybrids [De Elías-Escribano
et al., 2025], it is necessary to confirm the data using molecular genetic markers. At the same time, accu-
rate species identification is crucial for diagnosing and treating, assessing epidemiological consequences,
and developing control strategies for natural foci of infection.

In connection with the above, the aims of the paper are to characterize the occurrence of human
pathogenic schistosomes in molluscs in Kindia Prefecture (the Republic of Guinea), to identify Schisto-
soma species based on the morphology of cercariae and DNA sequences, and to analyze the relationship
between the indicators of mollusc infection with schistosomes and environmental parameters.

MATERIAL AND METHODS
Sampling. In October and November 2024, on the territory of the Koya and Kindia prefec-

tures (Kindia Region, the Republic of Guinea), 27 sites in the coastal zone of 21 water bodies
were surveyed (see the map: https://www.google.com/maps/d/edit?mid=1JeRUjZ5VpumfQxLM7R-
GmriHB73BXss&usp=sharing).

The following parameters were recorded at the sampling sites: water temperature and pH, dis-
solved O₂, and characteristics of the biocenosis – the presence of vegetation, the bottom type (rocky,
sandy, or silty), and the relative flow velocity (slack water, weak flow, and strong flow). Physical and chem-
ical parameters were measured with a multifunctional water quality tester DO-100 (China) calibrated
and used in accordance with the manufacturer’s protocol; the measurement error was ±1.5%. The list
of the surveyed water bodies, the coordinates of the sampling sites, the hydrochemical characteris-
tics, and the number of sampled molluscs are provided in the table (see Supplement 1: https://marine-
biology.ru/mbj/article/view/498).

Mollusc species were identified based on the shell morphometric features in accordance with
guides [Brown, 2005; Mandahl-Barth, 1957]. To analyze the normality of the distribution of mollusc
sizes, the Shapiro–Wilk test, W, was used. To check the reliability of differences between their samples,
the Mann–Whitney U test was applied. For both tests, p ≤ 0.05.

Examination for the presence of parasites. The sampled molluscs were delivered to a laboratory
and maintained in clean bottled water for 2 weeks. Prior to examination, those were kept in the shade
for 48 h; then, the specimens were placed individually into containers with a small amount of clean
water and exposed to natural light at 7:00. Emissions of cercariae were detected by examining the con-
tainers with molluscs under a Micromed MC-4-ZOOM LED stereomicroscope (China) at ×20 to ×30
magnification every 2 h until 16:00. Each sample was examined for 2–3 days. If schistosome cercariae
were not found, a mollusc was dissected and examined for sporocyst infection. The detected cercariae,
which by external features and movement pattern corresponded to those of the genus Schistosoma,
and the infected molluscs were fixed in 70% and 96% ethanol, respectively, for subsequent morphological
and molecular genetic studies.

The cercariae fixed in 70% ethanol were stained with alum carmine and differentiated in acidi-
fied 70% ethanol. After subsequent dehydration via an ethanol series (80–100%) and clearing in clove
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oil, the specimens were mounted on a microscope slide in Canada balsam [Bykhovskaya-Pavlovskaya,
1985]. Measurements and description of the cercarial morphology were performed based on total mounts
(n = 17), as well as on micrographs of live cercariae using an Olympus CX41 microscope (Japan) at ×200
to ×400 magnification, an Olympus SC50 digital camera, and CellSens Standard v. 1.18 software. Mea-
surements of cercariae are given in mm (ranges and a mean value with the standard error in paren-
theses). The infection rate was characterized by the prevalence: the proportion of infected molluscs
in a sample, %.

Molecular genetic investigation. Genomic DNA was isolated from a whole cercariae using
a commercial PureLink Genomic DNA Mini Kit (Invitrogen, the USA) according to the man-
ufacturer’s protocol, with elution in the minimum recommended volume. The concentration
and quality of the extracted DNA were determined with a Nano-500 spectrophotometer (All-
sheng, China) and a Qubix fluorimeter (Syntol, Russia). Amplification of the ITS1 region
of rDNA was performed with the primers BD1 (5’-GTCGTAACAAGGTTTCCGTA-3’) and 4S
(5’-TCTAGATGCGTTCGAARTGTCGATG-3’) [Bowles, McManus, 1993]. The PCR reaction solu-
tion contained 5X ScreenMix (Evrogen, Russia), 5 pmol of each primer, and 5 ng·µL⁻¹ of total ge-
nomic DNA. The amplification protocol was as follows: initial denaturation at +95 °C for 3 min;
35 cycles (+95 °C, 30 s; +55 °C, 30 s; +72 °C, 30 s); and a final extension at +72 °C for 7 min. The am-
plification products were detected by electrophoresis in a 1% agarose gel stained with ethidium bromide
and visualized under ultraviolet light. The PCR products were sequenced in both directions with a Bril-
liantDye Terminator v3.1 kit (NimaGen, the Netherlands) on a Nanophor-5 genetic analyzer (Institute
for Analytical Instrumentation of RAS, Russia).

The ITS1 sequence obtained was aligned with similar sequences available in GenBank NCBI
for S. mansoni (PP658717, FJ750523, and JQ289742), S. bovis (PP312969, PP313016, and PP312959),
S. haematobium (LC726151, PP963804, and PP963802), S. rodhaini (AF531312), and a S. man-
soni × S. rodhaini hybrid (EU599364–EU599378) using MUSCLE algorithm implemented
in MEGA 11 [Tamura et al., 2021]. Schistosoma turkestanicum sequence (MF145062) was used
as the outgroup. A phylogenetic tree was constructed by the maximum likelihood and the GTR + G
model (generalized time reversible with gamma distribution) [Rossi, 2018]. Bootstrap analysis with
1,000 repetitions was used to assess the reliability of the clusters.

RESULTS
Occurrence of Schistosoma trematodes. These trematodes were found in molluscs of the genus

Biomphalaria Preston, 1910 in 4 out of the 27 water bodies surveyed in Kindia Prefec-
ture (Table 1). Out of the 1,376 Biomphalaria snails examined, cercariae and sporocysts of schistosomes
were registered in 32 ind. The percentage of infected snails in samples ranged within 1.2–5.6.

Notably, in addition to schistosomes, other trematodes were revealed in Biomphalaria
molluscs: sporocysts and cercariae of the families Plagiorchidae and Echinostomatidae,
as well as apharyngeal brevifurcocercariae and metacercariae, which could not be identified.
Two Biomphalaria specimens infected with schistosomes were also co-infected with plagiorchiid
sporocysts.

Identification of a mollusc species. Our samples covered specimens of three morphotypes cor-
responding to the genera Biomphalaria, Radix Montfort, 1810, and Bulinus O. F. Müller, 1781.
No schistosome infection was revealed in representatives of the latter two genera.
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Table 1. Characterization of Biomphalaria sp. samples and prevalence of Schistosoma sp.

Date Sampling site

Biomphalaria sp.

PI, %Number,
ind.

Shell length,
mm

Number
of infected

molluscs, ind.

Shell length
of infected

molluscs, mm
27.10.2024 Molokhoure 1 56 4.0–7.0 0 − 0

28.10.2024 Molokhoure 1 90 5.5–8.0 5 6.0–8.0 5.56
Molokhoure 2 82 5.0–8.5 2 7.0 2.44

29.10.2024
Lac Bamba 106 5.0–8.0 0 − 0
Foulayah 1 14 4.5–6.5 0 − 0
Foulayah 2 24 5.0–6.5 0 − 0

31.10.2024
Yabara 1 34 4.5–6.0 0 − 0
Yabara 2 327 5.0–10.0 6 6.0–7.5 1.83

Sinanya fontaine 163 5.5–9.5 2 7.0; 8.0 1.23

01.11.2024
Molokhoure 1 172 6.0–9.5 7 6.5–9.0 4.07
Molokhoure 2 154 6.5–9.0 7 7.0–9.0 4.55

Sinanya fontaine 73 5.5–7.0 1 6.0 1.37

08.11.2024 Molokhoure 1 20 4.5–7.0 1 7.0 5.0
Sinanya fontaine 61 5.0–8.0 1 7.0 1.64

In total, 8 sites 1,376 4.0–10.0 32 5.5–9.0 2.33
Note: PI is prevalence of infection. For coordinates of sampling sites, see Supplement 1: https://marine-biology.ru/
mbj/article/view/498.

Biomphalaria representatives (Fig. 1) had an oval and flattened shell coiled in a single plane,
making 3–4 whorls, with a smooth upper surface and a slightly obtuse-angled underside, fea-
turing a deep umbilicus. The shell length (SL) was 4.0–10.0 mm (1,110 ind.), and the shell
width (SW) was 3.5–7.0 mm (50 ind.). The aperture length (AL), its width (AW), and the umbilicus
length (UL) were 3.0–5.0 mm (50 ind.), 2.0–3.0 mm (50 ind.), and 1.5–3.0 mm (50 ind.), respec-
tively. Thus, the umbilicus occupied about ⅓ of the shell length. The height of the last whorl (SH)
was 2.0–3.5 mm (50 ind.); it was approximately equal to the aperture width. Based on morphometric
and morphological characteristics of shell, these molluscs were identified as B. pfeifferi [Brown, 2005;
Mandahl-Barth, 1957].

Fig. 1. Biomphalaria pfeifferi from water bodies in Kindia Prefecture (Guinea) (A) and scheme of the mol-
lusc shell measurements (B, C). AL, aperture length; AW, aperture width; SH, the height of the last whorl
(shell height); SL, shell length; SW, shell width; UL, umbilicus length. Scale bars are 1 mm
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Identification of Schistosoma species based on morphological data.Daughter sporocysts and cer-
cariae were found in B. pfeifferi; those were identified as trematodes of the genus Schistosoma based
on their morphological characters and movement patterns (see Supplements 2 and 3: https://marine-
biology.ru/mbj/article/view/498). Two daughter sporocysts, 0.365 and 0.488 mm long and 0.122 mm
wide, were elongated sacs filled with cercariae of varying degree of maturity (Fig. 2A) which is consistent
with the description of sporocysts of this genus [Ataev et al., 2016; Meuleman et al., 1980].

Fig. 2. Schistosoma mansoni sporocysts (A) and cercariae (B, C) from a mollusc Biomphalaria pfeifferi
sampled in Kindia Prefecture (Guinea)

Cercariae are apharyngeal brevifurcocercariae without eye spots, with a typical forked tail (Fig. 2B,
C, Fig. 3). Body oval, 0.122–0.139 mm long [(0.123 ± 0.003) mm], 0.044–0.058 mm maximum wide
[(0.048 ± 0.009) mm], and 0.042–0.058 mm wide at the level of the ventral sucker [(0.046 ± 0.002) mm].
Tail stem cylindrical, slightly tapering distally; 0.144–0.180 mm long [(0.162 ± 0.008) mm]
and 0.042–0.058 mm wide at the anterior end [(0.046 ± 0.002) mm]. Furcae 0.055–0.067 mm
long [(0.062 ± 0.002) mm] and 0.006–0.012 mm wide [(0.009 ± 0.0006) mm]. Body and tail cov-
ered with minute spines. Oral sucker muscular, oval, 0.042–0.058 mm long [(0.046 ± 0.002) mm]
and 0.027–0.033 mm wide [(0.03 ± 0.0005) mm], occupying about ⅓ of the body. Large pre- and post-
acetabular penetration gland cells in five pairs, fill nearly ⅔ of the body. Two pairs of preacetab-
ular glands located anterior to the ventral sucker, with one pair, elongated and cylindrical, dorsally
to the second pair, spheroidal. Three pairs of postacetabular glands, smaller and spheroidal ones, po-
sitioned posterior to the ventral sucker, slightly overlapping. Penetration gland ducts extend anteri-
orly and open at the anterior end of the body. Ventral sucker well-developed, 0.013–0.016 mm long
[(0.015 ± 0.0005) mm] and 0.016–0.02 mm wide [(0.017 ± 0.0006) mm], placed in the posterior third
of the body, 0.088–0.101 mm from the anterior end [(0.095 ± 0.002) mm]. Digestive system repre-
sented by esophagus: thin-walled tube with a spherical terminal dilation reaching the middle of the body.
Mouth opening ventral. Nervous system consists of nerve cells forming clusters connected by thin fibers
(neuropil) at the esophagus level. In the examined specimens, ciliated flame cells (cyrtocytes) and fine
excretory capillaries arising from them not observed. Two larger excretory canals run anteriorly on either
side of the body; two short canals located on either side of the anterior part of the tail stem; and a single
excretory canal placed along the middle of the tail stem, opening at the tips of the furcae. Reproductive
system undifferentiated and represented by some spherical cells posteriorly to the ventral sucker.
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Fig. 3. Body shape and scheme of the internal morphology of Schistosoma mansoni cercariae from Biom-
phalaria pfeifferi molluscs sampled in Kindia Prefecture (Guinea): 1, penetration gland ducts; 2, oral
sucker; 3, mouth; 4, esophagus; 5, neuropile; 6, caecum; 7, excretory ducts; 8, dorsal preacetabular gland;
9, ventral preacetabular gland; 10, ventral sucker (acetabulum); 11, postacetabular glands; 12, primordia
of the reproductive system; 13, excretory bladder; 14, excretory canal; 15, tail; 16, sensilla on the tail
surface; 17, tail furcae; 18, excretory pore. Scale bar is 0.02 mm

In general, the described cercariae are morphologically and morphometrically consistent with those
of S. mansoni and S. rodhaini [Dorsey et al., 2002; Faust, 1919; Fripp, 1967; Skryabin, 1951; Stirewalt,
1974]. These species have nearly identical cercariae and both use Biomphalariamolluscs as intermediate
hosts, but the second species has not been recorded in West Africa [Steinauer et al., 2008]. Taking this
into account, the cercariae found were identified as S. mansoni.

Identification of Schistosoma species based on molecular genetic data. The ITS1 re-
gion (518 base pairs) was sequenced based on DNA extracted from Schistosoma cercariae from a mollusc
B. pfeifferi sampled in Kindia Prefecture (the Republic of Guinea). Its sequence is available in GenBank
NCBI under the accession number PV771189.

The obtained ITS1 fragment showed 100% identity with three similar DNA sequences of S. man-
soni from Africa and Brazil (PP658717, FJ750523, and JQ289742). Comparison with a sequence
of the closely related species, S. rodhaini (AF531312), revealed 6 nucleotide substitutions (98.96% iden-
tity). Comparison with sequences of S. haematobium (LC726151, PP963804, and PP963802) showed
95–96% identity (22–28 substitutions), and with S. bovis, 95% identity (28 substitutions). At the same
time, this DNA locus differed by 2–6 substitutions (98.96–99.66% identity) from those of S. mansoni ×
S. rodhaini hybrid (EU599364–EU599378). However, phylogenetic analysis revealed that the sequenced
sample and S. mansoni sequences formed a strongly supported clade, distinct from S. rodhaini and its
hybrid with S. mansoni (Fig. 4). This result confirms that the found parasite belongs to S. mansoni.

Effect of mollusc size on Schistosoma mansoni occurrence. Sizes of the studied B. pfeifferi spec-
imens were relatively small: the length of the molluscs did not exceed 1 cm (Table 1), while it can reach
1.5 cm. The material was sampled at the onset of the cold dry season (October and November), when
Biomphalaria abundance was just starting to increase due to juveniles. Obviously, this affected the size
composition: the predominance of small individuals caused a deviation from the normal distribution
among uninfected snails (Table 2). At the same time, infected individuals, which were encountered
much less frequently, showed a normal size distribution in most samples.

The mean length of B. pfeifferi infected with schistosomes was greater than that of uninfected
individuals, but the differences between the samples were significant only for one sample (that
with the number of infected snails exceeding 10) and when comparing all infected and uninfected
molluscs (Table 2).
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Fig. 4. Maximum likelihood phylogenetic tree based on ITS1 sequence showing the relationships between
the Schistosoma mansoni sample from Guinea and related schistosome species available in GenBank NCBI.
Nodal numbers are bootstrap support. Alignment length is 518 base pairs

Table 2. Characteristics of the distribution normality (Shapiro–Wilk test, W) of mollusc shell length
and the significance of differences (Mann–Whitney U test) between samples of infected and uninfected
specimens

Sampling site
Uninfected molluscs Infected molluscs

Uninfected
vs. infected

molluscs

Number, ind. Median
length, mm W p Number, ind. Median

length, mm W p U p

Molokhoure 1 269 7.0 0.94 < 0.01 13 7.5 0.94 0.48 1,177 0.046
Molokhoure 2 227 7.0 0.96 < 0.01 9 7.5 0.78 0.01 633 0.054
Yabara 2 321 7.0 0.94 < 0.01 6 6.8 0.96 0.80 914 0.833
Sinanya fontaine 293 6.5 0.92 < 0.01 4 7.0 − − − −
All samples 1,110 7.0 0.95 < 0.01 32 7.3 0.94 0.06 12,192 < 0.01
Note: p-values indicating normal distribution and significance of differences between medians are highlighted in bold.
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Effect of environmental parameters on Schistosoma mansoni occurrence. All water bod-
ies where Biomphalaria molluscs, potential hosts of schistosomes, were recorded, were located
within the city of Kindia (see Supplement 1: https://marine-biology.ru/mbj/article/view/498). Four
sampling sites where schistosome invasion was revealed covered water bodies near private houses,
schools, and public toilets with no wastewater treatment system (Figs 1, 2 in Supplement 1:
https://marine-biology.ru/mbj/article/view/498); those are used by the local population for household
needs and agricultural work.

Moreover, all water bodies in which molluscs of the genus Biomphalaria were registered were shal-
low, with slack or slow-flowing water, and abundantly overgrown with sedge and/or rice. However, among
water bodies where Biomphalaria snails were not detected, half have the same biocenosis characteristics,
and the ranges of physical and chemical parameters of water (pH, temperature, and dissolved oxygen)
overlap (Table 3). A comparison of water bodies with molluscs as hosts but without cases of schistosome
invasion and water bodies with reported invasion also revealed an overlap of the values of the analyzed
abiotic factors.

The reduced dissolved O₂ content is obviously not a limiting factor for either Biomphalaria represen-
tatives or schistosomes. Thus, several water bodies where these molluscs and trematodes were revealed
had the values < 5 mg·L⁻¹ (see Table 3). In the biocenoses, the environmental acidity ranged from slightly
acidic to slightly alkaline. No relationship between these factors and the occurrence of molluscs in wa-
ter bodies was determined. Notably, the highest density of Biomphalaria populations was recorded
at the Yabara 2 station where the environment was slightly acidic (see Supplement 1: https://marine-
biology.ru/mbj/article/view/498).

Table 3. Comparative characteristics of surveyed water bodies with Biomphalaria pfeifferi
and Schistosoma mansoni and without these species

Occurrence
of Biomphalaria
and Schistosoma

in samples

Number
of sampling

sites

Physical and chemical
parameters Biocenosis characteristics

pH T, °C O2, mg·L−1 Current Bottom type Depth, m Vegetation

No molluscs 19 4.5–6.8 +27…+34 3.3–10.3 S, 50%,
W, 50%

R, 13%,
Sn, 37%,
Sl, 50%

0.5–1.5 In, 50%,
Ab, 50%

Uninfected
molluscs 4 6.3–6.8 +28…+34 4.3–5.0 W, 100% Sl, 100% 0.02–0.5 Ab, 100%

Infected
molluscs 4 5.8–7.8 +29…+32 4.5–6.1 W, 100% Sl, 100% 0.02–0.4 Ab, 100%

Note: in the biocenosis characteristics, the proportions of sites with the corresponding parameters from the total num-
ber of sampling sites are indicated. Current (flow velocity): S, strong flow; W, weak flow or slack water. Bottom type:
R, rocky; Sn, sandy; Sl, silty. Vegetation: In, an insignificant amount of semi-submerged and submerged vegetation;
Ab, abundant semi-submerged and submerged vegetation.

DISCUSSION
Despite the fact that S. mansoni natural range covers the Republic of Guinea [Aula et al., 2021], with

an infection rate up to 86% in the population in some regions [Hodges et al., 2011], data on the prevalence
of infection in an intermediate host, B. pfeifferi, were obtained there for the first time.
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Morphology-based identification of schistosome cercariae is challenging due to a small set of char-
acters used and the existence of similar species and hybrids [Steinauer et al., 2008]. Thus, schistosome
cercariae from Biomphalaria snails sampled in freshwater bodies of Kindia Prefecture (the Republic
of Guinea) are morphologically similar to both S. mansoni and S. rodhaini which parasitizes the same
mollusc. Moreover, in nature, these species can form hybrids [Morgan et al., 2003]. So far, S. rodhaini
has been registered only in East Africa [Steinauer et al., 2008], although we cannot exclude that this
species may be recorded in other regions where its hosts occur. To distinguish S. mansoni and S. rodhaini,
it was proposed to use the ITS1 region of the ribosomal DNA cluster which showed stable differences
between these species in three base pairs [Steinauer et al., 2008]. The ITS1 sequence obtained in this
study differed from that of S. rodhaini in these base pairs and three more ones. This allows us to confi-
dently identify the cercariae we found as S. mansoni. Thus, B. pfeifferi infection with these trematodes
in Guinean water bodies has been proven for the first time.

The prevalence of infection (see Table 1) was generally consistent with the infection level of Biom-
phalaria snails with S. mansoni trematodes in Africa: 5.6% on average [Hailegebriel et al., 2020]. How-
ever, a recent study in Côte d’Ivoire, a neighboring country to Guinea, reported significantly higher
S. mansoni occurrence: up to 100% of infected molluscs in a sample (56% on average) [Sokouri et al.,
2024]. Noticeable (differing by orders of magnitude) seasonal variations in the infection with schisto-
somes in Biomphalariamolluscs have previously been established, as well as regional variations in the re-
vealed dynamics. Thus, in Senegal and Uganda, S. mansoni occurrence in B. pfeifferi varied 0.08 to 3.7%
and 8.7 to 13.3%, respectively, and was higher during the rainy seasons [Andrus et al., 2023; Bakhoum
et al., 2021], while in Ethiopia, the values ranged 1.5 to 10.6% and were higher during the dry sea-
son [Hailegebriel et al., 2022]. So, to assess levels of S. mansoni infection for Biomphalaria molluscs
in Guinean water bodies and to reveal seasonal peaks, similar studies should be carried out during
the wet season.

Furthermore, molluscs infected with schistosomes were found only in water bodies within the city
of Kindia. According to surveys of 2010–2016, the infection level of the city population with this trema-
tode ranged 4.5 to 34% [Guilavogui et al., 2023]. Importantly, in 2010, for the age group of 1–17 years,
the value was 5%, and in 2016, it was 34%. It is obvious that the infection levels of molluscs and fi-
nal hosts, humans, are interconnected. It is necessary to continue studying S. mansoni occurrence
in water bodies of the region in order to determine the reasons for the increase in the infection level
among people.

It has been previously shown as follows: abiotic and biotic environmental conditions can notice-
ably affect both the occurrence of molluscs, potential hosts of Schistosoma trematodes, and the spread
of cercariae [Brown, 2005]. First of all, the growth rate and population size of Biomphalaria snails
depend on abiotic factors: depth, flow velocity, bottom type, and physical and chemical param-
eters of water [McCreesh, Booth, 2014]. Thus, the highest population density of molluscs was
recorded for a depth of < 30 cm, silty bottom, and weak flow [Brown, 2005; Magero et al., 2025;
McCreesh, Booth, 2014]. This is consistent with the results of our studies: Biomphalaria snails
were found only in shallow bodies (< 60 cm), with a weak flow or slack water and with a silty
bottom (Table 3).

However, we did not reveal a dependence of Biomphalaria occurrence and its infection with schisto-
somes on temperature, pH, and dissolved O₂ content in water; this is likely to result from the small
range of values of the parameters analyzed (Table 2) within one month of the study. As shown
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for neighboring Senegal, the abundance of molluscs and S. mansoni occurrence in them are positively
correlated with the values of temperature and oxygen and negatively with pH (parameters which vary
across the seasons) [Bakhoum et al., 2019].

Notably, most surveyed water bodies Biomphalaria snails were found in were characterized by rel-
atively low levels of dissolved O₂: 4.3–5.0 mg·L⁻¹. Moderate eutrophication accompanied by a drop
in the oxygen content in water has previously been shown to facilitate the development of Biomphalaria
representatives [Hoover et al., 2020]. Such a tolerance of these snails to O₂ deficiency in water contributes
to their occurrence in excrement-contaminated water and forms conditions for mollusc infection with
schistosome larvae.

Temperature is an important factor that not only limits the geographic distribution of B. pfeif-
feri to tropical and subtropical regions but also regulates its fecundity and mortality [Bakhoum et al.,
2021]. Experiments have shown that Biomphalaria molluscs are active at +18…+32 °C, while the op-
timal range for their reproduction and survival is +20…+26 °C [Sturrock, 1965]. In Senegal, for ex-
ample, the highest density of Biomphalaria snails was recorded at +20…+32.5 °C [Bakhoum et al.,
2021], and in East African water bodies, those were not found at sites where the temperature ex-
ceeded +30 °C [Magero et al., 2025]. Within this study, Biomphalaria representatives were sampled
from water bodies with the water temperature reaching +34 °C. The temperature conditions the mol-
luscs are adapted to seem to vary by region; in the Republic of Guinea, a range of +30…+34 °C does not
limit B. pfeifferi occurrence.

Water temperature affects not only mollusc population, but also the development of sporocysts
and the production of schistosome cercariae. According to the results of experiments, an increase in tem-
perature from +23 to +33 °C reduces the development period of S. mansoni sporocysts in molluscs [Stire-
walt, 1974]. The emission of cercariae is limited to a range of +16…+35 °C, decreasing by approximately
three times at temperatures below +18 °C or above +33 °C [Pflüger, 1980]. After analyzing a large set
of empirical data on the effect of temperature on both molluscs and schistosomes, I. H. Aslan et al. [2024]
established a theoretical temperature optimum for the spread of S. mansoni in sub-Saharan African wa-
ters: +23…+27 °C. These values are lower than the temperatures at which schistosome-infected molluscs
were found in Guinean waters (Table 3); this may evidence for the fact that infection level in the region
may be higher (under different temperature conditions) than the level established in the present study.

Another characteristic of the biocenosis, which is considered a key factor affecting the spread
of schistosomes, is the presence of semi-submerged and submerged vegetation. The high abundance
of aquatic plants is positively related with the abundance of mollusc hosts of S. mansoni [Brown,
2005]; also, it may be positively correlated with the number of schistosome cercariae produced by in-
fected snails [Haggerty et al., 2020]. In the present study, B. pfeifferi, both infected with S. mansoni
and uninfected, were found only in water bodies abundantly covered with semi-submerged plants: sedge
and rice (Table 3).

It was also shown that the level of schistosome infection depends on the mollusc size. Thus, as es-
tablished experimentally, the size of Biomphalaria snails was negatively correlated with susceptibility
to S. mansoni infection, and this seems to be due to their increased immunity with age. The smallest mol-
luscs (1.5–2.9 mm) had the highest infection level and produced the largest number of cercariae [Spaan
et al., 2023]. However, the relationship between the size and age of molluscs and their infection with
schistosomes under natural conditions is more complex, is mediated by many factors (the number of snail
generations per year, their population density, and the survival of infected individuals), and can vary
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depending on the season [Woolhouse, 1989]. In our samples, infected B. pfeifferi were on average
larger (see Table 2), but the largest and smallest snails were uninfected. This is probably governed
by the study period: October and November are the onset of the dry season marking the development
of a new generation of molluscs, and they have not yet been infected with schistosomes.

The obtained results are limited to one season and region of the Republic of Guinea. Those demon-
strate the need to continue research on mollusc infection with schistosomes in various regions of the coun-
try to understand the conditions of the parasite transmission to humans. It is important for developing
measures to control schistosomiasis at the local level.

The work was carried out with the financial support of the project of the Russian Federation represented
by the Ministry of Science and Higher Education of the Russian Federation: a grant in the form of subsidies in accor-
dance with paragraph 4 of article 78.1 of the Budget Code of the RF (agreement No. 075-15-2024-655 on the project
No. 13.2251.21.0260).
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На территории Гвинейской Республики, в западной области префектуры Киндия, в 8 пресновод-
ных водоёмах найдены моллюски родов Biomphalaria и Bulinus — промежуточные хозяева тре-
матод рода Schistosoma, патогенных для человека. Моллюски Bulinus были свободны от шисто-
сом, в то время как биомфалярии были ими заражены. В 4 водоёмах выявлены очаги заражённо-
сти моллюсков этим паразитом. На основе морфологического анализа раковин заражённых мол-
люсков установлена их принадлежность к виду Biomphalaria pfeifferi. Особенности движения,

Marine Biological Journal 2025 Vol. 10 No. 4

https://doi.org/10.1016/j.crpvbd.2023.100120
https://doi.org/10.1111/j.1365-294x.2008.03957.x
https://doi.org/10.1111/j.1365-294x.2008.03957.x
https://doi.org/10.1016/S0065-308X(08)60388-7
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1016/j.ijpara.2006.03.005
https://doi.org/10.1371/journal.pntd.0002110
https://doi.org/10.1017/s0031182000061011
https://doi.org/10.1017/s0031182000061011
https://ibss-ras.ru/
https://ibss-ras.ru/
https://www.fgmcri.org/country/guinea/
https://fulbrightscholars.org/institution/institute-applied-biological-research
mailto:evdmitrieva@ibss-ras.ru


36
E. Dmitrieva, S. Diakité, P. Koïvogui, N. Pronkina, V. Uppe, L. Konate, M. Sow,

A. Balde, M. Camara, D. Polevoy, R. Machkevsky, E. Vodiasova, I. Keita, and A. Diallo

форма тела, внутренняя анатомия и морфометрические характеристики церкарий, выходящих
из моллюсков, соответствовали таковым S. mansoni. Полученные последовательности участка
ITS1 рДНК показали 100%-ную идентичность с аналогичными локусами S. mansoni, паразити-
рующих у людей и крыс из Африки и Бразилии. В то же время они отличались от таковых бли-
жайшего вида, S. rodhaini, на 6 нуклеотидных замен, а от таковых его гибридов с S. mansoni —
на 2–6 замен. Филогенетический анализ показал достоверное (100 %) включение секвенирован-
ной пробы в кластер с другими последовательностями S. mansoni и дистанцирование от линий
S. rodhaini и гибридов S. rodhaini × S. mansoni. Этот результат подтверждает идентификацию
вида как S. mansoni. Данные о встречаемости этого паразита у моллюсков, а также последова-
тельности его ДНК получены для территории Гвинеи впервые. В целом заражённые моллюски
(32 экз.) имели достоверно бόльшие средние размеры раковин, чем незаражённые (1110 экз.).
Анализ влияния ряда факторов среды на встречаемость моллюсков B. pfeifferi и их заражён-
ность трематодами S. mansoni не выявил их зависимости от pH, насыщенности кислородом
и температуры воды в пределах изменчивости этих показателей в период исследования (ок-
тябрь — ноябрь). Отмечена относительная толерантность биомфалярий к дефициту кислорода
в воде, что способствует, очевидно, их встречаемости в загрязнённых экскрементами водах и со-
здаёт условия для заражения моллюсков мирацидиями шистосом. Показана связь присутствия
шистосом в биоценозе с определёнными характеристиками среды, а именно со стоячей или
медленно текущей водой и с наличием обильной прибрежной растительности. Кроме того, все
водоёмы, в которых найден паразит, находились в черте города. Полученные результаты важны
для разработки мер борьбы с шистосомозом в регионе.
Ключевые слова: Schistosoma, шистосомоз, природный очаг заражения, промежуточный
хозяин, Biomphalaria, ITS1 рДНК, Гвинейская Республика
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Anatolia has a geopolitical location between Europe and Asia, surrounded by sea on three sides.
The Black Sea washes the northern coast of Türkiye, stretching 1,700 km from the suburbs of Is-
tanbul to the town of Hopa. Following the Chernobyl Nuclear Power Plant accident, the dust cloud
containing radioactive elements (first of all, an artificial radionuclide ¹³⁷Cs) reached western Türkiye
in May 1986 and affected Thrace, Istanbul, and the western Black Sea. Upon the increase in radioac-
tive fallout in these regions, a nationwide radiation monitoring program was initiated by the Turkish
Atomic Energy Agency to determine the nuclear and radiological hazard status and geographical dis-
tribution of radionuclides. Many studies were focused on environmental radioactivity measurements
in air, water, soil, rocks, and sediments in order to reveal the possible health effects of their radioactive
pollution on the population of Türkiye after the Chernobyl NPP accident.
Keywords: Türkiye, the Black Sea water, the Chernobyl NPP accident, natural and artificial
radionuclides

Radioactivity is the spontaneous disintegration of atomic nuclei, and occurs naturally or artifi-
cially [Bayrak, 2018; TAEK, 1988]. Until the beginning of the 20th century, living beings were only
under the effect of natural radiation sources, such as ionizing radiations from natural radioactive mate-
rials and cosmic rays emanating from the Sun and space. However, with the discovery of radioactivity,
radioactive sources began to be used in medicine, industry, agriculture, and research. The nuclear technol-
ogy applications, atmospheric, aquatic, and underground nuclear weapon tests, as well as nuclear reactor
explosions, are factors that initiate radioactive pollution and can cause releasing of artificial radionu-
clides – iodine-131 (¹³¹I), iodine-129 (¹²⁹I), strontium-90 (⁹⁰Sr), cesium-137 (¹³⁷Cs), cesium-134 (¹³⁴Cs),
and plutonium-239 (²³⁹Pu) – into the environment [IAEA, 2011; TAEK, 2013]. By-products and waste
of nuclear sources can be another source of artificial radioisotopes. Environmental toxicity risk may oc-
cur due to leakages that may arise from underground or undersea warehouses which are used for storing
nuclear wastes for a long period. All these reasons have led researchers to focus on environmental ra-
dioactivity measurements in air, water, soil, rocks, and sediments to reveal possible effects of radioactive
pollution on human health and environmental quality. World Health Organization (hereinafter WHO)
determined the gross alpha and gross beta radioactivity limits in drinking water as 0.5 and 1.0 Bq·L⁻¹,
respectively, and the annual effective dose limit as 0.1 mSv·year⁻¹ [WHO, 2004]. Also, in the Republic
of Türkiye, within the scope of the “Regulation on Water Intended for Human Consumption” published
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by the Ministry of Health, the annual effective dose limit has been determined as 0.1 mSv·year⁻¹ [Min-
istry of Health, 2005]. In cases where gross alpha and gross beta in drinking water are above the limit
values, the total dose calculation, which is a detailed radionuclide analysis, is performed.

The main radioactive substances frequently encountered in groundwater are potassium-40 (⁴⁰K),
thorium-232 (²³²Th), and uranium-238 (²³⁸U). In addition, radon-222 (²²²Rn) and radium-226 (²²⁶Ra),
which are formed as a result of ²³⁸U decay, can be found in groundwater. It is known that ²³⁸U, ²³²Th,
⁴⁰K and their decay products, which are the key sources of radioactivity, are most enriched in granitic
rocks [Abdel Hady et al., 1994]. For this reason, water taken from granitic aquifers is always approached
with close attention.

The main source of environmental radioactivity is radioactive fallout after a nuclear or radiological
accident. It is extremely important to know the dimensions of the radioactive fallout to accurately deter-
mine the possible effects of radiation and radioactive contamination on human health and the environ-
ment [TAEK, 2013]. As several European countries, Türkiye began raising these issues after the Cher-
nobyl disaster in 1986. Shortly after the Chernobyl Nuclear Power Plant (NPP) accident, the dust
cloud containing radioactive elements reached western Türkiye and affected especially Thrace, Istan-
bul, and the western Black Sea region through rain. Another important area affected by this accident
was the eastern Black Sea region, where the dust cloud left its radioactive content along the coast after
heavy rain. Conducted studies showed that artificial radionuclide ¹³⁷Cs originating from Chernobyl was
detected in the Black Sea region [Environmental Radioactivity, 2020; Gokmen et al., 1995; Kapdan
et al., 2012a].

Anatolia has a geopolitical location between Europe and Asia, and is surrounded by seas on three
sides. The Black Sea is situated in the north of Türkiye, between Asia and Europe, and covers an area
of approximately 497.000 km² together with the Sea of Azov. The Black Sea is connected to the Mediter-
ranean Sea in the south after the Bosphorus Strait and the Sea of Marmara and next after the Dardanelles
Strait and the Aegean Sea [Akengin et al., 2016]. Although Türkiye is surrounded by seas on three sides,
it has limited water resources, and the protection of water quality in the country is very important. Fol-
lowing the Chernobyl NPP accident, a major radioactive fallout (¹³⁷Cs, a common fission product with its
high water solubility) was released from the atmosphere. It affected the Eastern Europe, the Black Sea,
and northern coasts of Türkiye [Kulahci, Doğru, 2006; Özmen, Güven, 2021]. After radioactive fallout
resulting from the Chernobyl NPP accident, the increase of the specific activity of artificial radionuclides
in natural environments in Türkiye was recorded.

Upon seeing the rising values, a nationwide radiation monitoring program was started by the Turk-
ish Atomic Energy Agency [1988]. Recently, a comprehensive study was conducted by the Agency
to determine the nuclear and radiological hazard status and geographical distribution of radionuclides
present in surface soils and in drinking and utility waters in 81 provinces in Türkiye between 2002
and 2011 [TAEK, 2013].

The aim of the research is to assess the current quality of coastal ecosystems of the Black Sea along
the coast of Türkiye in relation to natural and artificial radionuclides based on a generalized analysis
of our own and literature data.

MATERIAL AND METHODS
This study was carried out to assess the quality of Turkish coastal ecosystems in terms of natural

and artificial radionuclides. In the research, the analysis results of Turkish coastal waters, sediment,
and soil samples given in the literature between 2000 and 2021 were evaluated. The most commonly
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used methods in the literature for determining the activities of natural and artificial radionuclides
are alpha/beta counters, gamma spectroscopy, alpha spectroscopy, liquid scintillation spectroscopy,
and nuclear track detectors.

The data evaluated also include the results of gross alpha and gross beta analysis, conducted by N. Do-
gan, one of the authors of this article, on water samples taken from various parts of Türkiye in 2017.
The collected water samples are prepared for measurements as described in EPA method 900.0 [2025].
The water sample is evaporated on a heater until approximately 10–15 mL remains, providing sufficient
residue for counting (5 mg·cm⁻² for alpha and 10 mg·cm⁻² for beta). The remaining water is transferred
to ~ 5-cm (2-inch) diameter steel planchets under an infrared lamp, dried in an oven at +105 °C until
a constant weight is obtained, and then counted. Total alpha and total beta activity values from the resid-
ual water sample are measured with a 10-channel multi-detector system (Berthold LB 770) with low
natural background counting and calculated using equation 1:

𝐴𝛼,𝛽(𝐵𝑞/𝐿) = 𝑁
(60 × 𝐸𝑓𝑓 × 𝑉 ) , (1)

where Aα,β is total alpha/beta activity of the sample (Bq·L⁻¹);
N in net count rate of the sample (counts per minute, cpm);
Eff is counting efficiency of the system (cpm·dpm⁻¹);
V is volume of the sample (L);
60 is conversion factor (min·s⁻¹).

The Berthold LB 770 system is a proportional gas counter operating on the principle that both alphas
and betas are counted independently of each other simultaneously [Dogan, 2017; EPA Method 900.0,
2025].

RESULTS AND DISCUSSION
Radioactivity status of coastal waters in Türkiye. The first effects of the Chernobyl NPP accident

occurred on 30 April, 1986, in the North-Western (Thrace) region and the Black Sea coast of Türkiye
with increases in environmental natural gamma radiation levels. In the meantime, radioactive substances
in the air descended to the earth with heavy rains, which caused significant contamination in the re-
gion. According to the measurements made, the gross beta activity accumulated in the soil in Istanbul
and its surroundings in the first two weeks of May was 3,000 Bq·m⁻². The gross beta activity concen-
tration of the rainwater collected in Kapıkule (Edirne) on 4 May was found to be around 9,000 Bq·L⁻¹,
and the gross beta activity of rainwater collected in Istanbul on 10 May was around 3,500 Bq·L⁻¹. These
activity increases in rain water did not affect the groundwater in Edirne region, but caused minor ac-
tivity increases in surface waters around Istanbul. As a matter of fact, in the gross beta activity mea-
surements made on 5–22 May in Istanbul drinking and tap water, the highest activity concentration
was found to be around 9 Bq·L⁻¹ on 5 May. In the following days, it gradually decreased to its normal
level [TAEK, 1988].

The data of studies conducted in order to determine gross alpha and gross beta radioactivity levels
in water (Bq·L⁻¹) at different locations in Türkiye are given in Table 1. High gross alpha activity values
were observed in Izmir Golcuk Lake [Akyil et al., 2009] and the Mediterranean Sea water near Adana
(Karatas and Incirli regions) [Degerlier, Karahan, 2010].
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Table 1. Gross alpha and gross beta radioactivity levels (Bq·L−1) in water of the seas along the Turkish
coast and inland waters at different locations of Türkiye

Area Gross alpha Gross beta References
Canakkale Strait 0.05–0.06 10.53–14.33 Kam et al., 2017
Seawater near Istanbul 0.4 4.9

Karahan et al., 2000

Kucuk Cekmece Lake 0.06 3
Buyuk Cekmece Lake 0.05 0.3
Terkos Lake 0.02 0.2
Omerli Dam Lake 0.034 0.04
The Marmara Sea water 0.5 5.0
The Black Sea water 0.4 5.6
The Black Sea and the Boshporus Strait water 0.3 5.3
The Marmara Sea 0.01–0.09 6.51–19.09 Otansev et al., 2016
Izmit Bay seawater 0.03 9.74 Bayrak, 2018
Surface waters in Kastamonu near the Black Sea 0.001–0.026 0.016–2.241 Kam, Bozkurt, 2007
Surface waters in Samsun near the Black Sea 0.024–0.116 0.041–0.191

Görür et al., 2011The Yesilırmak River 0.128 0.170
The Kızılırmak River 0.156 0.191

The Fırtına River 0.012–0.066 0.028–0.133 Küçükömeroğlu et al.,
2008

Surface waters in Hatay near the Mediterranean Sea 0.010–0.086 0.014–0.949 Turgay et al., 2016
Surface waters in Giresun near the Black Sea 0.003–0.011 0.040–0.264 Damla et al., 2006

Surface waters in Trabzon near the Black Sea 0.004–0.039 0.022–0.191
Damla et al., 2006;

Küçükömeroğlu et al.,
2021

Surface waters in Rize near the Black Sea 0.0002–0.042 0.025–0.238 Damla et al., 2006;
Islam, 2016

Surface waters in Adana near the Mediterranean Sea 0.0003–0.023 0.019–0.291

Degerlier, Karahan,
2010

The Mediterranean Sea water near Adana (Karatas) 0.8463 3.7395
The Mediterranean Sea water near Adana (İncirli) 0.703 6.81
Seyhan Lake (Adana) 0.012 0.0426
The Seyhan River (Adana) 0.005 0.2453
Karagol Lake (Izmir) 0.03 2.62

Akyil et al., 2009Golcuk Lake (Izmir) 0.75 2.35
Cakalbogaz Lake (Izmir) 0.03 1.77

Surface waters in Zonguldak near the Black Sea 0.0029–0.1705 0.0154–0.2443 Aytekin,
Bayraktaroğlu, 2017

SHW Bursa Regional Directorate 0.022–0.302 0.06–0.32

Dogan, 2017

SHW Izmir Regional Directorate 0.098–0.193 0.15–0.46
SHW Adana Regional Directorate 0.031–0.096 0.04–0.18
SHW Samsun Regional Directorate 0.027–0.070 0.05–0.12
SHW Edirne Regional Directorate 0.040–0.100 0.01–0.24
SHW Antalya Regional Directorate 0.008–0.083 0.02–0.18
SHW Istanbul Regional Directorate 0.035–0.178 0.06–0.43
SHW Aydın Regional Directorate 0.025–0.054 0.05–0.15
SHW Trabzon Regional Directorate 0.011–0.086 0.03–0.17
SHW Kastamonu Regional Directorate 0.030–0.131 0.01–0.11
SHW Balıkesir Regional Directorate 0.047–0.233 0.06–0.31
Note: SHW, State Hydraulic Works.
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High gross beta activity values were observed in the Canakkale Strait [Kam et al., 2017], seawater
near Istanbul, Kucuk Cekmece Lake [Karahan et al., 2000], the Marmara Sea water [Karahan et al., 2000;
Otansev et al., 2016], the Black Sea and the Boshporus Strait water [Karahan et al., 2000], Izmit Bay
seawater [Bayrak, 2018], Izmir Karagol Lake, Izmir Golcuk Lake, Izmir Cakalbogaz Lake [Akyil et al.,
2009], and the Mediterranean Sea water near Adana, Karatas, and Incirli regions [Degerlier, Karahan,
2010]. Spatial concentrations of gross alpha and beta activity values in surface waters of Turkish coastal
area are shown in Figs 1 and 2, respectively.

Fig. 1. Spatial concentration of gross alpha activity in surface waters along the Turkish coast
Рис. 1. Пространственное распределение суммарной альфа-активности в поверхностных водах
вдоль турецкого побережья

Fig. 2. Spatial concentration of gross beta activity in surface waters along the Turkish coast

The concentrations of environmental radioactivity were investigated in sediment cores sampled
at different depths (5–5.5, 10–10.5, and 15–15.5 m at the same point) from Kulakcayırı Lake sit-
uated in Istanbul. While ⁴⁰K concentrations increased with depth, the maximum value was found
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as 367 Bq·kg⁻¹ d. w. (dry weight). Maximum ²³²Th concentration was registered as 43 Bq·kg⁻¹ d. w.
at the middle depth, while maximum ²²⁶Ra was found as 29 Bq·kg⁻¹ d. w. at the first depth. It was
reported that the activity of ¹³⁷Cs was below the minimum detectable activity value [Kam et al., 2018].

The specific activity of natural and artificial radionuclides was determined in bottom sediments
of the Golden Horn Bay located in the center of Istanbul. The specific activity values of these ra-
dionuclides were the following: 7.18–20.16 Bq·kg⁻¹ d. w. for ²³⁸U; 6.41–27.25 Bq·kg⁻¹ d. w. for ²³²Th;
281.9–683 Bq·kg⁻¹ d. w. for ⁴⁰K; and 1.12–67.92 Bq·kg⁻¹ d. w. for ¹³⁷Cs [Kılıç, Çotuk, 2011].

The radioactivity concentrations in sediment and seawater samples of the Marmara Sea were de-
termined. Seawater samples were collected from various depths: surface samples, from 5 m below
the water line, and bottom samples, from depths of 47–89 m. As revealed, the gross alpha and beta
activity levels rose with increasing water depth. The mean gross alpha and beta activity concentrations
in seawater samples from the Marmara Sea were 0.042 and 13.402 Bq·L⁻¹, respectively. The radionu-
clide activity was also determined in sediment samples. The maximum values were found for ²²⁶Ra
(34.2 Bq·kg⁻¹ d. w.), ²³⁸U (25.9 Bq·kg⁻¹ d. w.), ²³²Th (31.1 Bq·kg⁻¹ d. w.), ⁴⁰K (693.6 Bq·kg⁻¹ d. w.),
and ¹³⁷Cs (16.3 Bq·kg⁻¹ d. w.). The obtained results revealed that the mean amounts of ²²⁶Ra, ²³⁸U,
and ²³²Th were below the limit value; however, the mean amount of ⁴⁰K was higher than the world mean
level [Otansev et al., 2016].

The natural and artificial radionuclide levels in the Marmara Sea region were studied both in Izmit
Bay Yalova and Kocaeli. Surface sediment samples were analyzed in Izmit Bay, which is located
in industrialized zone of the Marmara Sea. The mean activity concentration of ¹³⁷Cs was detected
as 21 Bq·kg⁻¹ d. w., while that of natural radioisotopes, ⁴⁰K and ²²⁶Ra, as 568 and 18 Bq·kg⁻¹ d. w.,
respectively. The highest value for natural radionuclide activities was recorded near petrochemical, phos-
phate, and fertilizer processing facilities. The mean ¹³⁷Cs activities were 10 times higher than those
in marine sediments in the Middle East and lower than in sediments in Northern Europe [Ergül et al.,
2013]. Marine sediments in the Yalova region were sampled from 6 different points ranging 7 to 38 m;
mean activities of ⁴⁰K, ²³²Th, ²²⁶Ra, and ¹³⁷Cs of sediment samples were found as 589.2, 32.7, 19.7,
and 4.17 Bq·kg⁻¹ d. w., respectively. Mean activities of gross alpha and beta of three seawater samples
were 0.028 and 9.739 Bq·L⁻¹, respectively [Bayrak, 2018].

Soil samples from 27 points in Kocaeli Basin were analyzed in terms of radionuclides. The con-
centrations determined were as follows: 2–25 Bq·kg⁻¹ d. w. for ¹³⁷Cs; 11–49 Bq·kg⁻¹ d. w.
for ²³⁸U; 161–964 Bq·kg⁻¹ d. w. for ⁴⁰K; 10–58 Bq·kg⁻¹ d. w. for ²²⁶Ra; and 11–65 Bq·kg⁻¹ d. w.
for ²³²Th [Karakelle et al., 2002]. The Canakkale Strait has a strategic position between the Gallipoli
and Biga peninsulas and is connected with the Sea of Marmara and the Aegean Sea. Within the study
conducted in the Canakkale Strait, the levels of gross alpha and beta radioactivity in seawater were
of 0.046–0.064 and 10.53–14.325 Bq·L⁻¹, respectively. The gross alpha values in the study area were
lower compared to gross beta values in the same area [Kam et al., 2017].

The effect of radioactive pollution on the habitat of benthic Foraminifera was analyzed in another
study conducted in the Canakkale Strait [Yümün, Kam, 2017]. The radionuclide concentrations were
measured on 7 core samples and 1 drilling sample from the shallow marine environment. The values
for different radionuclides were in the following ranges: 17.5 to 58.3 Bq·kg⁻¹ d. w. for ²³²Th; 16.9
to 48.6 Bq·kg⁻¹ d. w. for ²²⁶Ra; 443.7 to 725.6 Bq·kg⁻¹ d. w. for ⁴⁰K; and < 2 to 20 Bq·kg⁻¹ d. w. for ¹³⁷Cs.
While ²²⁶Ra values remained within normal limits, ⁴⁰K and ²³²Th values were above the world mean limits
defined by the United Nations Scientific Committee on the Effects of Atomic Radiation [2000]: for ²²⁶Ra,
it is 35 Bq·kg⁻¹ d. w.; for ⁴⁰K, 400 Bq·kg⁻¹ d. w.; and for ²³²Th, 30 Bq·kg⁻¹ d. w.
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The Balıkesir province situated in the northwest of Türkiye was investigated in terms of activity levels
of radionuclides in the soil. ²³⁸U, ²³²Th, ⁴⁰K, and ¹³⁷Cs activities were within the ranges of 7.7–71.9,
10.1–94.9, 96.3–1,831.9, and 0.59–27.80 Bq·kg⁻¹ d. w., respectively [Kapdan et al., 2012b].

Environmental radioactivity has been studied by different researchers in various points of the Black
Sea coastal area. In 1997–1998, the activity levels of ²³⁸U, ²³²Th, ⁴⁰K, and ¹³⁷Cs radionuclides were
investigated in sediments sampled from different points along the Turkish Black Sea coast. The activities
of ²³⁸U, ²³²Th, ⁴⁰K, and ¹³⁷Cs in the sediment samples were within the ranges of < 13 to 56; 17 to 37;
301 to 833; and 11 to 138 Bq·kg⁻¹ d. w., respectively. It was reported that ¹³⁷Cs activity in the sediment
sample is an indication that the eastern shore of the Black Sea was more affected by Chernobyl NPP
accident than the western shore [Topcuoglu et al., 2001].

Zonguldak city, which has the richest hard coal mines in Türkiye, is located on the Black Sea
coast and occupies an important place in the maritime trade between Türkiye and the Black Sea coun-
tries, especially with those having ports. In order to determine the radiological status of spring waters
in Zonguldak city, 49 different water samples were analyzed, and gross alpha and beta levels were found
to be 0.003–0.171 and 0.015–0.244 Bq·L⁻¹, respectively. The measured gross alpha and beta activity
concentrations were lower than the limit values suggested by WHO [Aytekin, Bayraktaroğlu, 2017].

Kastamonu is in the northern part of Türkiye, and it is in the Black Sea region. Natural and ar-
tificial radionuclide activities were measured in water and soil, which were sampled from Kastamonu
province. The gross alpha and beta activity concentrations recorded in water samples were 0.001–0.026
and 0.016–2.241 Bq·L⁻¹, respectively. The radioactivity levels of soil samples were assessed as well
(on d. w.); the mean concentrations were found as 32.9 Bq·kg⁻¹ for ²³⁸U; 27.2 Bq·kg⁻¹ for ²³²Th;
431.4 Bq·kg⁻¹ for ⁴⁰K; and 8.0 Bq·kg⁻¹ for ¹³⁷Cs [Kam, Bozkurt, 2007].

The gross alpha and beta levels of tap water samples were determined in a study conducted in the East-
ern region of Türkiye. The activity values ranged 0.004 to 0.01 Bq·L⁻¹ for alpha and 0.032–0.191 Bq·L⁻¹
for beta in the province of Trabzon. In Giresun, the gross alpha and beta levels ranged 0.003
to 0.011 Bq·L⁻¹ and 0.04 to 0.264 Bq·L⁻¹, respectively. The values ranged 0.0002 to 0.015 Bq·L⁻¹ for al-
pha and 0.025 to 0.238 Bq·L⁻¹ for beta in the province of Rize. These results indicated that the lowest
gross alpha and beta values were obtained in tap water samples from Trabzon. Rize showed the high-
est gross alpha activity, while the Giresun had the highest gross beta activity. This analysis provided
evidence that the gross alpha and beta activity levels in tap waters in Eastern region of Türkiye were
in good condition and below the limit values given by WHO [2004] and Turkish regulations [Min-
istry of Health, 2005] for drinking water [Damla et al., 2006]. A recent study determined the gross
alpha and beta concentrations in water samples collected from different areas of Rize Province with
the values ranging 0.012 to 0.042 Bq·L⁻¹ for gross alpha and 0.027 to 0.211 Bq·L⁻¹ for gross beta [Is-
lam, 2016]. The radionuclides values were measured in the drinking water samples of Trabzon region
and found as 0.008–0.654 Bq·L⁻¹ for ²³⁸U; 0.007–0.067 Bq·L⁻¹ for ²³²Th; 0.010–0.337 Bq·L⁻¹ for ⁴⁰K;
and 0.0002–0.056 Bq·L⁻¹ for ¹³⁷Cs [Küçükömeroğlu et al., 2021].

The gross alpha and beta radioactivity and annual effective doses were investigated in various
waters of Samsun city situated in the central part of the Black Sea coastline, between the deltas
of the Yesilırmak and the Kızılırmak rivers. Activity concentrations of gross alpha and beta in tap wa-
ter samples were detected as 0.024–0.1156 and 0.0408–0.1905 Bq·L⁻¹, respectively. The radioactivity
concentrations measured for the Yesilırmak and the Kızılırmak rivers were 0.128 and 0.1556 Bq·L⁻¹
for gross alpha and 0.170 and 0.191 Bq·L⁻¹ for gross beta, respectively. The calculated annual ef-
fective doses of alpha- and beta-emitters were found to be below the reference value recommended

Marine Biological Journal 2025 Vol. 10 No. 4



44 N. Dogan and O. Tunc Dede

by WHO (0.1 mSv·year⁻¹) for all water samples [Görür et al., 2011]. The radionuclides status in soil
and sediment of the Kızılırmak River delta was measured in another study. The following mean val-
ues were determined: 28.59 Bq·kg⁻¹ d. w. for ²³⁸U; 17.48 Bq·kg⁻¹ d. w. for ²³²Th; 150.59 Bq·kg⁻¹ d. w.
for ⁴⁰K; and 5.32 Bq·kg⁻¹ d. w. for ¹³⁷Cs; those are below the worldwide mean values given by UN-
SCEAR. It is stated that ¹³⁷Cs could result from the Chernobyl NPP accident and nuclear weapon tests
conducted by several countries until 1980 [Arıman, Gümüş, 2018; UNSCEAR, 2000].

The Fırtına River, one of the important rivers in the eastern Black Sea region, arises from the slopes
of the Kackar Mountains and is connected to the eastern Black Sea near 2 km to Ardesen town
in the west of Rize. The natural radioactivity concentrations of water, sediment, and soil samples
were investigated in several expeditions. The mean concentration levels (on d. w.) for ²³⁸U, ²³²Th, ⁴⁰K,
and ¹³⁷Cs in soils and bottom sediment samples were as follows: 50, 42, 643, and 85 Bq·kg⁻¹ and 39,
38, 573, and 6 Bq·kg⁻¹, respectively. The presence of ¹³⁷Cs in soil and sediment samples was related
to the Chernobyl NPP accident, as well as to atmospheric nuclear weapon tests carried out by several
countries [Kurnaz et al., 2007].

Other radioactivity studies on water and sediment samples of the Fırtına River stated that the natural
gross alpha and beta levels in water samples were between 0.012–0.066 and 0.028–0.133 Bq·L⁻¹, re-
spectively. The mean specific activities of gamma-emitting radionuclides in bottom sediments (on d. w.)
were as follows: 47.41 Bq·kg⁻¹ for ²²⁶Ra; 39.93 Bq·kg⁻¹ for ²³⁸U; 38.55 Bq·kg⁻¹ for ²³²Th; 573.34 Bq·kg⁻¹
for ⁴⁰K; and 6.15 Bq·kg⁻¹ for ¹³⁷Cs. The existence of ¹³⁷Cs was also related to the Chernobyl NPP
accident, the same as in the previous investigation [Küçükömeroğlu et al., 2008]. The radioactivity
concentrations of seawater and bottom sediments sampled from five different locations in the Rize
province of the Eastern Black Sea were measured in recent study. The concentrations of ²²⁶Ra, ²³²Th,
⁴⁰K, and ¹³⁷Cs in bottom sediment samples (on d. w.) and water samples (data presented in parenthe-
ses) varied in the following ranges: 9–23 Bq·kg⁻¹ (0.16–0.63 Bq·L⁻¹); 6–34 Bq·kg⁻¹ (0.07–0.17 Bq·L⁻¹);
223–765 Bq·kg⁻¹ (3.44–6.20 Bq·L⁻¹); and 5–12 Bq·kg⁻¹ (no values for seawater), respectively [Baltas
et al., 2017].

Studies carried out in 2015 and 2019 were focused on the radioactivity status of the Coruh River
in Artvin. In 2015, sediments were sampled from 3 different dam reservoirs on the Coruh River.
The mean concentrations (on d. w.) of ²³⁸U, ²³²Th, ⁴⁰K, and ¹³⁷Cs were determined: in Deriner Dam
Lake, 15.8, 13.9, 551.5, and 18.1 Bq·kg⁻¹; in Borcka Dam Lake, 3.7, 12.5, 473.8, and 6.8 Bq·kg⁻¹;
and in Muratlı Dam Lake, 14.4, 30.0, 491.7, and 18.2 Bq·kg⁻¹, respectively. It was reported that activity
levels of radionuclides decreased from the upper parts of Çoruh River to coastal area [Kobya et al., 2015].
In 2019, the concentrations of radionuclides in sediment samples (on d. w.) collected from the Borcka
Dam Lake were determined. The mean activity concentrations were found to be below worldwide mean
values given by UNSCEAR [2000]: 12.19 Bq·kg⁻¹ for ²²⁶Ra; 14.05 Bq·kg⁻¹ for ²³²Th; 396.41 Bq·kg⁻¹
for ⁴⁰K; and 4.20 Bq·kg⁻¹ for ¹³⁷Cs [Şirin, 2019].

Izmir, which is located in the western part of Türkiye, was investigated in terms of gross alpha
and beta and uranium levels in surface water of lakes. The mean gross alpha and beta activity levels
were determined as 0.03 and 2.62 Bq·L⁻¹ for Karagol Lake; 0.75 and 2.35 Bq·L⁻¹ for Golcuk Lake;
and 0.03 and 1.77 Bq·L⁻¹ for Cakalbogaz Lake, respectively. It was also found that the uranium con-
centration ranged 0.05 to 900 µg·L⁻¹ for Karagol Lake; 0.05 to 0.95 µg·L⁻¹ for Golcuk Lake; and 3.33
to 10 µg·L⁻¹ for Cakalbogaz Lake [Akyil et al., 2009]. In another study aimed at detecting radionu-
clides in beach sand samples, the following results were obtained: 5.70–38.83 Bq·kg⁻¹ d. w. for ²²⁶Ra;
3.870–292.7 Bq·kg⁻¹ d. w. for ²³²Th; and 120.4–377.6 Bq·kg⁻¹ d. w. for ⁴⁰K [Gür, Tarakçı, 2018].
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The specific activity levels of ²²⁶Ra, ²³²Th, ⁴⁰K, and ¹³⁷Cs were determined very recently to evalu-
ate the radiological status of the fisheries ground sediments in the Antalya Bay situated on the Mediter-
ranean Sea coastline. The activity values ranged 10.65 to 23.76 Bq·kg⁻¹ for ²²⁶Ra; 11.63 to 24.15 Bq·kg⁻¹
for ²³²Th; 316.35 to 414.83 Bq·kg⁻¹ for ⁴⁰K; and 1.48 to 8.58 Bq·kg⁻¹ for ¹³⁷Cs in the sediment samples
(on d. w.) where the values were below the world mean activity levels defined by UNSCEAR [Özmen,
Güven, 2021; UNSCEAR, 2000].

The natural radioactivity status in different surface waters of Adana, which is located in the southern
part of Türkiye, was investigated in 2010. The mean gross alpha and beta levels in drinking water samples
were detected as 0.0096 and 0.086 Bq·L⁻¹, respectively. During the studies on sea samples, gross alpha
and beta levels were measured as 0.8463 and 3.7395 Bq·L⁻¹ in the Karatas Sea and 0.703 and 6.81 Bq·L⁻¹
in the Incirli Sea, respectively. The gross alpha and beta levels in other sampling points, Seyhan Dam
Lake and the Seyhan River, were found to be below WHO limit values [Degerlier, Karahan, 2010].

The radioactivity level in water samples of Hatay city located in the southeastern region of Türkiye
was investigated in 2015. While the mean alpha activity was obtained as 0.037 Bq·L⁻¹, the mean beta
activity was assessed as 0.116 Bq·L⁻¹. The annual effective doses were calculated as 7.50 and 58.61 µSv
from alpha- and beta-emitting radionuclides, respectively, which were lower than 0.1 mSv·year⁻¹
suggested by [Turgay et al., 2016; WHO, 2004].

The gross alpha and beta radioactivity values were investigated in various water samples at 11 differ-
ent coastal regions of Türkiye. According to the results obtained, the gross alpha radioactivity concen-
trations ranged between 0.008 Bq·L⁻¹ (Antalya) and 0.302 Bq·L⁻¹ (Bursa), while the gross beta ranged
between 0.01 Bq·L⁻¹ (Edirne and Kastamonu) and 0.46 Bq·L⁻¹ (İzmir). They were below WHO val-
ues [2004]. As observed, the gross beta radiation results were higher than the gross alpha radiation ones,
which was related to the difference in geological formation of studied areas [Dogan, 2017].

The summary of the activity concentration of radionuclides in bottom sediment and soil samples
at different locations in Türkiye is presented in Table 2.

Table 2. Activity concentration of radionuclides in bottom sediment and soil samples (Bq·kg−1 dry weight)
at different locations in Türkiye

Area ²³⁸U ²²⁶Ra ²³²Th ⁴⁰K ¹³⁷Cs References

Trabzon (soil) 11.5–115 − 8.5–49 153–548 1–201 Küçükömeroğlu et al.,
2021

Fırtına River
(bottom sediments) 16.10–113.25 15.20–116.55 17.26–87.45 51.41–1,605.26 0.87–41.72 Küçükömeroğlu et al.,

2008
Fırtına Valley (soil) 11–188 15–188 10–105 105–1,235 19–232 Kurnaz et al., 2007
Rize (soil) 52.44–240.71 58.4–193.7 14.29–83.83 118.43–520.37 0–219.19 Islam, 2016
Rize (bottom
sediments) − 9–23 6–34 223–765 5–12 Baltas et al., 2017

Borçka Dam Lake
(bottom sediments) − 4.79–21.46 9.36–20.65 238.01–721.26 0.79–6.81 Şirin, 2019

Kızılırmak delta
(bottom sediments) 7.00–52.14 − 11.55–34.83 149.24–287.36 12.90–21.39

Arıman, Gümüş,
2018Kızılırmak delta

(soil) 19.64–42.88 − 13.67–33.83 204.91–633.72 1.11–4.11

Balıkesir (soil) 7.70–71.90 − 10.10–94.90 96.30–1,831.90 0.59–27.80 Kapdan et al., 2012b
Continued on the next page…
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Area ²³⁸U ²²⁶Ra ²³²Th ⁴⁰K ¹³⁷Cs References
Istanbul (soil) 3–59 − 8–91 117–1,204 2–81 Karahan et al., 2000
Kocaeli (soil) 11–49 10–58 11–65 161–964 2–25 Karakelle et al., 2002

Çanakkale (soil) 82–167 − 152–275 1,015–1,484 0.37–36.03
Kurnaz et al., 2007;

Merdanoğlu, Altınsoy,
2006

Çanakkale (bottom
sediments) − 16.90–48.60 17.50–58.30 443.70–725.60 < 2 to 20 Yümün, Kam, 2017

Deriner Dam Lake
(bottom sediments) 15.8 − 13.9 551.5 18.1

Kobya et al., 2015
Borcka Dam Lake
(bottom sediments) 3.7 − 12.5 473.8 6.8

Muratlı Dam Lake
(bottom sediments) 14.4 − 30.0 491.7 18.2

Kulakcayırı Lake
(bottom sediments) − 26–29 38–43 325–367 − Kam et al., 2018

Antalya Bay
(bottom sediments) − 10.65–23.76 11.63–24.15 316.35–414.83 1.48–8.58 Özmen, Güven, 2021

The Golden Horn
and the Bosphorus
(bottom sediments)

7.18–20.16 − 6.41–27.25 281.9–683 1.12–67.92 Kılıç, Çotuk, 2011

The Marmara Sea
(bottom sediments) 6.40–25.90 13.80–34.20 6.30–31.10 378.80–693.60 4.8–16.3 Otansev et al., 2016

The Izmit Bay
(bottom sediments) − 18 − 568 21 Ergül et al., 2013

Yalova Altınova
(bottom sediments) − 19.70 32.70 589.20 4.17 Bayrak, 2018

Kastamonu (soil) 32.93 37.40 27.17 431.43 8.02 Kam, Bozkurt, 2007
Igneada (bottom
sediments) 41 − 17 316 11

Topcuoglu et al.,
2001

Kilyos (bottom
sediments) 26 − 19 350 23

Amasra (bottom
sediments) 17 − 27 301 50

Sinop (bottom
sediments) 40 − 34 501 94

Persembe (bottom
sediments) < 13 − 36 833 138

Rize (bottom
sediments) 56 − 37 358 104

Izmir (beach sand) − 5.70–38.83 3.87–292.7 120.4–377.6 − Gür, Tarakçı, 2018
Worldwide mean
values 35 35 30 400 − UNSCEAR, 2000

Health assessment. Ionizing radiation can cause physical, chemical, and biological changes in liv-
ing things at molecular and cellular levels [Varol, 2011]. These changes may be temporary or perma-
nent depending on the type, intensity, amount of ionizing radiation, duration of the exposure, and also
the area of the body exposed [Gökoğlan et al., 2020]. Since alpha particles are heavier than beta parti-
cles, they can be absorbed by the skin of the body. When taken into the body by inhalation or ingestion,
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it can cause serious damage to tissues of lung or stomach walls. Beta particles are faster than alpha
particles and can penetrate more into tissue or materials. Skin burns can be seen in cases of excessive
exposure to high-energy beta radiation. The major concern with ionizing radiation is its cancer effect
and the transmission of defects, called delayed effects, to future generations by genetic means [Varol,
2011]. Therefore, the effect of radiation on human health is still being investigated. In recent years, many
analyses have been made on vital water resources. The obtained results are compared with the permissi-
ble limit values given by WHO: 0.5 Bq·L⁻¹ for gross alpha and 1 Bq·L⁻¹ for gross beta. If the measured
values are lower than the limits, the sample is considered suitable for drinking water. In case of exceed-
ing the given limits, it is necessary to determine the radionuclide species in the samples. The determined
dose amounts of these radionuclides are compared with the effective dose amount (0.1 mSv·year⁻¹)
that can be taken in a year determined by WHO [2004]. If the dose amounts do not exceed the limit
value, the sample complies with the drinking water criteria in terms of radioactivity. Regarding soil
samples, the worldwide mean values reported by UNSCEAR are used for comparison: 35 Bq·kg⁻¹ d. w.
for ²³⁸U; 30 Bq·kg⁻¹ d. w. for ²³²Th; and 400 Bq·kg⁻¹ d. w. for ⁴⁰K. If the worldwide mean values are ex-
ceeded, the annual mean effective dose is calculated and compared with the value of 70 µSv determined
by UNSCEAR [2000].

Conclusions. Türkiye has a geopolitical location between Europe and Asia and is surrounded by sea
on three sides. As several European countries, Türkiye, especially Thrace, Istanbul, the western Black
Sea region, and the eastern Black Sea region, have experienced the effects of radioactivity shortly after
the occurrence of the Chernobyl NPP accident. The presence of the artificial radionuclide cesium-137
in natural samples taken from these regions confirms this. Not only the Chernobyl NPP accident, but also
technological developments can cause radioactive pollution from industrial and nuclear wastes, and all
living things are exposed to both natural and artificial radiation. Therefore, sustainable monitoring system
should be developed in order to assess the radioactivity status in the environment. Studies conducted
throughout Türkiye show that the recorded gross alpha and beta levels in coastal waters are generally
below the limit values suggested by World Health Organization. However, higher values of gross beta
were observed in seawater samples from the Marmara region, the Straits, and Adana. This may be due
to the high salinity of seawater and a dissolved form of the radioactive isotope ⁴⁰K, which causes high
beta radioactivity in seawater. Natural radionuclides, such as ²³⁸U series, ²³²Th series, and ⁴⁰K, were
found at various levels in soil and sediment samples. In general, the values remained below the world
mean values stated by the United Nations Scientific Committee on the Effects of Atomic Radiation.
However, the presence of ¹³⁷Cs at some points of Türkiye was related to the Chernobyl NPP accident
and nuclear weapon tests conducted by several countries. Any radioactive pollution in the environment
requires careful monitoring in terms of human health and taking the necessary precautions.

This work is a review study which includes an assessment of the quality of coastal ecosystems along the Turk-
ish coast of the Black Sea in relation to natural and artificial radionuclides. The authors declare no conflict
of interest.
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ОЦЕНКА УРОВНЯ РАДИОАКТИВНОСТИ В ПРИБРЕЖНЫХ ВОДАХ ТУРЦИИ
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Анатолия занимает геополитическое положение между Европой и Азией. С трёх сторон она
окружена морями. Чёрное море омывает северное побережье Турции на протяжении 1700 км,
от пригородов Стамбула до городка Хопа. После аварии на Чернобыльской атомной электро-
станции пылевое облако, содержащее радиоактивные элементы (прежде всего, искусственный
радионуклид 137Cs), в мае 1986 г. достигло западной Турции и затронуло Фракию, Стамбул и за-
падную часть Черноморского региона. В связи с увеличением радиоактивных выпадений в этих
районах Турецкое агентство по атомной энергии инициировало общенациональную программу
радиационного мониторинга для определения ядерного и радиологического статуса опасности
и для анализа географического распределения радионуклидов. Большое количество исследова-
ний было сосредоточено на измерении радиоактивности окружающей среды в воздухе, воде,
почве, горных породах и осадках с целью выявления возможного влияния их радиоактивного
загрязнения на здоровье местного населения после аварии на Чернобыльской АЭС.
Ключевые слова: Турция, воды Чёрного моря, авария на Чернобыльской АЭС, природные
и искусственные радионуклиды
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We investigated intra- and interspecific variability of mitochondrial DNA cytochrome c oxidase sub-
unit I gene (COI) and nuclear DNA histone H3 gene in Litorogammarus representatives. Our results
indicate that histoneH3molecular marker is not suitable for species identification in this genus due to its
insufficient sequence variability. The taxonomy of the studied species was refined based on the analysis
of COI gene marker. Comprehensive analysis of genetic distances (p-distances) performed involving
ABGD and ASAP algorithms suggested that COI gene fragment is a diagnostic marker for species iden-
tification in Litorogammarus. Phylogenetic reconstruction based on four methods and analysis of the re-
sulting gene trees for COI revealed close genetic relationship between Litorogammarus karadagiensis
and L. glareophilus. For these two species, we found several common morphological features: the pres-
ence of plumose setae on the mandibles, first maxillae, maxillipeds, and on the articles of the first
and second gnathopods. The combined use of molecular and morphological data proved to be highly
valuable for species identification and for resolving taxonomic issues within this group of amphipods.
Keywords: mtDNA, nDNA, COI, histone H3, p-distances, Litorogammarus karadagiensis,
Litorogammarus, Gammaridae, Amphipoda

Litorogammarus karadagiensis (Grintsov, 2009) inhabits the splash zone of pebble-sand beaches.
It was first described from the beaches off the Karadag (the Eastern Crimea), Batiliman, and the Laspi
Bay (southern coast of the Crimea, the Black Sea) [Grintsov, 2009]. L. karadagiensis is the gammarid
life form and the kryvophile ecological form (from Greek words ‘kryvo’ meaning ‘to hide’ and ‘phileo’
meaning ‘to love’) [Grintsov, 2023]. These animals form dense aggregations, up to 1,000 ind. per 1 m²
in beach habitats with a substrate particle size of at least 5–6 mm. This species occurs year-round
and is frequently found along with representatives of the genera Chaetogammarus Martynov, 1924
and Pectenogammarus Reid, 1940. In the paper [Grintsov, 2009], the members of these genera were
mentioned as Echinogammarus ischnus behningi (Stebbing, 1899), Echinogammarus foxi (Schellen-
berg, 1928), and Echinogammarus olivii (H. Milne Edwards, 1830). To date, E. ischnus behningi
is classified under the genus Chaetogammarus, while E. foxi and E. olivii are attributed to Pectenogam-
marus (https://www.marinespecies.org/). Molecular phylogenetic analyses [Copilaș-Ciocianu et al.,
2025; Marin & Palatov, 2021; Marin et al., 2023] indicate that Litorogammarus karadagiensis is a close
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relative to several recently described species: Litorogammarus mazestiensis (Marin & Palatov, 2021),
Litorogammarus dursi Marin, Palatov & Copilaș-Ciocianu, 2023, Litorogammarus samuricus Pala-
tov, Copilaș-Ciocianu & Marin, 2025, and Litorogammarus glareophilus Marin, Palatov & Copilaș-
Ciocianu, 2025. Its range covers the entire Ponto-Caspian region where adaptive radiation of gam-
maroids has occurred [Grintsov, 2023]. This evolutionary radiation exhibits remarkable morpho-
logical and ecological diversity, comparable to unique amphipod radiations reported for the Lake
Baikal [Copilaș-Ciocianu, Sidorov, 2022].

L. karadagiensis (the species originally described as Echinogammarus karadagiensis [Grintsov,
2009]), is now classified within the genus Litorogammarus [Marin et al., 2023], the family Gam-
maridae Latreille, 1802, and the superfamily Gammaroidea Latreille, 1802. Molecular markers have
prompted a reassessment of the systematic position of the family Gammaridae [Copilaș-Ciocianu,
Sidorov, 2022]. The phylogenetic analysis of four molecular markers (COI, 28S rRNA, 18S rRNA,
and histone H3) revealed a new position for the monophyletic superfamily Gammaroidea Echinogam-
marus s. l. among the Ponto-Caspian gammarids [Copilaș-Ciocianu et al., 2020]. This arrangement con-
trasted with the results obtained in previous morphology-based phylogenetic analysis [Lowry, Myers,
2013]. The conducted molecular genetic analysis provided strong evidence for establishing the genus
Litorogammarus [Marin et al., 2023].

The aim of this study was to test the hypothesis about the species affiliation of a gammarid
sample to a previously described Litorogammarus karadagiensis based on analysis of nucleotide se-
quence variation in the mitochondrial DNA (mtDNA) cytochrome c oxidase subunit I (COI) ge-
netic marker and the nuclear DNA (nDNA) histone H3 genetic marker. Histone H3 marker, which
was informative for distinguishing L. mazestiensis and L. karadagiensis [Copilaș-Ciocianu et al., 2023],
and the COI marker, known for its diagnostic significance in amphipod identification [Copilaș-Ciocianu
et al., 2022], were selected to achieve the aim of this work.

MATERIAL AND METHODS

We studied six L. karadagiensis specimens [Grintsov, 2009] sampled in Batiliman (south-
ern coast of the Crimea, N44°25′12″, E33°41′48″) on 05.06.2022. The material was sampled
in the splash zone of a pebble-sand beach. Sequences from the genetic database GenBank NCBI
(https://www.ncbi.nlm.nih.gov/) were additionally used for the analysis.

DNA was extracted from all the samples using the DNA-Extran kit (DNA-Extran-2, Syntol, Moscow,
Russia) according to the manufacturer’s protocol and stored at −20 °C. Amplification for the mtDNACOI
marker and the nDNA histone H3 marker was performed using universal primers (Table 1) according
to the protocol as follows: the initial denaturation at +94 °C (5 min); 35 cycles including denaturation
at +94 °C (30 s), primer annealing at +45 °C (30 s), and elongation at +72 °C (60 s); and a final cycle
at +72 °C (10 min). Sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, the USA) in accordance with the manufacturer’s protocol. Nucleotide sequencing
was carried out on an ABI 3500 Genetic Analyzer (Applied Biosystems).

The obtained sequences were deposited in BOLD Systems (https://boldsystems.org/) and then
in GenBank NCBI (Table 2). All available sequences of Litorogammarus representatives [Copilaș-
Ciocianu et al., 2025] from GenBank NCBI were included in the analysis, with Chaetogammarus is-
chnus [Marin et al., 2023] selected as the outgroup. Following alignment, the sequence lengths were
638 base pairs (bp) for COI and 354 bp for histone H3.
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Table 1. Primers used for amplification and sequencing of the genetic markers studied

Primer DNA fragment Sequence Primer authors
LCO1490-JJ COI CHACWAAYCATAAAGATATYGG Astrin, Stüben, 2008
HCO2198-JJ COI AWACTTCVGGRTGVCCAAARAATCA Astrin, Stüben, 2008
H3F Histone H3 ATGGCTCGTACCAAGCAGACVGC Colgan et al., 2000
H3R Histone H3 ATATCCTTRGGCATRATRGTGAC Colgan et al., 2000

Table 2. List of Litorogammarus karadagiensis samples and accession numbers of DNA sequences
deposited in BOLD Systems and GenBank NCBI databases

Litorogammarus
karadagiensis

BIN number
in BOLD Systems

Sequence for COI gene
in GenBank NCBI

Sequence for histone H3 gene
in GenBank NCBI

01 BOLD:AGE7470 PV053540 PV053546
02 BOLD:AGE7470 PV053541 PV053547
03 BOLD:AGE7470 PV053542 PV053548
04 BOLD:AGE7470 PV053543 PV053549
05 BOLD:AGE7470 PV053544 PV053550
06 BOLD:AGE7470 PV053545 PV053551

Note: BIN stands for Barcoding Index Number, a unique identifier of a DNA barcode in BOLD Systems.

Sequences were analyzed for each genetic marker separately. Phylogenetic (gene) trees were recon-
structed by the following methods: neighbor joining (NJ), maximum likelihood (ML), maximum parsi-
mony (MP), and Bayesian analysis (BA). MEGA11 [Tamura et al., 2021] and MrBayes 3.2 [Ronquist,
Huelsenbeck, 2003] software was used. Phylogenetic trees were constructed for each gene separately.
For tree reconstruction, the most appropriate evolutionary models were calculated (jModelTest) [Posada,
2008]. Based on the Akaike information criterion, the optimal evolutionary models were the Tamura–
Nei ones [Tamura, Nei, 1993]: TrN + G for COI and TrN for histone H3. For BA reconstruction, runs
were considered to have converged when the standard deviation of split frequencies was below 0.01 [Ron-
quist, Huelsenbeck, 2003]. The number of generations was set to 2,000,000, with the first 25% discarded
as “burn in.” Samples were taken for every 100ᵗʰ generation.

For species identification based on molecular sequences, the automatic barcode gap discov-
ery procedure was applied in software packages ABGD (Automatic Barcode Gap Discovery,
https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) [Puillandre et al., 2012] and ASAP (Assemble
Species by Automatic Partitioning, https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html) [Puillandre
et al., 2021].

RESULTS
Analysis of genetic distances (p-distances) ([Nei, Kumar, 2000], p. 33) confirmed the presence

of specimens representing five species within the studied sample: L. dursi, L. glareophilus, L. mazestien-
sis, L. samuricus, and L. karadagiensis. Interspecific p-distances ranged within 13–19.5% (COI) (with
the exception for L. mazestiensis and L. samuricus, p = 4.3%). Between our specimens and L. karadagien-
sis from GenBank NCBI, p-distance was 1.5% (COI) (Table 3), which falls within a range of intraspecific
p-distances. No differences were detected for histone H3 gene.

Based on COI sequences, both software packages, ABGD and ASAP, allowed revealing four
species-level clusters for all the analysis settings: 1) L. dursi; 2) L. glareophilus; 3) L. karadagien-
sis; 4) L. mazestiensis + L. samuricus. Histone H3 gene sequences available for analysis, those
for L. karadagiensis and L. mazestiensis, were grouped into a cluster.
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Table 3. Inter- and intraspecies p-distances for COI genetic markers studied

LD LG LK
LK

(our specimens) LM LS CI

LD 0.0063 0.0153 0.0153 0.0153 0.0148 0.0147 0.0160
LG 0.1951 0.0026 0.0135 0.0134 0.0147 0.0146 0.0165
LK 0.1803 0.1348 0.0000 0.0046 0.0143 0.0144 0.0159
LK

(our specimens) 0.1787 0.1301 0.0141 0.0000 0.0144 0.0144 0.0159

LM 0.1839 0.1708 0.1765 0.1718 0.0147 0.0070 0.0158
LS 0.1740 0.1661 0.1689 0.1665 0.0428 0.0104 0.0162
CI 0.2241 0.2124 0.2038 0.2053 0.2044 0.2038 n/c

Note: below the bold-highlighted diagonal, there are the values of interspecific p-distances for COI; along the di-
agonal, there are the values of intraspecific p-distances; above the diagonal, there are the values of standard er-
rors for COI. LD, Litorogammarus dursi; LG, Litorogammarus glareophilus; LK, Litorogammarus karadagiensis;
LM, Litorogammarus mazestiensis; LS, Litorogammarus samuricus; CI, Chaetogammarus ischnus. N/c, not computable.

Phylogenetic reconstructions (BA, ML, NJ, and MP) showed identical topologies for COI gene.
In the resulting dendrograms, the studied specimens formed five clades with high node support
values. These values were 100% for four species. The exception was the L. samuricus clade
(BA = 63%; ML = 66%; NJ = 97%; and MP = 70%). The clades L. mazestiensis + L. samuricus
and L. glareophilus + L. karadagiensis formed sister groups, with L. dursi as an external clade (Fig. 1).

None of the phylogenetic methods allowed distinguishing the species L. karadagiensis
and L. mazestiensis using histone H3 gene sequences. The dendrograms showed a random distribution
of the studied specimens, with no discernible clade formation.

0.05
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Fig. 1. Phylogenetic relationships among representatives of the genus Litorogammarus reconstructed
based on COI gene sequences. Nodal support values (BA, Bayesian posterior probabilities; ML, maximum
likelihood bootstrap; NJ, neighbor-joining bootstrap; MP, maximum parsimony bootstrap) are indicated
in the following order: BA / ML / NJ / MP. Our six sequences are highlighted in bold
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DISCUSSION
Based on the results of phylogram analysis, calculation of p-distances, and analysis involving

ABGD and ASAP software packages, no differences were revealed between the histone H3 gene se-
quences of the studied samples. Consequently, this nDNA region lacks sufficient resolution for species
identification within the genus Litorogammarus.

The results of phylogenetic analysis based on the mtDNA COI gene nucleotide sequences confirmed
the differentiation of Litorogammarus species into several clades identified earlier [Copilaș-Ciocianu
et al., 2025]. Furthermore, the gene trees show distinct clusters for L. mazestiensis and L. samuricus repre-
sentatives supported by topological differentiation. The tree topologies suggest that these species are evo-
lutionarily young, as their clades diverged more recently than clades of L. glareophilus and L. karadagien-
sis. L. mazestiensis and L. samuricus may be young species. However, despite the high support values
for tree topologies in both this study (see Fig. 1) and the paper [Copilaș-Ciocianu et al., 2025], the data
on p-distance analysis and ABGD and ASAP analyses do not support L. samuricus identification as a sep-
arate species. This conclusion follows from the low interspecific variability between L. mazestiensis
and L. samuricus (4.3%). Interspecific values for other Litorogammarus representatives are 10% higher.
It may be more appropriate to consider L. samuricus as a subspecies of L. mazestiensis. Such a conclu-
sion would require a thorough morphological analysis of a sufficiently large sample (meeting statistical
requirements), focusing on trait variability to clarify taxonomic status. Currently, the suggested diagno-
sis [Copilaș-Ciocianu et al., 2025] is the only one distinguishing L. samuricus and L. mazestiensis. All
the differences concern the armament of appendages or body parts and certain proportions. Research
on the closely related genus PectenogammarusReid, 1940 [Grintsov, 2009] has shown that the armament
of appendages and body parts (spines, setae, and denticles) are subject to individual variability. This may
also apply to body proportions that are known to be variable [Guryanova, 1951].

L. karadagiensis specimens sampled from the species type locality form the closest clades on the phy-
lograms (Fig. 1). Those have minimal p-distances (Table 3), and are assigned to a single cluster
by both ABGD and ASAP analyses. The sequences of these specimens are close to COI sequences
of L. karadagiensis in GenBank NCBI: ON258095 and ON258047. All these evidences confirm their
assignment to the same species-level taxon, which is supported by comparative data for the hierarchy
of various taxa (see the concluding paragraph below). Our results reinforce that L. karadagiensis is a sister
species to L. glareophilus.

The morphology of the two Litorogammarus species, L. karadagiensis and L. glareophilus, is pretty
similar. Comprehensive morphological descriptions of L. karadagiensis are provided in [Grintsov,
2009, 2022], and of L. glareophilus, in [Copilaș-Ciocianu et al., 2025]. Unlike other representatives
of the genus (L. dursi, L. mazestiensis, and L. samuricus), both L. karadagiensis and L. glareophilus
possess long, plumose setae on the following mouthparts and pereopods: mandibles, first maxillae, max-
illipeds, and the articles of the first and second gnathopods. The molecular genetic analysis corroborates
the morphological similarity of L. karadagiensis and L. glareophilus thus suggesting these are sister
species (Fig. 1).

According to [Copilaș-Ciocianu et al., 2025], there are few distinguishing morphological
traits between these species. L. karadagiensis is described as having a small sub-marginal spine
on the first epimeral plate, whereas L. glareophilus lacks this spine. On the second epimeral plate,
L. karadagiensis is reported to possess one sub-marginal spine, while L. glareophilus possesses two.
However, the study [Grintsov, 2024] emphasizes that the armament of epimeral plates with spines
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and setae exhibits significant individual variability, rendering these traits unreliable for distinguishing
the two species. As noted in [Copilaș-Ciocianu et al., 2025], L. karadagiensis has a nearly rounded
basipodite on the fifth pereopod, whereas in L. glareophilus, the basipodite is narrower and more elon-
gated. This distinction is corroborated by L. karadagiensis analysis. Differences in the armament of uro-
somite 2 are also mentioned [Copilaș-Ciocianu et al., 2025]. Thus, L. karadagiensis is reported to have
two marginal spines and one lateral spine, while L. glareophilus has two marginal spines and two lateral
spines. However, research on the armament of two Pectenogammarus representatives [Grintsov, 2024]
showed that the armament of all urosomal segments is also subject to individual variation and cannot
serve as a reliable species marker. Consequently, only one trait remains consistently diagnostic: the shape
of the basipodite of the fifth pereopod.

In a summary of genetic distances for more than 20,000 species of vertebrates and invertebrates,
p-distances for the mtDNA COI and Cyt-b genes were determined for five hierarchical groups: pop-
ulations within a species (1); taxa of various ranks, including subspecies and semispecies (2); con-
generic species (3); confamilial species (4); and species from different families within the same order (5).
The mean unweighted p-distances for these five groups are:

• Cyt-b for (1), 1.46 ± 0.34; for (2), 5.35 ± 0.95; for (3), 10.46 ± 0.96; for (4), 17.99 ± 1.33; for (5),
26.36 ± 3.88;

• COI for (1), 0.72 ± 0.16; for (2), 3.78 ± 1.18; for (3), 10.87 ± 0.66; for (4), 15.00 ± 0.90; for (5),
19.97 ± 0.80.
Notably, the values for subspecies and semispecies are 5.35 ± 0.95 (Cyt-b) and 3.78 ± 1.18 (COI),

while the values for species are 10.46 ± 0.96 (Cyt-b) and 10.87 ± 0.66 (COI) [Kartavtsev, 2009a]. This
is consistent with our findings regarding the taxonomic status of L. samuricus. The results of our nu-
cleotide divergence analysis are in line with other data on genetic divergence across taxonomic hierar-
chies, including non-protein coding genetic markers and complete mitochondrial genomes [Kartavtsev,
2021; Kartavtsev, Masalkova, 2024; Redin, Kartavtsev, 2022], thereby supporting the taxonomic infer-
ences presented in this article. Moreover, the data leads to the general conclusion that at the molecular
level, phyletic evolution predominates in the animal world, where speciation primarily follows geographic
speciation model [Kartavtsev, 2009a, b, 2011a, b, 2013, 2021].

This work was carried out within the framework of NSCMB FEB RAS state research assignment “Biodi-
versity of the World Ocean: Taxonomy and evolution, reproductive biology, biogeography, and bioinvasions”
(No. 24021900011-9) and IBSS state research assignment “Comprehensive study of the functioning mecha-
nisms of marine biotechnological complexes with the aim of obtaining bioactive substances from hydrobionts”
(No. 124022400152-1).
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ИЗМЕНЧИВОСТЬ НУКЛЕОТИДНЫХ ПОСЛЕДОВАТЕЛЬНОСТЕЙ
МАРКЕРОВ ДВУХ ГЕНОВ (CO-1 И H3)

LITOROGAMMARUS KARADAGIENSIS (GRINTSOV, 2009)
(AMPHIPODA, GAMMARIDAE)

И СИСТЕМАТИКА РОДА LITOROGAMMARUS

А. О. Золотова1, В. А. Гринцов2, В. И. Рябушко2, Ю. Ф. Картавцев1

1Национальный научный центр морской биологии имени А. В. Жирмунского ДВО РАН,
Владивосток, Российская Федерация

2ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация
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Исследована внутри- и межвидовая изменчивость гена субъединицы I цитохромоксида-
зы c митохондриальной ДНК (Co-1) и гена гистона H3 ядерной ДНК представителей рода
Litorogammarus. Показано, что молекулярный маркер гена гистона H3 не подходит для ви-
довой идентификации Litorogammarus ввиду своей недостаточной изменчивости. Таксономия
изученных видов рода уточнена на основании анализа молекулярного маркера гена Co-1. Ре-
зультаты комплексного анализа генетических расстояний (p-расстояний), выполненного с по-
мощью ABGD и ASAP, подтверждают значимость участка гена Co-1 как маркера для иден-
тификации видов рода Litorogammarus. На основе информации для четырёх филогенетиче-
ских реконструкций и анализа топологии соответствующих генных деревьев для Co-1 выясне-
на генетическая близость видов L. karadagiensis и L. glareophilus. Для этих двух видов выяв-
лены общие морфологические признаки — перистые щетинки на мандибулах, максиллах пер-
вой пары, максиллипедах и члениках гнатопод первой и второй пар. Использование молеку-
лярных и морфологических данных в интегративном подходе представляется перспективным
для идентификации видов и для решения таксономических вопросов в пределах анализируемой
группы амфипод.
Ключевые слова: мтДНК, яДНК, Co-1, гистонH3, p-расстояния, Litorogammarus karadagiensis,
Litorogammarus, Gammaridae, Amphipoda
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Currently, five diatom species from the genus Haslea are known to produce marennine pigments
which slightly differ in their physicochemical characteristics. The available data on these pigments
primarily relate to H. ostrearia, but given the biodiversity noted, it is important to analyze the pig-
ments in other representatives of the genus, specifically H. karadagensis, endemic to the Black Sea.
The aim of this study was to investigate the effect of nitrogen and phosphorus on the accumulation
of marennine-like pigments in H. karadagensis cultures. Literature data on the effects of these es-
sential biogenic elements on pigment accumulation in the cultures are conflicting. For the clones ana-
lyzed, the absence of a significant correlation was established between the specific productivity in re-
lation to the release of extracellular marennine and levels of nitrogen and phosphorus in a medium.
Growth rates and dynamics of extracellular marennine accumulation in H. karadagensis cultures
are determined.
Keywords: diatoms, Haslea karadagensis, marennine, biogenic elements, pigment accumulation,
specific productivity, cell abundance

Marennine is a water-soluble pigment produced by some diatoms from the genus Haslea. Pigments
of the marennine group are blue, blue-green, or grey-green in color, depending on the producer species,
and have antibacterial, antiviral, antiproliferative [Bergé et al., 1999; Carbonnelle et al., 1999; Gastineau
et al., 2012b, c], and antioxidant activity [Pouvreau et al., 2008]. Also, they exhibit allelopathy towards
bacteria, some microalgae, and invertebrates [Pouvreau et al., 2007; Prasetiya et al., 2016, 2020].

Despite practical interest in using marennine in oyster aquaculture on the Atlantic coast of France
[Gastineau et al., 2012c, 2018] and more than a century of its study, the functional purpose, molec-
ular structure, and diversity of pigments of this group remain unclear. It is believed that the pig-
ment is capable of screening excess photosynthetically active radiation, thus acting as a photopro-
tector [Schubert et al., 1995]. Marennine is known to have 2 forms, differing in chemical com-
position and spectral characteristics [Pouvreau et al., 2006]. The intracellular form of this pig-
ment is accumulated in the apical parts of cells. The extracellular form of marennine released
from a cell into the environment has slightly different physicochemical properties and a lower
molecular weight. It has long been believed that the only species capable of producing marennine
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is Haslea ostrearia (Gaillon) Simonsen. The description in 2012 of a second marennine producer,
H. karadagensis Davidovich, Gastineau & Mouget [Gastineau et al., 2012a], recorded in the coastal
Black Sea area, initiated the study of the marennine diversity [Gastineau et al., 2014].

According to D. Neuville and P. Daste [1972; 1978], the release of marennine by H. ostrearia
is driven by unfavorable environmental conditions, especially nitrate starvation in the presence of light.
T. Lebeau [Lebeau et al., 2000] shares this opinion, claiming that insufficient nitrogen stresses cells
thus causing elevated pigment synthesis. R. Nghiem Xuan [Nghiem Xuan et al., 2021] confirms that
it is the limitation of silicon and nitrogen, rather than deficiency, that is responsible for a high concentra-
tion of extracellular marennine revealed in H. ostrearia cultures. Some authors explain a gain in the con-
tent of extracellular marennine in a culture by cell lysis when a significant cell density and deficiency
of nutrients are reached [Nghiem Xuan et al., 2020], ignoring the fact of the existence of two different
pigment forms. Other authors take a different view, claiming that the key factor of the marennine re-
lease is the amount and spectral composition of light [Mouget et al., 1999, 2004, 2005; Prasetiya et al.,
2016]. A rise in the marennine production was recorded with a decrease in the cell size of H. ostrearia
throughout its life cycle [Pedron et al., 2023]. Currently, five species capable of producing marennine-like
pigments are known. In addition to above-mentioned, those include H. provincialis Gastineau, Hansen
& Mouget [Gastineau et al., 2016], H. nusantara Mouget, Gastineau & Syakti [Prasetiya et al., 2019],
and H. silbo Gastineau, Hansen & Mouget [Gastineau et al., 2021]. Marennine-like pigments (here-
inafter marennine) exhibit some differences in their physicochemical characteristics [Gastineau et al.,
2014; Pouvreau et al., 2006]. The diversity of pigments determined the aim of the present work: to re-
veal the effect of nitrogen and phosphorus concentrations on the efficiency of the marennine production
and changes in the cell density in a culture of the diatom Haslea karadagensis which had not been
previously studied in this regard.

MATERIAL AND METHODS

In an experiment with the addition of biogenic elements, three clones of the marine di-
atom H. karadagensis were used: 23.1113-KS, 23.1129-KE, and 23.1227-KC. Those are descen-
dants of the parental pairs 22.1128-KC + 23.1129-KU, 22.1129-KA + 22.1129-KB, and 22.1228-KE +
22.1128-KH, respectively, from the Collection of Diatoms of the World Ocean (Karadag Scientific
Station, IBSS, https://ibss-ras.ru/about-ibss/structure-ibss/tsentry-kollektivnogo-polzovaniya/collection-
of-diatoms-of-world-ocean/). Clones 23.1129-KE and 23.1113-KS were characterized by higher con-
centration of extracellular marennine and cell density, while 23.1227-KC was less productive. On aver-
age, cell sizes for clones 23.1129-KE, 23.1113-KS, and 23.1227-KC were (15.3 ± 0.28), (48.5 ± 0.32),
and (56.1 ± 0.28) μm, respectively.

Pure cultures were maintained under non-axenic conditions in 50-mL glass Erlenmeyer flasks.
A modified artificial ESAW medium (Enriched Seawater, Artificial Water) [Polyakova et al., 2018]
was used as a medium, with a salinity level of 20‰ taken as standard cultivation conditions. Cul-
tures were grown at a temperature of +20 °C at two levels of illuminance, 3.3 and 7.2 klx, with
the aid of LED lamps LLED-05-T5-FITO-14W-W [ATL Business (Shenzhen) Co., Ltd., China].
The photoperiod was 14 h / 10 h (light / dark). Illuminance was measured with a lux me-
ter Yu-116 (USSR). To the flasks, 0.5 mL of inoculum with a cell density of 100 cells·mL⁻¹
was added.
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In six clones of H. karadagensis, for 20 days, the concentration of pigment released into the medium
was measured every 2 days. The cell concentration was estimated in a Fuchs–Rosenthal chamber.
The rate of cell division for the first 5 days was determined by a change in the cell density according
to the exponential growth model [Wood et al., 2005]. The rate of the marennine accumulation in cultures
for the same clones was calculated in a similar manner.

During the study, 24 different nitrogen concentration options and 29 phosphorus concentra-
tion options in 154 combinations were tested. For two clones, 12 combinations involving nitrogen
and phosphorus were tested at a higher illuminance (7.2 klx).

The main biogenic elements (nitrogen and phosphorus) were preliminarily excluded from the com-
position of the completely artificial ESAW medium; then, their required amount was added
in the form of NaNO₃ and NaH₂PO₄ compounds. Concentrations in the medium were within ranges
of 0.136–43.2 mg·L⁻¹ for nitrogen and 0.014–4.481 mg·L⁻¹ for phosphorus. The modified ESAW
medium served as a control.

The duration of the culture growth in the experiments was 10 days, during which they were in the ex-
ponential growth phase, not reaching the stationary one. In this case, the release of extracellular maren-
nine by cells into the culture medium was intravital as evidenced by the absence of dead cells (empty
frustules). In a 10-day period, extracellular marennine was accumulated in the cultures in a concentration
sufficient for spectrophotometric analysis.

Non-specific absorption was extremely low, and this allowed the use of unfiltered medium containing
dissolved extracellular marennine for spectral analysis. Optical density was measured in a cuvette with
an optical path length of 2 cm. Absorption spectra were recorded with a PromEcoLab PE-5400UF
spectrophotometer (Shanghai Mapada Instruments Co., Ltd., China) and supplied Scan54 software.

To calculate the concentration of extracellular marennine in H. karadagensis according
to the Bouguer–Lambert–Beer law, we used the only currently known values of the molar extinc-
tion coefficient [ε677 = 120,000 L·mol⁻¹·cm⁻¹ for a wavelength of 677 nm] and the molar mass
[M = (9,893 ± 1) Da] obtained for extracellular marennine in H. ostrearia [Pouvreau et al., 2006].
The wavelength of 677 nm corresponds to the maximum optical density in the red region of the spec-
trum for extracellular forms of marennine of both species. The cell concentration in the cultures
was calculated on the 10ᵗʰ day of the experiment.

The mean values of extracellular marennine content, cell density, and specific cell productivity
in terms of extracellular marennine (hereinafter specific productivity) are given in the text and figures
taking into account the error of the mean.

RESULTS AND DISCUSSION
Under our standard culture conditions, exponential growth of H. karadagensis cells was recorded

for at least 5–6 days (Fig. 1A). This is consistent with the data of authors who reported, at different
nutrient concentrations, a late exponential phase on the 8ᵗʰ day of cultivation [Pedron et al., 2023]. Sub-
sequently, growth was declining, and cells formed clusters making it impossible to accurately count them
in the following days.

During the first week, the marennine concentration in the culture also increased exponentially,
and during the following month, linearly (Fig. 1B). The graph of the accumulation rate of extracellular
marennine shows as follows: 5–8 days are required to obtain a pigment concentration sufficient for spec-
trophotometric analysis. During this period, the H. karadagensis culture is in the exponential growth

Marine Biological Journal 2025 Vol. 10 No. 4



The effect of nitrogen and phosphorus on the accumulation of extracellular marennine-like pigment… 63

phase, cells do not die, and only the extracellular form of the pigment is accumulated in the medium.
By the end of the month, clonal variability in terms of both cell density and extracellular marennine
concentration became evident.

Fig. 1. The cell density growth (A) and extracellular marennine accumulation (B) in Haslea karadagensis
cultures under standard cultivation conditions. The legend indicates the names of the clones used

With a gain in nitrogen and phosphorus content, we recorded a drop in the concentration of extra-
cellular marennine accumulated in the medium. This dependence was approximated by an exponential
function with a high correlation (Fig. 2A, B). Furthermore, the cell density in the cultures significantly
decreased with an increase in nitrogen concentration (Fig. 2C), while a rise in phosphorus concentra-
tion in the medium within the studied range did not result in a decline in the cell density (Fig. 2D).
Our data are quite consistent with the results of other authors for H. ostrearia cultures [Lebeau et al.,
2000; Neuville, Daste, 1972, 1978; Nghiem Xuan et al., 2021].

In the cultures of the more productive clones, 23.1129-KE and 23.1113-KS, a mean of 1.8 mg·L⁻¹
of marennine was accumulated at a nitrogen concentration of 0.177–43.200 mg·L⁻¹, phosphorus con-
centration of 0.018–4.784 mg·L⁻¹, and illuminance of 3.3 klx. The mean cell density and specific
productivity were 77,197 cells·mL⁻¹ and 30 pg·cells⁻¹, respectively.

Marine Biological Journal 2025 Vol. 10 No. 4



64 E. Kirienko and N. Davidovich

Fig. 2. The mean values of extracellular marennine content (A, B), cell density (C, D), and specific extra-
cellular marennine productivity (E, F) inHaslea karadagensis culture for different concentration of nitrogen
and phosphorus in the medium at the illuminance level of 3.3 klx. When approximating the data, concen-
trations of biogenic elements close to zero were excluded (0.136 μg·L−1 for nitrogen and 0.014 μg·L−1
for phosphorus)

The less productive clone, 23.1227-KC, was characterized by the mean marennine concentration
of 1.25 mg·L⁻¹. In the experiments with this clone, the maximum nitrogen content (128.5 mg·L⁻¹)
was tested; however, it did not lead to a significant shift in the marennine concentration. No cell death
due to nitrogen poisoning was revealed.

For the illuminance level of 7.2 klx, the mean value of extracellular marennine concentration
was 3.14 mg·L⁻¹. The cell density was 58,177 cells·mL⁻¹, and the specific productivity was 60 pg·cells⁻¹,
i. e., twice as high as at lower illuminance.
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At close-to-zero concentrations of biogenic elements, 0.136 mg·L⁻¹ of nitrogen and 0.014 mg·L⁻¹
of phosphorus, the marennine production was minimal and averaged 0.51 mg·L⁻¹. However, even
a slight increase in their content, nitrogen to 0.177 mg·L⁻¹ and phosphorus to 0.018 mg·L⁻¹, led
to the same concentration of cells and marennine in the medium as with a higher supply of biogenic
elements (Fig. 3).

Fig. 3. The cell density in the Haslea karadagensis culture after 10 days of cultivation under low nitrogen
concentration

According to the data obtained, the specific cell productivity of theH. karadagensis culture for maren-
nine (its extracellular form) did not depend on the concentration of the main biogenic elements in a fairly
wide range, except for minimal values, and averaged about 30 pg·cells⁻¹ (Fig. 2E, F). As assumed, the key
factor limiting pigment production is illuminance, since marennine is believed to perform a photoprotec-
tive function by shielding chloroplasts from ultraviolet radiation [Schubert et al., 1995]. As noted above,
the spectral composition of light is also important: the marennine production significantly increased
when H. ostrearia cultures were illuminated with blue light compared to illumination with the control
white light [Mouget et al., 2005].

The density of diatom cells, according to some authors, is determined chiefly by the availability of sil-
icon [Nghiem Xuan et al., 2021]. The second crucial element affecting the cell density growth is phos-
phorus [Turpin et al., 1999]. In the ESAW medium we used, the silicon concentration was 3 mg·L⁻¹,
and it was quite sufficient for the consumption by cells during 10 days of cultivation.

The marennine accumulation in a medium was shown to depend on its composition [Nghiem Xuan
et al., 2020]. It was also noted as follows: if the medium contains both organic and inorganic sources of ni-
trogen and phosphorus, the marennine production is low. Importantly, the same as in our experiments,
an increase in nitrogen content to certain values initially favored the marennine synthesis, and subse-
quently inhibited the cell density growth and the pigment accumulation in the medium. The composition
of the ASW medium (Artificial Seawater) is most similar to that of ESAW. According to the data pro-
vided [Nghiem Xuan et al., 2020], a medium developed on the basis of the ES1/3 medium turned out
to be optimal for the marennine accumulation. Moreover, in the marennine synthesis, the role of both
the composition and the concentration of biogenic elements was significant.

In addition to their general theoretical value, the results obtained have practical significance
for biotechnology, in particular for the aquaculture of filter-feeding molluscs, such as oysters.
Marennine not only improves their organoleptic properties and increases their commercial value,
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but, being a biologically active substance, has a preventive effect: it protects against diseases [Gastineau
et al., 2012c, 2018]. Currently, biotechnology for the marennine production involving cultures ofHaslea
representatives is not used; oyster farmers rely on natural and poorly predictable outbreaks of algae de-
velopment in ponds where these molluscs are kept. Notably, under natural conditions, it is impossible
to achieve such a high concentration of marennine as in laboratory cultures. Thus, in a field experiment,
when water supplied to oyster ponds was enriched with nitrogen, phosphorus, and silicon, the maximum
observed content of extracellular marennine was 2.7 mg·L⁻¹ [Turpin et al., 1999]. In a non-laboratory ex-
periment, the marennine concentration reached 3.4 mg·L⁻¹ [Turpin et al., 2001]. In H. ostrearia culture
in a photobioreactor, the marennine content was an order of magnitude higher: 20–30 mg·L⁻¹ [Rossignol
et al., 2000].

Another noteworthy factor is clonal variability. In our study, three H. karadagensis clones were used,
and two of them exhibited higher productivity in terms of extracellular marennine synthesis. A similar
pattern of variation was recorded in experiments with H. ostearia [Mouget et al., 2005; Pedron et al.,
2023]. As found, the clones differed in cell size, and this indicates they were at different stages of the life
cycle. The highest productivity in terms of pigment accumulation was demonstrated by medium-sized
cells. The exact reasons for the variability are unknown, and this may become a topic for new research.

Conclusions. For the marennine-producing diatom Haslea karadagensis, we revealed no signifi-
cant correlation between nitrogen and phosphorus concentration in a medium and the specific pro-
ductivity in terms of extracellular marennine synthesis. Relatively low content of these biogenic ele-
ments, 0.177 mg·L⁻¹ of nitrogen and 0.018 mg·L⁻¹ of phosphorus, was sufficient for optimal growth
of H. karadagensis cultures and accumulation of extracellular pigment in the medium. An increase
in their concentration negatively affected the cell density growth and accumulation of extracellular
marennine in the culture.

The key drivers of the productivity of marennine accumulation were illuminance and, likely, clonal
variability. An increase in illuminance from 3.3 to 7.2 klx stimulated a nearly twofold boost in both ex-
tracellular pigment concentration and specific productivity. The effect of intraclonal differences requires
further study.

The study was carried out with the financial support of the Russian Science Foundation (project
No. 24-24-00054).

The work used the materials of the IBSS core facility “Collection of Diatoms of the World Ocean.”
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НА НАКОПЛЕНИЕ ВНЕКЛЕТОЧНОГОМАРЕННИН-ПОДОБНОГО ПИГМЕНТА

В КУЛЬТУРЕ HASLEA KARADAGENSIS (BACILLARIOPHYTA)
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В настоящее время известно пять видов диатомовых водорослей из родаHaslea, которые способ-
ны продуцировать пигменты мареннины, слегка различающиеся по своим физико-химическим
характеристикам. Имеющиеся сведения относятся главным образом к мареннину H. ostrearia.
Это делает актуальным изучение мареннин-подобных пигментов у других представителей ро-
да, в частности у H. karadagensis — эндемика Чёрного моря. Цель исследования заключалась
в анализе влияния азота и фосфора на накопление внеклеточного мареннин-подобного пигмен-
та в клоновых культурах H. karadagensis. Следует отметить противоречивость литературных
данных о влиянии этих основных биогенных элементов на накопление мареннина в культурах.
Для изученных клонов H. karadagensis установлено отсутствие значимой корреляции между
удельной продуктивностью клеток в отношении выделения внеклеточного мареннин-подобного
пигмента и уровнями азота и фосфора в среде. Определены темпы роста численности клеток
и динамика накопления внеклеточного пигмента в культурах H. karadagensis.
Ключевые слова: диатомовые водоросли,Haslea karadagensis, мареннин, биогенные элементы,
накопление пигмента, удельная продуктивность, численность клеток
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In August 2023, surface bottom sediments (top 5-cm layer) were sampled in three bights of Amur Bay:
Melkovodnaya Bight (V1), Kruglaya Bight (V2) (both within Voevoda Bight), and Uglovoy Bight (U1).
Despite being neighboring bays, V1 and V2 differ significantly in granulometric composition and distri-
bution of both heavy metal concentration and organic carbon content. Elevated levels of heavy metals
and organic carbon were revealed in Kruglaya Bight (at station V2). In its bottom sediments, values
of the enrichment factor (EF) for each analyzed metal, except for Co, exceeded levels attributable
to natural weathering processes. A high level of enrichment was registered for Cd (EF = 24.08); a mod-
erately high one, for Cu (EF = 6.15) and Pb (EF = 5.51); and a moderate one, for Ni, Zn, and Cr (EF
accounted for 4.5, 4.3, and 3.21, respectively). The calculation of the modified degree of contami-
nation index (mCd) showed a moderate degree of contamination at sta. V2 (mCd = 4.38). In bot-
tom sediments from sta. V1, most metals were characterized by a low level of enrichment, except
for Cd, with its moderate level (EF = 4.07). EF values for bottom sediments from sta. U1 were sig-
nificantly below 1.5 providing evidence for the natural-origin input of heavy metals from weathering
processes. In the studied bays, biotesting was carried out for the first time, with larvae of the sea urchin
Scaphechinus mirabilis serving as a test object. During bioassays, the highest abundance of abnormally
developed larvae was found at sta. V2. In aqueous extracts of bottom sediments from sta. V2, none
of larvae reached the gastrula stage, and the value of the integral toxicity index (ITI) was 9.84 points.
In aqueous extracts from sta. V1 and U1, normally developed larvae at the late gastrula stage predom-
inated 18 h after the start of the experiment. In extracts of bottom sediments from Melkovodnaya
Bight (sta. V1), the overwhelming majority of larvae developed with severe morphological abnor-
malities. Larvae at the prism and early pluteus stages were characterized by poorly developed skele-
tal rods or their lack. Moreover, we found exoforms of larvae with no intestine in their body cav-
ity (it was protruded outward). ITI for bottom sediments from sta. V1 (7.72 points) was twice as high
as for samples from sta. U1 (3.5 points). The obtained data indicate that the accumulation of heavy met-
als in Kruglaya Bight is driven by a combination of factors. In their turn, high concentrations of heavy
metals and organic carbon may mediate the formation of unfavorable conditions for benthic organisms.
Keywords: Amur Bay, biotesting, bottom sediments, organic carbon, heavy metals, Scaphechinus
mirabilis

Sediments play a significant role in marine ecosystem functioning, as those serve as a habitat for ben-
thos. Moreover, in sediments, accumulation and transformation of nutrients occur, as well as of a wide
range of pollutants delivered to marine systems via terrestrial runoff and precipitation [Roberts, 2012].
Monitoring surveys and research on environmental pollution often target heavy metals currently defined
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as metals with an atomic mass exceeding 50 atomic units: V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Sn, Hg,
Pb, Bi, etc. [Naleta et al., 2015]. These contaminants have significant toxic and cumulative effects [Rou-
chon, Phillips, 2017]. Consequently, an analysis of heavy metal concentrations in marine ecosystems
remains an integral component of environmental quality assessments[Marine Water Pollution, 2022;
Wilbers et al., 2014].

The toxicity of sediments can be evaluated by comparing concentrations of certain heavy met-
als and international regulatory values (sediment quality guidelines, SQGs [MacDonald et al., 2004]),
and by calculating various individual and comprehensive indices. These approaches only provide infor-
mation about potential toxic risks to hydrobionts. To fully assess risks associated with pollutant expo-
sure, biological methods are additionally applied. One of them is bioassays on marine sediment extracts
involving different test organisms. In this context, echinoderms are widely used as model organisms
in ecotoxicological studies, as their responses to environmental stressors can be observed at various
levels of biological organization: from the molecular genetic level to the ecosystem one [Canty, 2009].
The use of sea urchin larvae allows for the estimation of teratogenic effect of heavy metals [Chiarelli
et al., 2019; Mazur et al., 2020; Rouchon, Phillips, 2017]. Furthermore, these test organisms are listed
in numerous regulatory documents as the ones recommended for assessing the toxicity of marine
sediments [ABNT-NBR 15350 DE 03/2023, 2025; ASTM, 2012].

Kruglaya and Melkovodnaya bights, located on the western side of Russky Island, are adjacent
areas exhibiting pronounced differences in grain size distribution, and also in distribution of heavy
metals and organic carbon [Ryumina et al., 2023]. Kruglaya Bight hosts extensive meadows of a sea-
grass Zostera marina Linnaeus, 1753. Moreover, there is an aquaculture farm, where the Yesso scallop
Mizuhopecten yessoensis (Jay, 1857) and the Pacific blue musselMytilus trossulusA. Gould, 1850 are cul-
tured [Gavrilova, Kucheryavenko, 2011]. The “Bely Lebed” sanatorium renowned for its therapeutic
muds is located on Melkovodnaya Bight shores. Hydrological and hydrochemical studies in Voevoda
Bight have shown that its offshore and middle sites (excluding Kruglaya Bight) are the areas that freely
exchange waters with Amur Bay [Barabanshchikov et al., 2015]. In Voevoda Bight, the nature of biogeo-
chemical processes is determined by the intensity of the production and decomposition of organic mat-
ter derived from three sources: phytoplankton, benthic macrophytes, and periphyton. In Melkovodnaya
Bight, its specific coastal morphology, when combined with the effect of river runoff peaking in sum-
mer, results in closed cyclonic circulation. Consequently, water exchange between Melkovodnaya Bight
and Amur Bay is weakened. Hydrochemical parameters in the bight have local features. Its circulation
pattern can facilitate summer phytoplankton blooms that are primarily driven by an increased supply
of nutrients from the Russkaya River runoff [Barabanshchikov et al., 2015]. The resulting excess of phy-
toplankton biomass, not eaten by zooplankton, is decomposed consuming oxygen and releasing carbon
dioxide. Along with this, dead fragments of Z. marina are decomposed.

The above-described mechanism cannot be applied to Kruglaya Bight, as its waters are not affected
by river runoff. There, the oxygen deficiency and elevated partial pressure of carbon dioxide are driven
by the decomposition of organic matter produced mainly by a seagrass Z. marina.

Hydrochemical studies of Uglovoy Bight have revealed its ongoing ecosystem degrada-
tion [Tishchenko et al., 2021]. Its visible manifestations include the disappearance of Z. marina
meadows, the occurrence of hypoxic events, and the fact that bight waters became a source of carbon
dioxide for the atmosphere. Pollution of sediments with heavy metals occurs constantly as a result
of economic activity on the bight shores. Pollutants mostly come with river runoff, due to sheet erosion
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from the urbanized landscape, and because of the operation of a low-water bridge [Petukhov et al., 2023].
The construction of this bridge (De Frieze–Sedanka) in 2009–2012 also noticeably affected sediments
in the bay (now De Frieze Peninsula and Muravyov-Amursky Peninsula are connected by a four-lane
highway). Hydraulic engineering construction in the coastal zone is typically accompanied by a signif-
icant rise in water turbidity and pollutant concentrations. The volume of suspended matter entering
the sea can be comparable to the discharge and annual runoff of large rivers [Mishukov et al., 2009].

The input of heavy metals into sediments of Voevoda Bight is poorly studied. Bioindication research
on pollution in coastal waters of Russky Island revealed elevated concentrations of heavy metals in brown
algae of the genus Sargassum, S. miyabei Yendo, 1907 and S. pallidum (Turner) C. Agardh, 1820, at sta-
tions on the Amur Bay side [Khristoforova et al., 2018]. These toxicants usually enter the aquatic envi-
ronment through precipitation, chemical weathering of rocks, leaching of sorbed forms from soils, sur-
face runoff, and wastewater (industrial, agricultural, and domestic). Crude oil tankers, product tankers,
and other vessels can also contribute to pollution [Khristoforova et al., 2015]. According to previ-
ous geochemical surveys, the highest content of zinc and copper was registered in sediment samples
from Kruglaya Bight, while the highest concentrations of chromium, nickel, and cobalt were recorded
at stations in Uglovoy Bight [Ryumina et al., 2023].

The aim of this study was to carry out a preliminary comprehensive assessment of heavy metal con-
tamination and toxic effects on hydrobionts in surface sediments (top 5-cm layer) from several sites
in Amur Bay. The assessment integrates chemical analysis with biotesting involving embryos and lar-
vae of the sand dollar Scaphechinus mirabilis (Agassiz, 1864). This test organism is used for bioassay
in Amur Bay areas for the first time.

MATERIAL AND METHODS

Uglovoy Bight and Voevoda Bight are shallow second-order basins of Amur Bay (Peter the Great Bay,
Sea of Japan) (Fig. 1). The area of Uglovoy Bight is 42 km². Numerous small streams and rivers flow into

Fig. 1. Geographical location of the study area
and sampling stations (hereinafter, V1, Melkovod-
naya Bight; V2, Kruglaya Bight; U1, Uglovoy Bight)

its eastern and northeastern shores; the largest
rivers are Chernaya, Bogataya, Vesennyaya,
Pyaty Klyuch, Peschanka, Saperka, Gryaznukha,
and Aerodromnaya [Losev, 2019]. Voevoda
Bight consists of two shallow basins: Kruglaya
Bight and Melkovodnaya Bight. The wa-
ter area of Voevoda Bight is approximately
4.0 km² (Melkovodnaya is about 2.4 km²,
and Kruglaya is about 1.6 km²). The only river
on the island, Russkaya (a small one), flows
into the bight from the east. Detailed hydrolog-
ical descriptions of these basins are provided
in [Barabanshchikov et al., 2015; Rakov, 2008].
Voevoda Bight is partially covered with Z. ma-
rina meadows. In Uglovoy Bight, Z. marina
formed meadows in the 1980s [Rakov, 2008];
by now, they have disappeared [Tishchenko
et al., 2021].
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In August 2023, three samples of surface sediments (top 5-cm layer) were taken by scuba diving.
The sampling covered an area of 1 m² and depths of 1.5–3.5 m. A plastic container was used. Three
sites within Amur Bay were surveyed: Melkovodnaya Bight (V1), Kruglaya Bight (V2), and Uglovoy
Bight (U1). Location of stations is shown in Fig. 1. At sta. V2, sediments were covered with Z. ma-
rina meadows. The sampled material was delivered to a laboratory for subsequent analysis. The portion
of sediments used for bioassay was sorted, frozen, and stored at −18 °C.

Concentrations of heavy metals (Fe, Mn, Zn, Cu, Pb, Cr, Ni, Co, and Cd) in the samples were deter-
mined by flame atomic absorption spectrometry on a Shimadzu AA-3600 spectrophotometer (Japan).
The samples were prepared in accordance with the methodology for the quantitative chemical analysis
of soils, sediments, sewage sludge, and waste (federal environmental regulation PND F 16.1:2.2:2.3:3.36-
2002) involving acid digestion. Considering the cumulative errors at all stages of sample preparation
and the measurement error inherent to the flame atomic absorption method, the total relative error
was estimated to be 5%.

The concentration of organic carbon (Cₒᵣ⛷) in the solid phase of sediments was determined on a TOC-
VCPH analyzer coupled with a Shimadzu SSM-5000A solid sample combustion unit (Japan). The an-
alyzer was calibrated with certified reference material: sediment standard “Limestone Silt” (state stan-
dard sample GSO 1758-80). Analytical precision was based on parallel measurements, and it was ±3%
of the determined value. The result is given as the percentage of Cₒᵣ⛷ in dry sediments.

Grain size distribution was assessed on an ANALYSETTE 22 NanoTec laser particle ana-
lyzer (Fritsch, Germany). Natural moisture samples were homogenized. To create a dispersion
medium, a surfactant 901 (Fritsch) was used. The analyzer was calibrated using a certified standard
F-500 (Fritsch).

Pollution and environmental risk indices. Heavy metal concentrations determined in this study
were compared with background levels for Peter the Great Bay [Kovekovdova, Simokon, 2004], permis-
sible values [Marine Water Pollution, 2022], and threshold ones [MacDonald et al., 2004] for marine
sediments. Also, individual pollution and environmental risk indices were calculated [enrichment fac-
tor (EF) and modified hazard quotient (mHQ)], as well as comprehensive ones [modified contamination
degree (mCd) and toxic risk index (TRI)].

Individual indices. Enrichment factor (EF) is an effective tool for quantifying the contribution
of each analyzed toxicant to the overall sediment pollution load. Its calculation involves the comparison
of obtained heavy metal concentrations to those of conservative elements (Al or Fe), less susceptible
to anthropogenic load [Li et al., 2015]. In this study, Fe was selected as a reference element. EF value
higher than 1.5 indicates an anthropogenic source of heavy metals, whereas a value lower than 1.5 sug-
gests a predominantly natural origin from weathering processes [Li et al., 2015]. Obtained factor values
are classified into seven enrichment categories, as detailed in Table 1. EF was calculated by the formula
as follows:

𝐸𝐹 = (𝐶𝑛/𝐶𝐹𝑒)𝑠𝑎𝑚𝑝𝑙𝑒
(𝐵𝑛/𝐵𝐹𝑒)𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

,

where (C⛽/CFₑ)✀ₐ⛼⛾⛻ₑ is the ratio of a heavy metal content to Fe concentration in an analyzed sediment
sample;

(B⛽/BFₑ)⛳ₐ⛴⛺⛷ᵣₒᵤ⛽⛵ is the natural background ratio of heavy metal content to Fe concentration
in bottom sediment samples at a reference site (Table 2).
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Modified hazard quotient (mHQ) characterizes the degree of risk of toxic effect from each studied
heavy metal on marine hydrobionts [MacDonald et al., 2004]. The calculation is based on the ratio
of the pollutant concentration in sediments to SQGs values for this toxicant: threshold effect level (TEL),
probable effect level (PEL), and severe effect level (SEL) (Table 2). To determine mHQ, the following
formula is used:

𝑚𝐻𝑄 = √ 𝐶𝑖
𝑇 𝐸𝐿𝑖

+ 𝐶𝑖
𝑃𝐸𝐿𝑖

+ 𝐶𝑖
𝑆𝐸𝐿𝑖

,

where Cᵢ is the concentration of the toxicant i;
TELᵢ, PELᵢ, and SELᵢ are values of TEL, PEL, and SEL for the toxicant i.

The obtained values are ranked according to eight hazard levels (Table 1).
Comprehensive indices. Modified contamination degree (mCd) characterizes the sediment con-

tamination degree and is defined as the sum of all contamination factors (Cf) [Brady et al., 2014].
To calculate mCd, the following formula is applied:

𝑚𝐶𝑑 = ∑𝑛
𝑖=1 𝐶𝑓 𝑖

𝑛 ,

where Cfⁱ is the contamination factor;
n is the total number of analyzed heavy metals.

The classification of contamination degrees is given in Table 1.
Toxic risk index (TRI) allows for the comprehensive assess of the toxicity for the sediments with TEL

and PEL taken into account. The criterion is used to normalize the toxicity of various pollutants. Also,
it is applied for further comparison of effects on biological systems [Li et al., 2015]. TRI is calculated
as follows:

𝑇 𝑅𝐼𝑖 =
√√√
⎷

( 𝐶𝑖
𝑇 𝐸𝐿𝑖

)2 + ( 𝐶𝑖
𝑃𝐸𝐿𝑖

)2

2 ; 𝑇 𝑅𝐼 =
𝑛

∑
𝑖=1

𝑇 𝑅𝐼𝑖 ,

where Cᵢ is the concentration of the analyzed pollutant i;
n is the total number of pollutants;
TELᵢ and PELᵢ are values of TEL and PEL for the toxicant i (Table 2).

The results of TRI calculation are ranked according to five risk levels (see Table 1).
Ecotoxicological assessment. Bioassays with the sand dollar S. mirabilis were carried out

at the “Vostok” marine biological station (NSCMB FEB RAS). For the experiment, we used seawater
sampled in Vostok Bay from a 6-m depth via a supply system. Seawater was filtered through a three-stage
gravel filter and subsequently treated with ultraviolet light.

Aqueous extracts from sediments were prepared following a standard technique [Beiras et al., 2003].
Pre-thawed sediment samples (100 g) were placed in conical flasks and filled with 400 mL of sterile
seawater. The mixtures were agitated on an orbital shaker Biosan PSU-20i (Latvia) for 2 h. Subsequently,
the samples were allowed to settle, and then filtered through a membrane filter (pore size of 2–3 µm).
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Adult mature S. mirabilis were sampled along the western coast of Vostok Bay (Peter the Great Bay,
Sea of Japan) at a depth of 4–4.5 m. The sand dollars were placed in containers with ice packs to ensure
their safe transport to the laboratory. Prior to the experiment, sea urchins were acclimated in aquariums
with flow-through seawater for 48 h. The temperature was +18…+19 °C.

Spawning of the animals was induced by injecting 0.2 mL of 0.5 M potassium chloride solution
into perivisceral cavity. Gametes were collected and prepared following a standard method [Beiras
et al., 2003]. For a control fertilization series, 1 mL of egg suspension was placed in beakers filled
with 50 mL of sterile seawater. After eggs had settled to bottom, 200 µL of diluted sperm sus-
pension was added. Fertilization success was assessed in 20 min under an Axio Imager A1 mi-
croscope (Carl Zeiss, Germany). Batches with a fertilization rate lower than 95% were excluded
from the assay.

Throughout the experiment, the temperature was maintained at +18…+19 °C. Bioassays were per-
formed in four replicates using gametes from three parental pairs (N = 3). Fertilization was carried out
in filtered sterile seawater. Then, zygotes were transferred to test extracts for further embryonic and larval
development [Beiras et al., 2003].

The toxicity of the studied samples was determined by evaluating the developmental status of lar-
vae at the gastrula (18 h) and pluteus (48 h) stages; integrated toxicity index (ITI) was applied [Mor-
roni et al., 2016]. For each parental pair, 400 larvae were examined at each controlled developmental
stage. To calculate ITI, the toxic effect was quantified by analyzing the frequency of developmental de-
lays and/or morphological abnormalities; those were ranked on a scale from 0 to 10 points according
to the severity of their implications for subsequent larval development. Lower scores were assigned to lar-
vae exhibiting developmental delays without malformations, whereas higher ones, to those with delays
accompanied with non-specific morphological changes.

ITI is calculated using the following formula:

𝐼𝑇 𝐼 =
𝑛

∑
𝑖=10

𝑆𝑖 × 𝐹𝐼
100 ,

where Sᵢ is the score assigned to each category of anomalies;
Fᵢ the number of anomalies;
100 the number of larvae counted.

RESULTS

Grain size distribution. According to the results of the analysis of grain size distribution (Fig. 2),
at sta. V1 (Melkovodnaya Bight), sediments consisted chiefly of fine-grained material. Thus, the psam-
mitic fraction amounted to 70%, while the aleuritic and pelitic fractions constituted 20% and 7.5%,
respectively. The proportion of the gravel fraction did not exceed 2.5%. At sta. V2 (Kruglaya Bight),
fine-grained fractions also predominated: the proportion of the psammitic one was 43%; the aleuritic,
44.1%; and the pelitic, 12.5%. The gravel fraction amounted to 0.4% only. At sta. U1 (Uglovoy Bight),
sediments were characterized by a predominance of the psammitic fraction: its proportion was 49.9%.
The aleuritic and pelitic fractions constituted 37 and 13%, respectively. The proportion of the gravel
fraction was 0.1%.
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Fig. 2. Grain size distribution of the surface layer of bottom sediments from Melkovodnaya Bight,
Kruglaya Bight, and Uglovoy Bight

Content of heavy metals and organic carbon in sediments. According to the data presented
in Table 2, the surface layer of sediments at sta. V2 featured elevated concentrations of all measured
elements, including organic carbon, compared to content at other stations. At this site, the background
levels were exceeded for all analyzed elements, except for Co. Concentrations of Cu, Pb, and Cd at sta. V1
were higher than the background level, the same as content of Pb, Cr, Ni, and Cd at sta. U1.

The level of heavy metal pollution in sediments in the study water areas was compared with for-
eign regulatory levels for heavy metal content listed in the so-called Dutch Lists [Warmer, van Dokkum,
2002]. Importantly, these concentrations are not referenced in regulatory legal acts of any foreign coun-
try, and also have no legal force in the Russian Federation. Despite this fact, the levels given in Dutch
Lists are used in works assessing the ecological state of sediments [Petukhov et al., 2023]. Moreover,
those are used in the compiled reviews and annual reports on the quality of Russian marine waters [Ma-
rine Water Pollution, 2022]. In sediments of Kruglaya Bight (sta. V2), permissible concentrations were
exceeded for Cu and Cd.

The potential toxic effects of heavy metals were analyzed by comparing their concentrations with
SQGs values recommended in the Canadian guidelines for the protection of aquatic life [MacDonald
et al., 2004]. Two criteria were used: the threshold effect level and the probable one (TEL and PEL).
Their values are based on ecotoxicological studies on representatives of freshwater, marine, and estuarine
fauna. TEL describes the permissible concentration of a contaminant for hydrobionts that is considered
statistically safe. In contrast, PEL defines the level above which organisms can undergo toxicological
effects [MacDonald et al., 2004]. As revealed, TEL was exceeded for Zn, Cu, Pb, Ni, and Cd in sediments
at sta. V2, and for Ni at sta. U1.

The calculation of the enrichment factor, EF, allowed revealing similar accumulation pat-
terns for toxic elements in sediments of Melkovodnaya Bight (V1) and Kruglaya Bight (V2):
Cd > Cu > Pb > Ni > Cr > Zn > Co for sta. V1 and Cd > Cu > Pb > Ni > Zn > Cr > Co for sta. V2.
In Uglovoy Bight (U1), the following pattern was observed: Cd > Ni > Pb > Cr > Co > Zn > Cu. The value
of EF higher than 1.5 indicates an anthropogenic source of contaminants. At sta. V2, EF values for all an-
alyzed metals, except for Co, exceeded this threshold (Fig. 3). High degree of enrichment was recorded
for Cd (EF = 24.08); significant one, for Cu (EF = 6.15) and Pb (EF = 5.51); and moderate one,
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for Ni, Zn, and Cr (EF values were 4.5, 4.3, and 3.21, respectively). At sta. V1, most heavy metals
featured minimum degree of enrichment; the exception was Cd, with its moderate degree (EF = 4.07).
At sta. U1, all values for sediments were significantly lower than 1.5; this indicates a natural origin
of heavy metals: from weathering processes.

Fig. 3. Values of enrichment factor (EF) and modified hazard quotient (mHQ) for analyzed bottom sedi-
ments

The calculation of mCd showed as follows: sediments from sta. V1 and U1 were characterized
by a very low contamination degree (mCd ≤ 1.5), while sediments from sta. V2 (Kruglaya Bight),
by a moderate one (mCd = 4.38) (Fig. 4).

Fig. 4. Values of modified contamination degree (mCd) and toxic risk index (TRI) for analyzed bottom
sediments

To assess the contribution of each heavy metal to the total potential toxic effect on hydrobionts,
mHQ was calculated (see Fig. 3). In sediments from sta. V2, mHQ values for Ni, Cu, and Cd
(1.67, 1.66, and 1.65, respectively) indicated moderate contamination severity, while values for Zn,
Pb, and Cr (1.32, 1.26, and 1.17), low one. The values of mHQ for toxic elements in sediments
from sta. V1 and U1 allowed to characterize contamination severity as very low. The exception
was Ni at sta. U1 (mHQ = 1.34).

To determine the level of integrated effect of heavy metals on benthic hydrobionts, TRI was cal-
culated (Fig. 4). Sediments from sta. V1 and U1 showed no potential toxic risks. The highest value
(TRI = 6.62) was obtained for sediments at sta. V2; it corresponded to a low risk level. Importantly,
although mHQ calculated for Ni, Cu, and Cd at this station indicated an individual moderate risk level,
the value of the integrated index was low.
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Ecotoxicological assessment.Aqueous extracts from sediments were biotested on larvae of the sand
dollar S. mirabilis. The subsequent calculation of ITI yielded the following results. In 18 h after fertiliza-
tion, the maximum abundance of abnormally developed larvae was observed at sta. V2 (Fig. 5). Specifi-
cally, in sediment extracts from this station, the overwhelming majority of embryos stopped their devel-
opment at the abnormal morula stage, having an uneven surface and larger cells than those of normally
developed embryos. A small number of larvae was classified as abnormal blastulae, whose blastocoel
exhibited uneven cellular filling. Thus, in aqueous extracts of sediments from sta. V2, not a single larva
developed to the gastrula stage, and ITI value was 9.84 points.

Fig. 5. Values of the integrated toxicity in-
dex (ITI) for analyzed bottom sediments 18
and 48 h after the start of the experiment

In 18 h after the start of the experiment, normally developed larvae at the late gastrula stage
predominated in aqueous extracts from sta. V1 and U1. Interestingly, extracts from sta. U1 also
contained normally formed but developmentally delayed larvae at the early gastrula and mesenchy-
mal blastula stages, as well as abnormally developed blastulae. Accordingly, ITI values at this stage
of the bioassay were higher for sediments from sta. U1 (2.2 points), while the value for sta. V1
was minimum (0.64 points).

In 48 h after fertilization, the maximum value of ITI (10 points) was also obtained for extracts
from sediments of sta. V2 (Fig. 5). In blastulae developing in these extracts, the morphological ab-
normalities were noted, and the latter ones prevented larvae from reaching the mid-pluteus stage. Im-
portantly, ITI values at this stage of the experiment for sta. V1 were significantly higher than those
for sta. U1. In sediment extracts from Melkovodnaya Bight (V1), the vast majority of larvae developed
with severe morphological impairments. Larvae at the prism and early pluteus stages were characterized
by the presence of poorly developed skeletal rods or their absence. Furthermore, we found exoforms
of larvae with no intestine in their body cavity (it was protruded outward). Although such an intestine
has all three anatomical constrictions corresponding to gut subdivisions in normally developed larvae,
it is non-functional [Mazur et al., 2020]. For sediments from sta. V1, ITI value (7.72 points) was twice
as high as for samples from sta. U1 (3.5 points).

DISCUSSION
At sta. V1 and V2, background concentrations for copper, lead, and cadmium were exceeded.

At sta. V2, background values for zinc, chromium, and nickel were exceeded as well. Zn and Cu in-
put to water bodies is typically associated with mining, ore processing, metal smelting, with operation
of electroplating shops, or with communal and household effects (both elements are common compo-
nents of domestic wastewater). At the same time, Cd, Ni, and Pb serve as indicators of anthropogenic
load on the environment [Khristoforova et al., 2018].
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The enrichment of sediments with heavy metals is a complex and multifactorial process. Their con-
centrations can result from sorption by mineral and organic matter, complexation, coagulation, forma-
tion and sedimentation of poorly soluble compounds, etc. The intensity of these processes is governed
by the morphometric and hydrological characteristics, and also by the hydrochemical regime of a water
body. Post-sedimentation reactions can lead to an increase in content of elements in pore waters, estab-
lishing a concentration gradient between pore waters and the overlying bottom ones. If physicochemical
conditions (pH, Eh, mineralization, and so on) change, heavy metals can be remobilized from sediments
and diffuse from pore waters into the bottom layers; this is a potential threat of secondary pollution
of the water area by these chemical elements [Dauvalter, 2012].

The distribution of heavy metals in sediments is also mediated by forms of their compounds with
the organic and inorganic matrix. One group of elements closely associated with the organic matrix (Zn,
Cu, Pb, and Cd) is characterized by high bioaccumulation coefficients in hydrobionts, and they en-
ter sediments primarily with detritus. Another group includes metals that enter aquatic ecosystems
bound within highly dispersed mineral particles, which are carried by allochthonous surface runoff
(Cr, Ni, and Co). Also, this group includes typomorphic elements (Fe and Mn) [Ivanov et al., 2020].
In sediments, Fe and Mn commonly occur as hydroxides and oxides. The same as organic matter,
those are very effective at accumulating and concentrating heavy metals [Bazilevskaya, Skolotnev,
2019].

In the present study, overall background pollution levels are similar for Kruglaya and Melkovodnaya
bights; however, the extent of heavy metal accumulation in their sediments is different. In Kruglaya
Bight, an analysis of the vertical distribution of organic carbon and heavy metals in a sediment
core revealed a linear correlation between content of Cₒᵣ⛷ and concentrations of zinc, lead, copper,
and nickel [Ryumina et al., 2023]. The same study examined sediment cores from Melkovodnaya
and Uglovoy bights as well, but found no correlation between organic carbon and heavy metals. These
facts suggest that the concentration of heavy metals in sediments is more efficient at sites covered
with Z. marina meadows.

Based on data on grain size distribution, the highest Cₒᵣ⛷ content in sediments would be ex-
pected at stations where the pelitic fraction prevails [Romankevich, Vetrov, 2021]. Conversely, de-
cline in organic carbon concentration is characteristic of sediments dominated by the psammitic frac-
tion. This pattern is attributed to the mechanical sorting of different-sized particles. In the present
study, Cₒᵣ⛷ content at sta. V2 was 4.83% (see Table 2), which is almost 5 times higher than the value
at sta. U1, 1.03%. Cₒᵣ⛷ concentration was 0.83% at sta. V1, where the psammitic fraction clearly
predominated; the value was close to that at sta. U1. At sta. V2 and U1, proportions of the pelitic
fraction were 12.5 and 13%, respectively; proportions of the aleuritic fraction were 44.1 and 37%.
It can be concluded that the distribution of organic carbon is not governed by the mechanical sorting
of different-sized particles.

In the absence of allochthonous inputs, the primary source of organic matter for sediments
of Kruglaya Bight is suspended matter derived from a seagrass Z. marina. A key component can
be zosterates: salts of a polysaccharide zosterin, which also acts as a natural ligand for heavy met-
als [Khozhaenko et al., 2015]. Upon plant senescence, these organic complexes enrich sediments with
both organic carbon and heavy metals [Hart, 1982]. The total content of carbohydrates produced
by Z. marina can be over 35% of seagrass dry mass, with zosterin comprising approximately 20%
[Tishchenko et al., 2020].
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As already mentioned, sta. V2 area, where sediments were sampled, hosts Z. marina meadows.
There, a very high degree of enrichment was noted for cadmium (EF = 24.08); a significant, for copper
(EF = 6.15) and lead (EF = 5.51); and a moderate, for nickel (EF = 4.5), zinc (EF = 4.3), and chromium
(EF = 3.21).

At sta. V2, Fe content (34,500 mg·kg⁻¹) was twice as high as at sta. V1 (14,800 mg·kg⁻¹) and U1
(15,500 mg·kg⁻¹). This also indicates the possible concentration of heavy metals by iron hydroxides,
and not just by organic matter.

The calculation of mCd showed that contamination degree at sta. V2 can be characterized as mod-
erate (mCd = 4.38). The determination of mHQ allowed for assessing the contribution of each ana-
lyzed heavy metal to the total potential toxic effect on hydrobionts. Thus, in sediments from sta. V2,
mHQ values for nickel, copper, and cadmium (1.67, 1.66, and 1.65, respectively) indicated moderate
contamination severity, and for zinc, lead, and chromium (1.32, 1.26, and 1.17), low one. The highest
TRI value (6.62) was recorded at sta. V2; this corresponds to a low risk level (see Table 1). Interest-
ingly, at this station, mHQ for nickel, copper, and cadmium indicated an individual moderate risk level,
but the value of the integrated index was low.

Judging by values of the enrichment factor, in sediments of sta. V1, most heavy metals
were characterized by insignificant levels; the exception was Cd which showed a moderate de-
gree of enrichment (EF = 4.07). EF values for sediments from sta. U1 were significantly
lower than 1.5 indicating that the input of heavy metals is associated with natural weathering
processes.

The calculation of mCd showed that sediments from sta. V1 and U1 are characterized
by a very low contamination degree (mCd ≤ 1.5). The values of mHQ for toxic elements in sed-
iments from sta. V1 and U1 reflected very low contamination severity, except for Ni at sta. U1
(mHQ = 1.34). Sediments of these two stations were characterized by the lack of potential
toxic risk.

In the water areas studied, the toxic effect of exposure to extracts from sediments can result
from either high content of certain pollutants/compounds or the combined action of several contami-
nants [Gorbacheva, 2018]. In our survey, the highest abundance of abnormally developed larvae was
observed in extracts from sta. V2; importantly, it is in sediments from this site that the highest Cu
and Cd concentrations (exceeding the permissible ones) were found. According to [Rouchon, Phillips,
2017], exposure to ionic copper at concentrations of 5 and 10 mg·L⁻¹ caused growth and develop-
mental delays in larvae of a sea urchin Evechinus chloroticus (Valenciennes, 1846), while increas-
ing content to 20 mg·L⁻¹ led to a complete cessation of larval development at the gastrula stage.
The effective concentration (EC₅₀) of cadmium ions in an experiment with larvae of Paracentrotus
lividus (Lamarck, 1816) was 1.003 mg·L⁻¹, with developmental defects being primarily skeletal ab-
normalities and impaired gut differentiation [Manzo et al., 2010]. Notably, the percentage of ab-
normally developed larvae was high in extracts from sediments of Melkovodnaya Bight (sta. V1).
Despite low level of heavy metal pollution and the absence of potential toxic risk to hydrobionts,
these extracts had a noticeable effect on sea urchin larval development. As known, sediments
accumulate not only the pollutants we analyzed, but also a wide range of contaminants. Those
can have potential inhibitory, additive, and synergistic effects on each other, thereby regulating
the toxic effect on larvae.
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Organic matter accumulated in sediments serves as a primary food source for most benthic organisms.
However, its excessive concentrations can lead to community degradation, manifesting in both qualita-
tive changes (decreased species richness) and quantitative ones (reduction in abundance and biomass).
When Cₒᵣ⛷ content exceeds 2.5%, a drop in abundance and biomass of the benthic community is observed,
as well as the restructuring of its species composition [Orekhova et al., 2019]. In a study on the response
of macrobenthos to organic matter enrichment in sediments, A. Petrov [2000] proposed a classification
covering five threshold levels of Cₒᵣ⛷ values. Based on this system, sediments at sta. V1 and U1 have
a medium level of eutrophication (II class), whereas those at sta. V2 feature a very high level (V class).
The organic matter concentration recorded in Kruglaya Bight is 4.83%. Following the above-mentioned
classification, this value is expected to result in the near-complete degradation of benthic communities,
with a predominance of opportunistic species. Such a high degree of sediment eutrophication is con-
sidered incompatible with favorable habitat conditions for most macrobenthic organisms; moreover,
it is likely to facilitate the enhanced accumulation of various organic and inorganic pollutants [Petrov,
2000].

The results of this study, along with the ongoing extensive industrial development of the water areas,
indicate the need for continued comprehensive assessments of heavy metal pollution in sediments and its
potential toxicity to hydrobionts.

Conclusion. Analysis of heavy metal content in the surface layer of sediments from Melkovod-
naya Bight (sta. V1), Kruglaya Bight (sta. V2), and Uglovoy Bight (sta. U1) revealed the highest val-
ues for sta. V2. The bottom of this site is extensively covered by Zostera marina meadows. Our results
indicate that this seagrass contributes much to enriching sediments with both organic matter (4.83%)
and heavy metals.

This enrichment has led to a lower overall ecological status for Kruglaya Bight compared to other
two shallow basins. Values of individual and comprehensive pollution indices, and also ecological risk
indices were the highest for sediments sampled at sta. V2.

Bioassay revealed the highest frequency of abnormally developed larvae of a sea urchin Scaphechinus
mirabilis at sta. V2. In aqueous extracts of sediments from this station, no larvae developed to the gastrula
stage, and the value of the integrated toxicity index (ITI) was 9.84 points. In contrast, aqueous extracts
from sta. V1 and U1 supported normal development, with larvae at the late gastrula stage predominating
18 h after fertilization. Within 48 h after fertilization, the vast majority of larvae in extracts from sta. V1
featured severe morphological impairments. ITI value for sediments from sta. V1 (7.72 points) was more
than twofold higher than that for samples from sta. U1 (3.5 points).

The results of the bioassay of sediments sampled in Kruglaya Bight were consistent with the calcula-
tion of indices of pollution and potential ecological risk for this site. Sediments from Melkovodnaya Bight
featured a different pattern. Despite low levels of heavy metal pollution and the absence of any potential
toxic risk to hydrobionts, sediment extracts significantly affected the development of the sand dollar
larvae. This discrepancy suggests that sediments are contaminated with other pollutants that contribute
to the cumulative toxic effect.

This work was carried out with financial support of state programs of POI FEB RAS (registration
No. 124022100077-0).
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ЗАГРЯЗНЕНИЯ И ТОКСИЧЕСКОГО ВОЗДЕЙСТВИЯ ДОННЫХ ОСАДКОВ
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В августе 2023 г. были отобраны образцы поверхностных донных осадков (верхние 5 см грун-
та) в трёх бухтах Амурского залива — в бухтах Мелководной (V1) и Круглой (V2), которые
располагаются в бухте Воевода, а также в заливе Угловой (U1). V1 и V2, являясь соседними
бухтами, имеют большие отличия в гранулометрическом составе и в распределении содержа-
ния тяжёлых металлов и органического углерода. Выявлено повышенное содержание тяжёлых
металлов и органического углерода в бухте Круглой (на станции V2). В донных осадках на ст. V2
значения коэффициента обогащения (EF) для каждого из проанализированных металлов, за ис-
ключением Co, превышали уровень естественного выветривания тяжёлых металлов. Сильный
уровень обогащения отмечен для Cd (EF = 24,08), умеренно сильный — для Cu (EF = 6,15) и Pb
(EF = 5,51), умеренный — для Ni, Zn и Cr (значения EF составили 4,5, 4,3 и 3,21 соответственно).
Расчёт модифицированного индекса степени загрязнения (mCd) показал, что на ст. V2 она явля-
ется умеренной (mCd = 4,38). В донных осадках со ст. V1 большинство металлов характеризова-
лись незначительным уровнем обогащения; исключение — Cd с умеренным уровнем (EF = 4,07).
Величи́ны EF для донных осадков со ст. U1 были существенно ниже 1,5; это свидетельствует
о поступлении тяжёлых металлов в результате естественных процессов выветривания. В иссле-
дуемых бухтах впервые проведено биотестирование с использованием личинок морского ежа
Scaphechinus mirabilis в качестве тест-объекта. В ходе этого анализа максимальное число ано-
мально развитых личинок выявлено на ст. V2. В водных вытяжках осадков со ст. V2 до стадии га-
струлы не развилась ни одна из личинок, а значение интегрального индекса токсичности (ITI) со-
ставило 9,84 балла. В водных вытяжках со ст. V1 и U1 спустя 18 ч с начала эксперимента преоб-
ладали нормально развитые личинки на стадии поздней гаструлы. В экстрактах осадков из бух-
ты Мелководной (ст. V1) подавляющее большинство личинок развивались с грубыми морфоло-
гическими нарушениями. Личинки на стадиях призмы и раннего плутеуса характеризовались
наличием слаборазвитых скелетных стержней или их отсутствием. Кроме того, отмечены экзо-
формы личинок без кишечника в полости тела (он выпячен наружу). Выявленное значение ITI
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для донных осадков со ст. V1 (7,72 балла) оказалось вдвое выше, чем для проб со ст. U1 (3,5 бал-
ла). Полученные данные указывают на то, что к концентрированию тяжёлых металлов в бухте
Круглой приводит совокупность факторов. В свою очередь, высокое содержание тяжёлых метал-
лов и органического углерода может обуславливать формирование неблагоприятных условий
жизни для бентосных организмов.
Ключевые слова: Амурский залив, биотестирование, донные осадки, органический углерод,
тяжёлые металлы, Scaphechinus mirabilis
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This review presents key insights into the molecular interactions of unicellular organisms. Bacteria
are characterized by quorum sensing (QS): an ability to modulate gene expression by microorganisms
depending on cell population density. This can, in particular, lead to changes in behavior and the acti-
vation of virulence factors. Phytoplankton possesses an analogous system: cells produce infochemicals
that can either increase the resistance of recipients to stress factors or trigger programmed cell death
in them. While bacterial quorum sensing molecules (QSMs) can activate/inhibit phytoplankton cell
growth, the infochemicals produced by the latter can affect the composition of the microbial com-
munity and suppress consumer development. Moreover, phytoplankton cells can affect bacterial QS
by disrupting the activity of signaling molecules or by imitating them.
Keywords: quorum sensing, autoinducers, phytoplankton, bacteria, infochemicals

In multicellular organisms, cells establish close physical and chemical contacts. These interactions
determine their differentiation, metabolism, and function [Brodskii, 2009]. Intercellular interactions
are also important for the vital activities of unicellular organisms. This was first demonstrated in stud-
ies of autoluminescence in Vibrio fischeri [Kempner, Hanson, 1968]. Research showed that lumines-
cence in these bacteria is activated in response to the appearance of extracellular secreted molecules,
the synthesis of which is induced at high cell density in the mid-logarithmic phase [Nealson et al., 1970].
It took more than a decade to confirm that this process is transcriptionally regulated. Thus, genes in-
volved in luminescence were discovered (lux operon) [Engebrecht, Silverman, 1984]. It was established
that luxCDABEG genes are required for visible light emission, while luxI and luxR genes are involved
in regulating the operon, controlling activation/inhibition of luminescence genes. The extracellular se-
creted molecule that activates luminescence at high cell density was identified as N-3-oxohexanoyl-L-
homoserine lactone (3OC6-HSL) [Eberhard et al., 1981]. Its production requires luxI gene, which en-
codes autoinducer synthase. In turn, luxR recognizes 3OC6-HSL and, acting as a transcription factor,
activates lux operon [Engebrecht, Silverman, 1984].

Gradually, similar gene systems began to be identified in other bacterial species, thereby expand-
ing our understanding of their physiology. It became evident that bacteria produce signaling molecules
that are recognized by cell–surface receptors. These molecules enter the cell and affect the transcription
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of specific genes: a phenomenon termed quorum sensing (hereinafter QS) [Fuqua et al., 1994]. Studies
of intercellular interactions have demonstrated that communication among phytoplankton cells is me-
diated by infochemicals [Pohnert et al., 2007]. Given that algae and bacteria coexist closely in aquatic
environments and have coevolved, a system of interactions has developed between them.

Currently, bacterial QS is a field of active research, as it offers novel strategies for combating
pathogenic bacteria. Still, studies on intercellular interactions in phytoplankton remain comparatively
scarce. However, this field is important: it provides insight into the mechanisms regulating blooms of uni-
cellular algae, which are an essential link in the trophic chains of water bodies and biogeochemical
cycles, affect climate change, and also contribute to half of the Earth’s oxygen production [Field et al.,
1998]. Bacteria coexisting with phytoplankton in aquatic environments can regulate its abundance: en-
hance stress tolerance and promote cell division. On the other hand, such bacteria can induce algal
death, and this is crucial to consider when developing strategies to mitigate toxic algal blooms, which
pose a danger to animals and humans. Given the fragmented and limited nature of conducted studies,
the aim of this review was to synthesize key concepts regarding bacterial QS, phytoplankton infochemi-
cals, and the mechanisms of cross-domain interactions mediated by these systems, as well as to identify
current knowledge gaps and research perspectives.

Bacterial quorum sensing system. QS enables the differential regulation of gene expression de-
pending on bacterial population density, leading to biofilm formation, biosynthesis of essential enzymes
and antibiotics, and shifts in motility and attachment. QS-controlled biofilm formation regulates bacterial
virulence by hindering antibiotic access to cells [Preda, Săndulescu, 2019]. Consequently, identifying
molecules that inhibit QS is a pressing issue.

QS molecules are referred to as autoinducers (AIs). Those are divided into five main groups (Fig. 1).
1. AI-1.Acyl homoserine lactones (AHLs) characteristic of gram-negative bacteria [Papenfort, Bassler,

2016]. AHL molecule consists of a lactone ring and an acyl side chain. Variations in the number
of carbon atoms in the acyl chain (from C₄ to C₁₈) and in the substituent groups (oxo and hydroxy)
determine the vast diversity and specificity of AHLs. Their molecules are transported into cells
and recognized by LuxR-type and CepR-type receptor proteins [Papenfort, Bassler, 2016; Slinger
et al., 2019]. AHLs are produced by many genera of gram-negative bacteria; accordingly, various
AHL synthases exist, encoded by luxI [Engebrecht, Silverman, 1984], ainS [Gilson et al., 1995],
hdtS [Laue et al., 2000], and CepI [Slinger et al., 2019] genes.

2. PQS. Pseudomonas quinolone signal (PQS), 2-heptyl-3-hydroxy-4(1H)-quinolone, characteristic
of gram-negative pseudomonads. Proteins involved in its synthesis constitute PqsABCDEH gene clus-
ter [Lin et al., 2018]. Upon entering the cell, PQS binds to the transcription factor PqsR, resulting
in the activation of virulence genes, particularly those required for biofilm formation [Lin et al.,
2018].

3. DSF. Diffusible signal factors (DSFs), a family of cis-2-unsaturated fatty acids characteristic
of gram-negative bacteria [He et al., 2023]. The mechanism of their action is governed by rpf (reg-
ulation of pathogenicity factor) gene cluster. In DSF synthesis, rpfF and rpfB proteins are involved.
DSF is detected by rpfC, which subsequently activates rpfG [Feng et al., 2023]. DSF signals have
emerged as important regulators of virulence and biofilm formation in a wide range of bacterial
pathogens [Deng et al., 2010]. DSFs have been shown to mediate not only intra- and interspecies
communication but also cross-domain one, particularly with fungi, plants, and insects [He et al.,
2023; Ryan et al., 2015]. However, no effect on phytoplankton has been demonstrated to date.
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4. AI-2. QS signal characteristic of both gram-negative and gram-positive bacteria; a group of inter-
converting furanones derived from dihydroxy-2,3-pentanedione (DPD), which undergoes a series
of spontaneous rearrangements. In DPD synthesis, luxS enzyme is involved, conserved in many bac-
teria [Surette et al., 1999]. Two types of DPD-derived AI-2 have been described: boron-containing
S-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-THMF-borate) and nonborated R-2-
methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF). These compounds are specific to various
bacteria, are recognized by different receptors, but are interconvertible, enabling to facilitate inter-
species bacterial communication. S-THMF-borate is recognized by LuxP (Vibrio spp.), whereas
R-THMF targets LsrB (Escherichia coli, Salmonella typhimurium, Bacillus anthracis str. ames,
and Sinorhizobium meliloti), RbsB (Aggregatibacter actinomycetemcomitans), and dCACHE domain
of PctA and TlpQ chemoreceptors (Pseudomonas aeruginosa) [Rodrigues et al., 2023].

5. AIP.Autoinducing peptides characteristic of gram-positive bacteria. The mechanism of their action
is similar across various species: peptides are synthesized by certain AIP synthases and later undergo
post-translational modification, and are secreted via ABC transporters with ATP-dependent release.
On the surface of recipient cells, AIPs are recognized by histidine kinase; it becomes activated
and triggers a signaling cascade, ultimately leading to changes in the expression of genes involved
in production of virulence factors [Verbeke et al., 2017].

Fig. 1. Quorum sensing regulation. Schematic representation of quorum sensing activation (left)
and the main types of autoinducers with key genes involved in their synthesis and perception by cells (right).
The autoinducer molecule is represented by a blue circle. AI, autoinducer; AHL, acyl homoserine lactone;
PQS, Pseudomonas quinolone signal; DSF, diffusible signal factors; DPD, dihydroxy-2,3-pentanedione;
AIP, autoinducing peptide

The diversity of quorum sensing molecules enables not only intraspecies but also interspecies
communication. AI-2 molecules mediate signal exchange between gram-positive and gram-negative
bacteria. Moreover, gram-negative bacteria have been shown to regulate their metabolism using dif-
ferent AIs. Thus, epibionts of Trichodesmium use QS to enhance phosphate uptake via alkaline
phosphatases (a process regulated by AI-1); AI-2 production governs a decrease in phosphate uptake
[Van Mooy et al., 2012].

Infochemicals of phytoplankton. The best-studied signaling molecules of phytoplankton
are oxylipins: short-chain polyunsaturated aldehydes (PUAs) and other degradation products of oxy-
genated fatty acids (Fig. 2). To date, PUAs under investigation include decadienal, decatrienal, octa-
dienal, octatrienal, and heptadienal [Cutignano et al., 2006; Wichard et al., 2005]. In addition to diatoms,
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haptophytes [Hansen et al., 2004] and chrysophytes [Rashash et al., 1995] are capable of producing
these compounds. PUA production increases upon membrane disruption following grazing by consumers,
as well as during the stationary growth phase, at high cell density. PUAs serve as a defense against graz-
ers, regulate the bacterial community composition in the phycosphere of microalgae, and participate
in their stress responses, either enhancing adaptation or leading to programmed cell death.

Fig. 2. Effects of oxylipins produced by diatoms on coexisting organisms in the environment

It was found as follows: when copepods feed on diatoms, cell and chloroplast membranes of the latter
are damaged, and this results in the release of polyunsaturated fatty acids. Oxidation and enzymatic cleav-
age of these fatty acids (by phospholipases and glycolipases) mediates the formation of PUAs [Cutignano
et al., 2006; Pohnert, 2002], which exert teratogenic effects on copepods [Caldwell et al., 2002; Ianora
et al., 2004] and disrupt their embryonic development [Miralto et al., 1999]. Furthermore, PUAs were
found to induce embryonic cleavage abnormalities in sea urchins, polychaetes, and ascidians [Lettieri
et al., 2015; Ruocco et al., 2019].

Oxylipins were discovered as a defensive response of phytoplankton to grazing by consumers. How-
ever, during subsequent research, it was found that their environmental significance is much higher.
Oxylipins not only function as intraspecific signals but also affect various phytoplankton taxa and thereby
contribute to the structuring of aquatic communities.

It has been demonstrated that PUA production increases with culture age and under nutrient depletion
[Ribalet et al., 2007; Vidoudez, Pohnert, 2008]. Mechanical disruption of the cell membrane (as occurs
during copepod grazing) is not strictly required for PUA production: during the terminal stages of Skele-
tonema marinoi blooms, PUA production was positively correlated with abundance of cells and the rate
of their lysis [Ribalet et al., 2014]. PUAs produced by diatoms have been shown to affect the division
of other phytoplankton species: haptophytes, chrysophytes, and dinoflagellates [Pichierri et al., 2016;
Ribalet et al., 2007]. Additionally, PUAs participate in regulating abundance and metabolic activity
of phytoplankton-associated bacteria [Ribalet et al., 2008].
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Under stress conditions, phytoplankton cells produce aldehyde (2E,4E/Z)-decadienal (DD) [Pohnert,
2002]. At high concentrations, DD induces intracellular signaling via nitric oxide (NO), culminating
in programmed cell death [Vardi et al., 2006]. However, at low concentrations, DD initiates a cascade
of reactions that confer resistance to stress, including elevated DD levels [Dolch et al., 2017; Vardi et al.,
2006].

Bacteria–phytoplankton interactions. Research into the mechanisms of bacteria–phytoplankton
interactions is of great practical importance: its results are useful for wastewater treatment and mitiga-
tion of algal blooms [Wu et al., 2022]. Furthermore, scientists continue the search for QS-inhibiting
compounds for effective treatment of diseases caused by multidrug-resistant bacterial strains [Pacheco
et al., 2021; Ćirić et al., 2019].

The primary site of interaction between microalgae and bacteria is the phycosphere (Fig. 3).
This region, that surrounds a phytoplankton cell, contains higher concentrations of nutrients
and secondary metabolites as compared to environment [Seymour et al., 2017].

Fig. 3. Scheme of interaction of microalgae and bacteria in the phycosphere (DOC, dissolved organic
carbon; POC, particulate organic carbon)

Interactions between bacteria and microalgal cells are remarkably diverse, ranging from mutualism
to parasitism [Amin et al., 2012]. In this review, we consider the aspects of bacteria–phytoplankton
interactions that are directly related to bacterial QS and phytoplankton-derived infochemicals.

Regulation of algicidal activity in bacteria. The hypothesis that bacteria–microaglae interactions
are mediated by QS is supported by metagenomic data, which have revealed bacterial gene sequences in-
volved in the synthesis of autoinducers within actively developing phytoplankton populations in aquatic
environments [Huang et al., 2018]. Under such conditions, QS may be directed toward protecting bac-
teria from antibacterial compounds produced by rapidly dividing phytoplankton cells, as well as toward
securing the supply of additional nutrients released from dead algal cells. Moreover, occurrence of com-
pounds released during decomposition of phytoplankton can trigger QS induction in bacteria. For ex-
ample, cells of Phaeobacter gallaeciensis, strain BS107, which coexist with Emiliania huxleyi, provide
coccolithophores with the phytohormone auxin (a growth promoter) during their exponential growth
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phase, while also protecting them from pathogens via antibiotic production. In turn, E. huxleyi produces
dimethylsulfoniopropionate (DMSP), which bacteria utilize as a source of sulfur. During the station-
ary growth phase, when products of algal decomposition, such as n-coumaric acid, are accumulated
in the environment, P. gallaeciensis metabolism shifts in response to the production of algicidal com-
pounds (in this case, roseobactericides) [Seyedsayamdost et al., 2011]. A flavobacterium Kordia algi-
cida also uses QS to control its algicidal activity. Thus, upon reaching high densities, its cells produce
an algicidal protease that affects Skeletonema, Thalassiosira, and Phaeodactylum representatives [Paul,
Pohnert, 2011]. However, the same study showed that the algicide produced did not affect Chaetoceros
didymus. Further investigation revealed that C. didymus releases its own proteases, which, upon sensing
K. algicida proteins, may serve as a chemical defense mechanism [Paul, Pohnert, 2013]. The mecha-
nism of QS-mediated activation of algicidal substance production has been demonstrated in Aeromonas
[Guo et al., 2016], Ponticoccus [Chi et al., 2017], and Bacillus subtilis [Zhang et al., 2020].

Effects of quorum sensing molecules on phytoplankton cells. Quorum sensing molecules them-
selves can be a source of stress for phytoplankton, as they lead to lipid accumulation and a slight reduc-
tion in biomass, as demonstrated in Chlorophyta [Zhang et al., 2018]. Cultivation of Chlorella sorokini-
ana with bacterial quorum sensing molecules, specifically AHLs, resulted in increased algal biomass,
as well as a significant boost in lipid and protein content [Das et al., 2019]. Marine Roseobacter iso-
lates have been found to produce AHLs, and some isolates can inhibit cell division of a diatom Skele-
tonema costatum [Ziesche et al., 2015]. Spontaneous rearrangement of AHLs can occur, with forma-
tion of tetramic acids (TAs) [Stock et al., 2019]. A high diversity of TAs has been reported. These
compounds exhibit antibacterial, antifungal, and antiviral activities [Jiang et al., 2020], and also algi-
cidal effects. Notably, the rearrangement product of oxo-C12-AHL (TA12) suppresses cell division
and photosynthesis in Phaeodactylum tricornutum [Stock et al., 2019]. Also, the effect of TA14 (oxo-
C14-HSL) has been shown on Seminavis robusta [Stock et al., 2020]. However, C14-HSL enhanced
cell division of this species. Transcriptomic analysis revealed that the mechanism of action of C14-HSL
and oxo-C14-HSL involves activation of gene expression related to intracellular signaling, and also al-
teration of the cell cycle-dependent gene expression in diatoms. Lipid metabolism was altered as well,
leading the researchers to suggest that S. robusta may utilize AHLs (C14-HSL) as an external energy
source [Stock et al., 2020].

Quinolones exert a strong toxic effect on phytoplankton. Pentylquinolone isolated from Altero-
monas sp. KNS-16 was shown to suppress the growth of Heterosigma akashiwo: a bloom-forming toxic
microalga [Cho, 2012]. A marine bacterium Pseudoalteromonas piscicida produces heptylquinolone,
which is toxic to E. huxleyi at a low concentration (1 µM) [Harvey et al., 2016]. The mechanism of its ac-
tion differs slightly among phytoplankton species. When affecting E. huxleyi, heptylquinolone disrupted
photosynthesis by inhibiting photosystem II and a cytochrome b6f [Harvey et al., 2016], and also sup-
pressed cell cycle and DNA repair [Pollara et al., 2021]. In a green alga Dunaliella tertiolecta, photo-
synthesis was inhibited via inactivation of photosystem II, whereas in a diatom P. tricornutum, the com-
pound hindered electron transport by blocking the cytochrome b6f complex [Dow et al., 2020]. A pos-
itive effect of heptylquinolone on E. huxleyi was also observed: the induction of resistance to viral
infection [Pollara et al., 2021].

Effects of phytoplankton on bacterial quorum sensing.Certain phytoplankton species are capable
of mimicking bacterial signals, thereby suppressing QS (Table 1). This mechanism is termed quorum
quenching (QQ) [Sikdar, Elias, 2020].
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Table 1. Quorum quenching system in phytoplankton

Producer Compound Effect on recipient Reference

Chlamydomonas reinhardtii

Not identified Activation of QS
in Sinorhizobium meliloti Teplitski et al., 2004

Not identified,
with a lactone ring

Effect on CepR QS receptors
in Aeromonas veronii:
reduction of biofilm

formation
Rajamani et al., 2011

Lumichrome Activation of QS
in Pseudomonas aeruginosa Rajamani et al., 2008

Asterionellopsis glacialis Rosmarinic acid
Inhibition of motility,
and biofilm formation

in Roseobacter
Fei et al., 2020

Anabaena sp. Acylase Degradation of AHL Romero et al., 2008
Nitzschia cf. pellucida Haloperoxidase Degradation of AHL Syrpas et al., 2014

Upon prolonged cultivation, cells of a green alga Chlamydomonas reinhardtii produce a number
of compounds that mimic AHLs by stimulating QS receptors: LasR or CepR. Exposure of S. meliloti
cells at low density to such a mimic (partially purified and of unidentified chemical nature) altered the bac-
terial proteome to an extent similar to that caused by genuine AHLs [Teplitski et al., 2004]. Treatment
with lactonase (a metalloenzyme) abolished the effect of the C. reinhardtii mimic on Aeromonas veronii
CepR receptors, suggesting that the QS-mimicking compound produced by this alga contains a lactone
ring with an amide bond, the same as bacterial AHLs [Rajamani et al., 2011]. Another study showed
that C. reinhardtii cells produce riboflavin, that subsequently forms lumichrome; the latter can stimulate
LasR receptors in P. aeruginosa [Rajamani et al., 2008].

Bacteria of the Roseobacter group colonize the phycosphere and are symbionts of a diatom Asteri-
onellopsis glacialis. The alga, in turn, can use mimics of quorum sensing molecules to trigger inhibition
of bacterial motility and biofilm formation [Fei et al., 2020]. Rosmarinic acid produced by A. gracialis
may facilitate colonization of the phycosphere by bacteria via impairing their motility [Fei et al., 2020].

Filamentous cyanobacteria, Anabaena sp., possess AHL-acylase activity and genes encoding acy-
lases (homologous sequences of the acylase-encoding gene have also been found in Nostoc punctiforme,
Gloeobacter violaceus, and Synechocystis sp.). Its production probably allows it to avoid interference
from external signals in its own signaling system or makes it possible to affect other organisms [Romero
et al., 2008].

A diatom Nitzschia cf. pellucida is capable of degrading AHLs via bromine-mediated halogena-
tion of oxo-AHLs, leading to hydrolysis of both the acyl and lactone moieties [Syrpas et al., 2014].
It is hypothesized that this mechanism is available to many diatoms, but further investigation is required.
Bioinformatic analysis revealed that the genome of a diatom Fragilariopsis cylindrus contains a candi-
date gene encoding a haloperoxidase, which may inhibit bacterial QS through halogenation of AHL acyl
chains [Amin et al., 2012]. Thus, diatoms can degrade AHLs, thereby inhibiting not only algicidal effects
but also QS-mediated changes in bacteria.

Effects of phytoplankton oxylipins on bacterial cells.As was shown, the composition of the bacte-
rial community in the phycosphere is dependent on the growth stage of algal cells and may be associated
with the release of secondary metabolites. Differential effects of oxylipins have been observed among
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bacterial strains isolated during the active growth phase of S. marinoi population, with these compounds
either stimulating or inhibiting cell division [Ribalet et al., 2008]. However, several studies have failed
to detect a correlation between bacterial diversity and the production of PUAs [Eastabrook et al., 2020;
Paul et al., 2012]. Apparently, oxylipins, while not the sole determinant, constitute an important fac-
tor in algae–bacteria interactions. A recent study has demonstrated that Cyclotella cryptica modulates
its PUA profile depending on co-cultivated bacteria [Hernanz-Torrijos et al., 2023].

Research perspectives. Chemical interactions between unicellular organisms are mainly explored
in vitro, that undoubtedly provides the foundation for investigating natural phenomena. This approach
certainly allows the detection of various compounds responsible for cellular signaling and the eluci-
dation of basic principles of cell interactions. Under laboratory conditions, we can model specific
processes to study cellular responses, examine changes in gene expression induced by various info-
chemicals, isolate novel compounds from cells, and use genetic engineering approaches to investi-
gate the effects of turning on and off genes involved in the synthesis of target compounds. How-
ever, it is impossible to model in vitro all environmental factors that affect an organism, and con-
sequently, to capture all possible cellular responses. Numerous questions remain unsolved, including
the following ones: how does microbiome of the algal phycosphere affect its response to environmental
changes, and what concentrations of infochemicals are sufficient to transmit signals in the water col-
umn? To understand the role of bacteria in the mechanisms of phytoplankton population development,
interdisciplinary laboratory studies need to be complemented by comprehensive in vivo investigations:
metagenomic (to identify bacteria associated with various phytoplankton species), metatranscriptomic
(to elucidate cellular responses to environmental changes), and metabolomic ones (to detect induced
signaling compounds).

Understanding the processes of cellular interactions provides fundamental knowledge about develop-
ment of phytoplankton population that has several practical applications. First, obtaining stable and high
biomass of unicellular algae is a key issue in biotechnology. Elucidating the mechanisms of population
regulation will open up relevant opportunities. Second, phytoplankton metabolites are a source of bioac-
tive compounds, particularly for the production of new antibiotics [Pradhan, Ki, 2022]. In turn, bacterial
compounds can be used for species-specific control of algal overgrowth in water bodies, which is crucial
for mitigating harmful algal blooms [Sun et al., 2018].

Conclusion. Molecular interactions between unicellular organisms in aquatic ecosystems play a key
role in shaping both competitive and cooperative dynamics within population. A wide diversity of signal-
ing molecules produced by microorganisms facilitates not only intra- and interspecific communication
but also interactions between pro- and microeukaryotes. Bacterial quorum sensing (QS) enables col-
onization of the microalgal phycosphere and can affect algal physiology. The production of algicidal
compounds is known to be a quorum-dependent mechanism capable of regulating phytoplankton popu-
lation dynamics. In turn, microalgae can modulate bacterial development through their own infochemi-
cals and interfere with bacterial QS by either degrading autoinducers or mimicking them. Nevertheless,
the prevalence of quorum quenching across different phytoplankton species, as well as the mechanisms
by which oxylipins affect the microbial community of the phycosphere, remain poorly understood. Nu-
merous unresolved questions underscore the need for further research aimed at elucidating the princi-
ples of coexistence of organisms in aquatic ecosystems, cellular adaptation to environmental changes,
and the search for novel compounds for controlling pathogenic bacteria and mitigating harmful algal
blooms.
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РОЛЬ ЧУВСТВА КВОРУМА И ИНФОХИМИЧЕСКИХ ВЕЩЕСТВ
ВО ВЗАИМОДЕЙСТВИИ ПРО- И МИКРОЭУКАРИОТ

В ВОДНЫХ ЭКОСИСТЕМАХ

Э. М. Судакова

Лимнологический институт СО РАН, Иркутск, Российская Федерация
E-mail: bairamovaelvira@gmail.com

В обзоре представлены ключевые знания о молекулярных взаимодействиях одноклеточных ор-
ганизмов. Для бактерий характерно чувство кворума (quorum sensing, QS) — способность к ре-
гулированию экспрессии генов микроорганизмами в зависимости от плотности клеточной по-
пуляции. Это, в частности, может приводить к изменению поведения и к активации факторов
вирулентности. У фитопланктона есть аналогичная система: клетки продуцируют инфохимиче-
ские вещества, которые могут либо повышать устойчивость реципиентов к стрессовым воздей-
ствиям, либо запускать в них программируемую гибель. В то время как бактериальные моле-
кулы чувства кворума (quorum sensing molecules, QSM) могут активировать/ингибировать рост
клеток фитопланктона, продуцируемые последними инфохимические вещества могут влиять
на состав микробного сообщества и подавлять развитие консументов. Кроме того, клетки фи-
топланктона могут воздействовать на QS бактерий, нарушая активность сигнальных молекул
либо имитируя их.
Ключевые слова: чувство кворума, аутоиндукторы, фитопланктон, бактерии,
инфохимические вещества
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We report two cases of trophic interactions between the giant devil ray and sharks in Sicilian wa-
ters, Mediterranean Sea. These include a shortfin mako filmed while feeding on a giant devil ray
in the Messina Strait in May 2018, and a female giant devil ray stranded in Milazzo in January 2025
showing bite marks likely inflicted by a blue shark.
Keywords: devil fish, giant devil ray, Mobula mobular, shortfin mako shark, Isurus oxyrinchus, diet,
predation, scavenging

The giant devil ray, or devil fish, Mobula mobular (Bonnaterre, 1788) belongs to the order
Myliobatiformes and the family Mobulidae. Its lozenge-shaped disc is much broader than long, with
wide and pointed pectoral fins. The tail is filamentous, with a small dorsal fin and a spine near
its base. Prominent fleshy cephalic lobes extend forward on each side of the head [Last, Stevens,
2009]. The mouth is broad and subterminal, with 150–160 rows of minute teeth in each jaw. There
are five pairs of gill slits located ventrally. Dorsal surface is brown to bluish-black with a blackish
collar across the head; ventral surface is white [Ebert, Dando, 2021]. The giant devil ray is known
to inhabit the eastern Atlantic and the Mediterranean Sea, but it may have a circumglobal distribu-
tion in temperate and tropical waters [FishBase, 2024]. It is pelagic, coastal, and oceanic, occurring
at a depth range from 0 to 700 m [Canese et al., 2011; Weigmann, 2016]. The embryonic develop-
ment of this species is aplacental viviparous, with a gestation period of up to 25 months and litter size
of 1–2 young [Ebert, Dando, 2021]. Its disc width at birth is 90–160 cm, and the disc can attain a maxi-
mum size of 320 cm [Ebert, Dando, 2021]. It feeds on planktonic crustaceans and small schooling fishes,
filtering water over its gill filter-plates [McEachran, Capapé, 1984].

In the present article, we report two cases of trophic interactions between giant devil rays and sharks
in Sicilian waters, Italy, central Mediterranean Sea.
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MATERIAL AND METHODS
In May 2018, a video documenting a juvenile shortfin mako shark Isurus oxyrinchus

Rafinesque, 1809, swimming with a giant devil ray in its mouth, was filmed in the Messina Strait,
Italy. The 1 min and 13 s video was filmed by Giuseppe Morabito from the feluca “Felicia II,” a tra-
ditional fishing boat used to catch swordfish. The shark can be seen holding the head of the giant
devil ray in its mouth while swimming calmly at the water surface. The giant devil ray is apparently
dead: it is turned upside down, and has the apex of its right pectoral fin removed by an apparent bite
of the shark (Fig. 1).

Fig. 1. Juvenile shortfin mako shark Isurus oxyrinchus with a giant devil ray Mobula mobular in its mouth,
observed in the Messina Strait, Italy, in May 2018. Photo from a video by Giuseppe Morabito

On 3 January, 2025, a stranded female giant devil ray was found recently deceased on a beach in Mi-
lazzo, approximately 30 km west of the Messina Strait, Italy (N38.23095°, E15.24882°). The estimated
width of the disc was 2.6 m. The ray was tied with a rope, probably by some fishermen. The right pectoral
fin of the ray bore at least two shark bites. The injury had an overall length of about 30 cm (Figs 2–4).
Pictures of the giant devil ray and a tissue sample were taken by the second author.

Fig. 2. Female giant devil rayMobula mobular found dead on a beach in Milazzo, Italy, on 3 January, 2025.
Photo by Giancarlo Torre
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Fig. 3. Ventral view of the giant devil ray Mobula mobular found dead on a beach in Milazzo, Italy,
on 3 January, 2025. The right pectoral fin of the ray bears at least two shark bites. Photo by Giancarlo
Torre

Fig. 4. Close-up of the shark bites on the giant devil rayMobula mobular found dead on a beach in Milazzo,
Italy, on 3 January, 2025. Photo by Giancarlo Torre

RESULTS AND DISCUSSION

Concerning the case of the shortfin mako observed carrying a giant devil ray in its mouth
in the Messina Strait, it is unclear if it was a case of predation or scavenging. The shark may have caught
and killed the ray, or it may have simply found the ray after it had been caught by fishermen and discarded
at sea. It is also possible that the shark found the ray when it was hooked, still alive or already dead.

Concerning the case of the giant devil ray stranded in Milazzo, it seems reasonable to conclude that
the ray was first caught on a longline hook or in a net. At that stage, a shark found the ray, still alive
or more likely already dead, and bit off part of the ray’s pectoral fin. Then, the fishermen found the ray
and brought it on board the fishing vessel by tying a rope around its damaged pectoral fin. The fishermen
may have brought the ray to the beach, or they may have thrown it back into the sea, at which point
the waves would have washed it ashore.

Examination of the shark bites on the giant devil ray reveals that on the ventral surface, the cut is clean
and sharp, while on the dorsal surface, it is more irregular, with some clean cuts but also tears and punc-
tures. Therefore, teeth of the upper jaw of the shark must have been different from those of the lower jaw.

Marine Biological Journal 2025 Vol. 10 No. 4
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The very clean cuts on the ventral surface suggest the upper teeth of a blue shark Prionace glauca (Lin-
naeus, 1758), and the more irregular ones on the dorsal surface could be compatible with the lower teeth
of the same species. However, the identification of the shark species responsible cannot be confirmed.

Conclusions. To the best of our knowledge, the two cases reported in this article are the first ones re-
ported in the scientific literature of trophic interactions between the giant devil ray and sharks. Moreover,
while it is known that the shortfin mako can feed on rays [De Maddalena et al., 2005], the case recorded
in the Messina Strait in May 2018 is the first observation of Isurus oxyrinchus feeding on a species
of the family Mobulidae.
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ТРОФИЧЕСКИЕ ВЗАИМОДЕЙСТВИЯ
МЕЖДУ СРЕДИЗЕМНОМОРСКИМ РОГАЧОМMOBULA MOBULAR И АКУЛАМИ

В ВОДАХ СИЦИЛИИ (СРЕДИЗЕМНОЕМОРЕ)
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3Музей акул, Саймонс-Таун, Кейптаун, Южная Африка
E-mail: francesco.tiralongo@unict.it

Сообщается о двух случаях трофических взаимодействий между средиземноморским рогачом
и акулами в Средиземном море. Приведена фотография акулы-мако во время поедания ею сре-
диземноморского рогача в Мессинском проливе в мае 2018 г. На теле самки средиземномор-
ского рогача, выброшенной на берег в Милаццо в январе 2025 г., видны следы укусов, вероятно
нанесённые синей акулой.
Ключевые слова: средиземноморская мобула, средиземноморский рогач, Mobula mobular,
акула-мако, Isurus oxyrinchus, рацион, хищничество, питание падалью
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The article reports the finding of an invasive species: a bivalve, atypical for the native fauna of the Dages-
tan coast of the Middle Caspian. Based on conchiological features, this species was identified asMytilus
galloprovincialis (Lamarck, 1819). In the autumn of 2024, single living individuals of this new in-
vasive species were recorded on the Dagestan coast of the Middle Caspian near the Samur River
mouth and in the Karaman-7 area. In the winter of 2025, those were registered in the Dagestanskie
Ogni beach vicinity. In March 2025, 29 mussel shells were found in storm surges on the coast, near
the border of Dagestan and Azerbaijan. Most likely, the invader entered the Caspian Sea from the Sea
of Azov–Black Sea basin via the Volga–Don Canal with ballast waters. Further monitoring of invasions
of new molluscs on the Dagestan coast of the Russian sector of the Caspian Sea is needed.
Keywords: invasive species, mussel, Dagestan coast, Russian sector of the Caspian Sea

To date, the registered Caspian Sea fauna covers 34 bivalve species [Identification Keys, 2013,
Wesselingh et al., 2019].

Adaptation and naturalization of invasive hydrobionts often occur against the backdrop of desta-
bilization of local fauna populations. Therefore, forecasting the consequences of unwanted invasions
is currently one of the pressing problems for researchers of the Caspian Sea.

In recent decades, cargo transportation from the Sea of Azov–Black Sea basin along the Volga–
Don Canal to the Makhachkala commercial port has intensified significantly in the Dagestan region
of the Caspian Sea [Rossiya, 2025]. The active exploitation of the northern invasion corridor contributed
to a rise in the influx of invaders into the Caspian Sea basin. Thus, within a short period of time (2013
to 2024), phytoplankton representatives [dinophytes Ceratium tripos var. balticum], bivalves [Corbicula
fluminalis (O. F. Müller, 1774) and C. fluminea (O. F. Müller, 1774)], a crustacean [the oriental river
prawn Macrobrachium nipponense (De Haan, 1849)], a North American polychaete of the genus Maren-
zelleria (Mesnil, 1896)], and fish [Pseudorasbora parva (Temminck et Schlegel, 1846) and Hemicul-
ter leucisculus (Basilewsky, 1855)] penetrated the Dagestan region of the Caspian Sea and successfully
acclimatized there [Khlopkova et al., 2023].

106

https://marine-biology.ru/mbj/article/view/497
https://pibr-dsc-ras.ru/
https://pibr-dsc-ras.ru/
mailto:hlopkovam@mail.ru


Expansion of the range of a new invasive species, Mytilus galloprovincialis (Bivalvia: Mytilidae)… 107

Mytilus galloprovincialis (Lamarck, 1819) quickly colonizes new water bodies, and this fact is a typ-
ical example of a mollusc distribution after an accidental anthropogenic invasion into different areas
of the World Ocean and the formation of a range in Asia, North America, South Africa, and Europe.
Until recently, this mussel inhabited only the areas of the Black Sea, Sea of Azov, and Sea of Japan.
With the development of sea and river transport, the range of this mollusc has expanded significantly
[Lutaenko, Kolpakov, 2016; Minakova et al., 2024; Shamionova, 2023].

MATERIAL AND METHODS
During seasonal hydrobiological surveys (September 2024 to March 2025) focused on benthos, large

molluscs were found, previously not recorded on the Dagestan coast of the Caspian Sea (Fig. 1).
Laboratory processing was performed by generally accepted methods [Metody izucheniya, 1990].

Molluscs were identified down to the species level based on their main conchiological features.
The length (L), height (H), and convexity of two valves (D) were measured with a caliper, with
an accuracy of 0.1 mm. To characterize the shape of the shell, the coefficients of elongation (H/L)
and convexity (D/H) were calculated.

Fig. 1. Schematic map of the first findings of Mytilus galloprovincialis in the Caspian Sea. The red ar-
rows indicate the spots where invasive mussels were registered on the Dagestan coast of the Caspian Sea
in September–October 2024 and February–March 2025 (authors’ data). The triangles indicate the spots
where mussels were recorded in May–August 2023 [Minakova et al., 2024; Shamionova, 2023]

Marine Biological Journal 2025 Vol. 10 No. 4



108 M. Khlopkova, R. Barkhalov, and E. Lobachev

The individual age of mussels was estimated by growth retardation rings (growth marks) on the shell
surface and by the corresponding dark concentric areas (those are clearly visible in thin-valved mytilids
when a valve is viewed through the light), as well as by marks on muscle imprints – in accordance with
common methods [Selin, Lysenko, 2006; Zolotarev, 1989].

RESULTS AND DISCUSSION
The specimens we found in 2024 were identified as M. galloprovincialis. The invasive mol-

lusc differs (Fig. 2) in the general shell habitus from a mytilid Mytilaster lineatus (Gmelin, 1791)
which settled in the Caspian Sea back in the 1920s. Both the mussel and the mytilaster are char-
acterized by a thin-walled (fragile) equal-valve unequal-sided shell with an apex located terminally.
The valves are connected at the dorsal part by an external ligament [Metody izucheniya, 1990; Mitilidy
Chernogo morya, 1990]. Yearlings of the above-mentioned species, up to 10 mm in size, are poorly
distinguishable.

Fig. 2. Mytilus galloprovincialis and Mytilaster lineatus, invasive species of the Dagestan coast
of the Caspian Sea

The differences between these two species are observed primarily when comparing the shell sizes
of large specimens. Specifically, the shell length of juveniles we recorded ranged 13 to 42 mm (adult
mussels grow up to 100–140 mm). Importantly, in the Caspian Sea, the mytilaster grows only up to 15–
20 mm (in the Black Sea, up to 25 mm) [Aligadzhiev, Osmanov, 2023; Mitilidy Chernogo morya, 1990;
Zevina, 1972].

The mussel shell is quadrangular-wedge-shaped, while the mytilaster shell is wedge-shaped: trian-
gular to irregularly quadrangular [Mitilidy Chernogo morya, 1990]. M. galloprovincialis shell is more
flattened and wider (H/L is 0.56–0.67; D/L is 0.46–0.58). M. lineatus shell, compared to the mussel one,
is strongly elongated (H/L is 0.4–0.55) and more convex (D/L is 0.97–1.0).

In the mussel, the keel is weakly expressed. In the mytilaster, the keel bend is well expressed
(see Fig. 2); it separates the wide dorsal area from the narrow ventral one (flat or concave). The mus-
sel periostracum is black-blue (in surf specimens) or reddish-brown (in silt specimens). The myti-
laster periostracum is brown-lilac. The nacreous layer of the mussel endostracum is thin, with a blue
tint; sometimes, it is undeveloped. The mytilaster has a more developed and durable nacreous layer,
with a lilac tint.
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The hinge area ofM. galloprovincialis is significantly reduced. It is represented by several small tooth-
like tubercles (up to 7) under the apex on the ventral edge. In M. lineatus, the hinge teeth are located
on the dorsal edge [Mitilidy Chernogo morya, 1990].

During autumn surveys, the first single specimens of the new invader were recorded in two samples
from different coastal areas. In September 2024, on the Samur River coast, not far from the border
with Azerbaijan, a single mussel was noted in a sample from a Dreissena polymorpha andrusovi (Pal-
las, 1771) biocenosis. The coordinates of the site of this finding are N41.5524°, E48.2905°. The salinity
there is 7‰. The sediment in the sampling area is mostly silted sand. Sizes of the mussel shell were
as follows: L = 32 mm; H = 20 mm; and D = 14 mm. The age of the mollusc was about a year. Another
specimen was registered in October in the Karaman-7 area (N43.0651°, E47.2818°). The salinity there
is 7‰. Sizes of the mussel shell were as follows: L = 38 mm; H = 22 mm; and D = 18 mm. The age
of the specimen was two years. The periostracum was reddish-brown.

In February 2025, 2 ind. were found on a beach near the Dagestanskie Ogni village. Sizes of the larger
mussel shell were as follows: L = 37 mm; H = 21.5 mm; and D = 15 mm. The periostracum
was brown.

During spring surveys (March 2025), near the border with Azerbaijan, in storm-washed myti-
laster shells, 29 mussel shells were recorded, with the length ranging 24 to 40 mm and with fresh
ligament (Fig. 2).

Previously, in the spring and summer of 2023, this invasive mussel was already noted on the Azer-
baijan coast of the Caspian Sea [Shamionova, 2023]. At the same time, a new species was re-
ported from the border of the Northern and Middle Caspian by researchers from the Volga–Caspian
branch of the VNIRO (CaspNIRKh). They confirmed the reliability of the morphological identification
by molecular genetic methods [Minakova et al., 2024].

M. galloprovincialis is a common inhabitant of the Black Sea; at a salinity of 13–22‰, shells of this
mollusc are characterized by noticeable annual growth rates. One of the reasons for the small size
of the mussels we found may be the low salinity in the surveyed sites: 7‰ (at the lower end of their
tolerant range). At 13‰, in the Kazakh Bay, the largest individuals for the Caspian Sea were registered
[Minakova et al., 2024].

The distribution of the Black Sea mussel in the Caspian Sea will be driven primarily by such factors,
as the salinity range, features of sediments, and competition with fouling organisms: both native species
(Dreissena) and invaders (Mytilaster and Balanus representatives).

Thus, the acclimatization of the mytilaster in the Caspian Sea occurred under conditions of fierce
competition with the native species of the genus Dreissena (as a result, two ones, Dreissena caspia
andD. elata, were completely displaced and became extinct). At the intersections of their ranges, strained
biotic relationships are observed: those include competition for food and substrate. Closer to a shore,
the mytilaster predominates, while deeper, Dreissena representatives prevail [Aligadzhiev, Osmanov,
2023]. Most likely, a similar pattern of competitive relations should be expected, first of all, with
the mytilaster (a representative of the same family).

The mytilaster cannot spread north of Makhachkala (into the zone of silty sediments). Researchers
report occurrence of this mollusc on silted sands and its absence on silts [Aligadzhiev, Osmanov, 2023].
Usually, the Black Sea mussels are foulers of hard substrates, but they can inhabit silty sediments as well
attaching to empty shells of dead molluscs. This provides some advantage in competitive relations.
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High fertility and rapid maturation in the absence of natural enemies can also mediate quick and suc-
cessful acclimatization of the Black Sea mussels in the Caspian Sea. For the Caspian Sea mytilaster,
the fertility value is 0.02–0.14 million eggs per year. The fertility of the mussel is higher: 0.2–10 mil-
lion eggs per each clutch. The lifespan of the mytilaster is 2–4 years. The mussel lives longer, 6–9 years,
and matures early, in 6–8 months (or when its shell length reaches 18–28 mm). Interestingly, this hy-
drobiont produces more and more eggs with age [Biologiya, 1989; Mitilidy Chernogo morya, 1990;
Zolotarev, 1989].

Under conditions of climate change and due to the absence of natural predators (the rapa
whelk, starfish, rays, and cod), the mussel can successfully and quickly acclimatize in new biotopes
of the Caspian Sea.

Meanwhile, the consequences of the invasion of this species can also be negative. Fouling mol-
luscs attach to a hard substrate with a byssus and form druses. In the Caspian Sea, a rapid rise
in biomass of fouling organisms (along with that of barnacles, the mytilaster, and Dreissena species)
may result in failures of hydraulic structures of the oil industry [Minakova et al., 2024; Shamionova,
2023].

Conclusions. An expansion of the Mytilus galloprovincialis range was established, as indicated
by the displacement of sites where this new invader is found. The records of different-aged individ-
uals provide evidence for the beginning of the formation of the mollusc population. Naturalization
of this invader may govern the displacement of endemic species (Didacna and Dreissena representa-
tives) and the ones that invaded earlier (Abra and Mytilaster ones) in the Caspian Sea while competing
for habitat and food. This will result in a simplification of the biocenosis structure and a decrease in its
resistance to external factors. To assess the consequences (those can be positive, neutral, or negative), reg-
ular monitoring of invasions of new molluscs on the Dagestan coast of the Russian sector of the Caspian
Sea is required.

The work was carried out within the framework of the state research assignment of the Precaspian Institute
of Biological Resources of the Dagestan Federal Research Centre of RAS “The current state of the structure of com-
mercial fish populations and their food objects under the effect of Sea of Azov–Black Sea invaders on ecosystem
formation in the western Caspian basin” (No. 125020501448-8).
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РАСШИРЕНИЕ АРЕАЛА НОВОГО ВСЕЛЕНЦА,
MYTILUS GALLOPROVINCIALIS (BIVALVIA: MYTILIDAE),

В КАСПИЙСКОММОРЕ

М. В. Хлопкова, Р. М. Бархалов, Е. Н. Лобачев

Прикаспийский институт биологических ресурсов
Дагестанского федерального исследовательского центра РАН, Махачкала, Российская Федерация
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В статье сообщается об обнаружении нетипичного для нативной фауны дагестанского побере-
жья Среднего Каспия вида — двустворчатого моллюска, идентифицированного на основе кон-
хиологических признаков как Mytilus galloprovincialis (Lamarck, 1819). На дагестанском побе-
режье Среднего Каспия единичные живые особи нового инвазивного вида зарегистрированы
осенью 2024 г. вблизи устья реки Самур и в районе Карамана-7, а также зимой 2025 г. в районе
пляжа Дагестанские Огни. В марте 2025 г. обнаружено 29 раковин мидий в штормовых выбро-
сах на побережье, вблизи границы Дагестана и Азербайджана. Вероятнее всего, вселенец проник
в Каспийское море из Азово-Черноморского бассейна через Волго-Донской канал с балластны-
ми водами. Необходим дальнейший мониторинг инвазий новых моллюсков на дагестанском
побережье российского сектора Каспийского моря.
Ключевые слова: инвазивный вид, мидия, дагестанское побережье, российский сектор
Каспийского моря
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The paper is the first one to summarize original data on the diatom species composition for 129 samples
of 14 macrophyte species from the upper sublittoral of the aquatic-rock complex Kazantip Cape
(the Sea of Azov). The sampling was carried out in 2022–2023 at depths of 0.1–1.0 m at a tem-
perature of +3.7…+29.0 °C and water salinity of 13.6–15.6 g·L⁻¹. The annotated list covers 98
Bacillariophyta species and intraspecific taxa from 3 classes, 21 orders, 27 families, and 45 gen-
era. Data on their sizes, occurrence, ecological and phytogeographic characteristics, abundance,
and biomass are provided. High species diversity of diatoms was noted for the class Bacillario-
phyceae (72 taxa) and for three genera: Nitzschia (12 species), Navicula (11), and Licmophora (6).
The highest number of diatom species was recorded on thalli of a green alga Ulva linza (61 species),
red alga Carradoriella denudata (45), and brown alga Ericaria crinita (40), as well as in epiphy-
ton of the seagrass Zostera marina (37) and its association with Zannichellia palustris subsp. ma-
jor (35). The lowest number of species was revealed for epiphyton of a red alga Pyropia leucos-
ticta (9). A benthic diatom Berkeleya scopulorum was found in the Sea of Azov for the first time.
In epiphytic communities, benthic (83%), marine (51%), and cosmopolitan species (35%) predom-
inate. In total, 30 colonial species were identified. Out of them, the following diatoms occur year-
round: Achnanthes brevipes, Berkelya rutilans, Grammatophora marina, Melosira moniliformis, Nav-
icula ramosissima, Rhoicosphenia marina, and Tabularia tabulata. Cosmopolitan species Cocconeis
scutellum, Gr. marina, Licmophora abbreviata, Rh. marina, and T. tabulata dominate in abundance.
We recorded 11 species capable of causing water blooms and 45 serving as indicators of saprobity
of water organic pollution.
Keywords: diatoms, macrophytes, epiphyton, aquatic-rock complex Kazantip Cape, Sea of Azov

The coastal zone of the Kazantip Cape has long attracted the attention of algologists as an area with
high biodiversity and minimum anthropogenic impact. Since the mid-20th century, aquatic macroflora
has been periodically studied there, and annotated lists of macroalgae, aquatic flowering plants, and ben-
thic cyanobacteria have been compiled and updated [Belich et al., 2019; Gromov, 1999; Maslov, 2004;
Sadogurskaya, 2001; Sadogurskaya et al., 2006]. The surveys of this zone are important given the con-
servation status of terrestrial sites and coastal waters within the aquatic-rock complex Kazantip Cape
[Litvinyuk, 2016].
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In 2005–2010, the species composition and quantitative characteristics of benthic microalgae
from various ecotopes of the Crimean coast of the Sea of Azov, including the Kazantip Nature Reserve
and the cape water area, were studied [Bondarenko, 2017; Bondarenko, Ryabushko, 2010; Bondarenko
et al., 2018; Ryabushko, Bondarenko, 2016]. In the shallow Sea of Azov, the interaction between benthic
and pelagic zones is especially noticeable; planktonic and benthic microalgae represent a single ecologi-
cal and floristic species complex there. At the initial stage of the survey, in order to clarify the species list,
a search of literature sources was carried out (summaries, species guidelines, reference books, serials,
abstracts, algal database, and also our own data) for the inventory and revision of the taxonomic com-
position of planktonic and benthic microalgae of the Sea of Azov as a whole [Ryabushko, Bondarenko,
2011]. As a result, a checklist of 1,060 taxa comprising 9 divisions was compiled, with a predomi-
nance of Bacillariophyta (538 taxa). In plankton, 621 taxa were revealed, and in benthos, 370; 69 taxa
were common to the two biotopes. From the presented data, a lag in the study of microphytobenthos
is evident.

Diatoms are known to be the key group of marine microphytobenthos in terms of their diversity
and abundance. These microalgae feature high primary productivity and make a significant contri-
bution to the formation of biodiversity in the benthic community. Along with other benthic organ-
isms, diatoms are sensitive to environmental changes: fluctuations in water temperature, its salinity,
and pollution with toxicants. These microalgae can be used as indicators of the quality of their habitat
when assessing the environmental situation, inter alia in protected areas [Barinova et al., 2019b;
Ryabushko, 2013].

In seas, diatoms inhabit all natural and artificial substrates. However, according to many authors,
macrophytes are a preferred substrate for colonization by microalgae [Bondarenko, 2017; Korotke-
vich, 1960; Lee et al., 1975; Nikolaev, 1970; Ryabushko, 2013; Shiroyan, 2022; Siqueiros-Beltrones,
Hernández-Almeida, 2006]. Therefore, in 2022–2023, we expanded our research on diatoms in the epi-
phyton of aquatic vegetation in the coastal waters of the Kazantip Cape. The study of the epiphyton
of 11 macroalgal species allowed revealing 97 taxa of Bacillariophyta; out of those, 51 species were
recorded in the area for the first time. Moreover, dominant species were identified, the qualitative
and quantitative composition was analyzed, and also the structure of diatom communities depending
on the season and the species of colonized macroalgae was surveyed [Bondarenko et al., 2024].

When we finished processing the material from the one-year studies, information on diatoms
of the epiphyton of other macrophytes was added to the previously published results [Bondarenko
et al., 2024]. Also, comprehensive data on the ecological, phytogeographic, and quantitative charac-
teristics of diatoms were accumulated. Generalized information of this kind is valuable for under-
standing the ecology of species and the environmental effects on the formation of microphytoben-
thic communities. Moreover, such material is helpful when compiling databases covering information
on microalgal habitats, ranges, morphological traits, etc. In addition, revealing the trends in the qualita-
tive and quantitative distribution of diatoms in benthic macrophyte communities, especially in coastal
ecosystems, is required to establish general patterns of interaction between diatoms, macrophytes,
and their habitat.

The aim of this work is to summarize the original results of studying the species composition and aut-
ecology of diatoms of macrophyte epiphyton of the coastal waters of Kazantip Cape in order to compile
an annotated list covering data on diatom dimensions, their occurrence, ecological and phytogeographic
characteristics, abundance, and biomass.
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MATERIAL AND METHODS

The material for the summarization was 129 samples of epiphyton of 12 macroalgal species:
• brown algae – Ericaria crinita (Duby) Molinari et Guiry, 2020, Gongolaria barbata (Stackhouse)

Kuntze, 1891, and Cladosiphon mediterraneus Kützing, 1843;
• red algae – Callithamnion corymbosum (Smith) Lyngbye, 1819, Ceramium arborescens J. Agardh,

1894, Pyropia leucosticta (Thuret) Neefus et J. Brodie, 2011, and Carradoriella denudata (Dillwyn)
Savoie et G. W. Saunders, 2018;

• green algae – Bryopsis hypnoides J. V. Lamouroux, 1809, Cladophora liniformis Kützing, 1849,
Cl. sericea (Hudson) Kützing, 1843, Ulva intestinalis Linnaeus, 1753, and U. linza Linnaeus, 1753;

and also, the seagrass Zostera marina Linnaeus, 1753 alone and in its association with another flowering
plant, Zannichellia palustris subsp. major (Hartman) Ooststroom et Reichgelt, 1964.

Sampling was carried out from October 2022 to September 2023 in the upper sublittoral zone of four
bays of the Kazantip Cape (the Sea of Azov): the Shirokaya and Kunushkay (both within the Kazantip
Nature Reserve area), Russkaya, and Tatarskaya (Fig. 1).

Fig. 1. Sites of the algological sampling in the Kazantip Cape area: 1, the Russkaya Bay; 2, the Shirokaya
Bay; 3, the Kunushkay Bay; 4, the Tatarskaya Bay

Sampling was carried out at depths of 0.1–1.0 m and at temperatures from +3.7 to +29.0 °C. Water
salinity varied from 13.6 to 15.6 g·L⁻¹ (Table 1).

Table 1. Hydrological conditions of epiphyton sampling in various months of 2022–2023 in the Kazantip
Cape bays (the Sea of Azov)

Parameter 2022 2023
13.10 29.11 31.01 28.02 29.03 25.04 31.05 22.06 27.07 29.08 25.09

Depth, m 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.1–1 0.1–1 0.1 0.1–0.5
Temperature, °C +17.0 +10.0 +3.7 +4.9 +8.1 +14.0 +19.2 +26.2 +27.3 +29.0 +23.9
Salinity, g·L−1 15.0 15.6 15.0 15.6 15.1 15.0 14.9 14.9 13.6 13.6 15.0
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In the study area, samples occasionally contained various macroalgal species floating freely at the wa-
ter’s surface; their thalli were tightly intertwined. These samples were used only for qualitative analysis
of the diatom composition.

For taxonomic identification, aqueous and permanent preparations were used. Diatom valves
were cleaned by a standard acid-based technique [The Diatoms of the USSR, 1974]. After washing,
frustules were embedded in Naphrax LTD resin (refractive index was 1.74). Living cells and frus-
tules were studied under an Axioskop 40 light microscope (Carl Zeiss, Germany) at magnifications
of 10 × 20 and 10 × 40, with a ×100 objective, and with immersion oil added (Carl Zeiss) (re-
fractive index nₑ = 1.518). Also, frustules were examined under a Hitachi SU3500 scanning electron
microscope (Japan).

When analyzing the taxonomic structure of diatoms, we mostly used the system developed
by F. Round et al. [1990], with amendments and additions of new data [AlgaeBase, 2025; Ryabushko,
2013; Ryabushko, Begun, 2015, 2016]. The taxonomic affiliation was determined based on literature
sources [Diatomovyi analiz, 1950; Guslyakov et al., 1992; Kuylenstierna, 1989, 1990; Ryabushko, 2013;
Ryabushko, Begun, 2015, 2016; Smith, 1853; Witkowski et al., 2000]. The ecological and phytogeo-
graphic characteristics of diatoms were analyzed using a number of publications [AlgaeBase, 2025;
Barinova et al., 2019a, b; Bondarenko et al., 2024; Guslyakov et al., 1992; Ryabushko, 2013; Ryabushko,
Begun, 2016; Sládeček, 1986]. Quantitative characteristics of diatoms (abundance and biomass)
were determined according to the method [Ryabushko, 2013].

RESULTS AND DISCUSSION

As a result of the study of the diatom biodiversity in the epiphyton of coastal macrophyte thickets
in the Kazantip Cape water area in 2022–2023, an annotated list was compiled; it includes 98 species
and intraspecific taxa from 3 classes, 21 orders, 27 families, and 45 genera and provides the de-
scription of their taxonomic affiliation. For the first time, autecology data are presented for each
taxon, including phytogeographic and quantitative characteristics (see Supplement: https://marine-
biology.ru/mbj/article/view/507).

Two genera,Nitzschia andNavicula, are characterized by high taxonomic diversity (12 and 11 species
accordingly). Licmophora is less represented (6 species). This genus is followed by Amphora, Diploneis,
Lyrella, and Melosira (4 species each). Frequently encountered species were identified: Achnanthes bre-
vipes, Berkeleya rutilans, Cocconeis scutellum, Cylindrotheca closterium, Grammatophora marina, Lic-
mophora abbreviata, Navicula cancellata, N. ramosissima, Nitzschia sigma, N. sigmoidea, Rhoicosphe-
nia marina, Tabularia tabulata, and Trachyneis aspera. Several species were found singly: Amphora
laevis, Grammatophora angulosa, Licmophora rostrata, Lyrella lyra, L. lyroides, Navicula cancel-
lata var. gregoryi, Navicula dumontiae, Nitzschia dissipata, N. inconspicua, Planothidium delicatulum,
and Petroneis humerosa.

For the first time, Berkeleya scopulorum (Fig. 2F) was recorded in the Sea of Azov. It was registered
in the Russkaya Bay of the Kazantip Cape in August, in epiphyton of Z. marina.

In epiphyton communities, 30 colonial species were noted. Out of those, 7 occurred year-round:
A. brevipes, B. rutilans, Gr. marina, Melosira moniliformis, N. ramosissima, Rh. marina, and T. tabu-
lata. In various months, 5 cosmopolitan species dominated: C. scutellum, Gr. marina, L. abbreviata,
Rh. marina, and T. tabulata (Fig. 2A–E).
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Fig. 2. Benthic diatom species in epiphyton of macrophytes (a scanning electron microscope). A, Gram-
matophora marina; B, Rhoicosphenia marina; C, Cocconeis scutellum; D, Licmophora abbreviata; E, Tabu-
laria tabulata; F, Berkeleya scopulorum. Scale bars are 10 µm (A–C), 20 µm (F), 30 µm (D), and 50 µm (E)

In coastal mycrophyte thickets, 11 bloom-forming species were recorded: B. rutilans, C. closterium,
Gr. marina, L. abbreviata, Licmophora flabellata, Parlibellus delognei, Striatella unipunctata, Tabularia
fasciculata, and T. tabulata, as well as planktonic ones Skeletonema costatum and Sk. subsalsum. Also,
Halamphora coffeiformis was registered: a potentially toxic species. As a rule, it occurs in epiphyton
communities throughout the year; however, its abundance does not reach high values.

The highest number of diatom species was recorded on thalli of macroalgae: U. linza (61), C. de-
nudata (45), andE. crinita (40), and also in the epiphyton of the seagrassZ.marina alone (37) and in its as-
sociation with Zannichellia palustris subsp. major (35). The lowest number of taxa was noted in the epi-
phyton of a red alga P. leucosticta (9). Interestingly, the epiphyton of U. linza featured a high diatom
species richness in August and September only (in other months, thalli of Ulva were colonized much
less frequently). The minimum values of diatom abundance and biomass were often registered in its epi-
phyton (see Supplement: https://marine-biology.ru/mbj/article/view/507). Apparently, thalli of U. linza,
which grew by the end of summer, served as a kind of “nets” on which diatoms settled, reaching the peak
of their development by the end of summer.

Ecological analysis of the qualitative composition of the epiphyton community of diatoms showed
the predominance of benthic forms (83%), marine ones (51%) and, to a lesser extent, brackish-
marine ones (36%). Proportions of brackish, freshwater-brackish, and freshwater forms were small
(5, 5, and 3%, respectively).

Saprobic indices were established for 45 diatom species. According to the system [Barinova et al.,
2019a; Sládeček, 1986] and to our data [Barinova et al., 2019b; Bondarenko et al., 2024], 32 species
out of these 45 are indicators of moderate organic water pollution (water quality class 3), and the leading
role is played by a group of beta-mesosaprobes. We revealed 10 species inhabiting oligotrophic water
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bodies, and 6 species typical of eutrophic waters. The occurrence of oligosaprobes in communities,
despite the constant influx of organic matter, including anthropogenic one, is likely to indicate the abil-
ity of coastal ecosystems to neutralize excess organic matter via self-purification processes, in which
microalgae also participate.

In benthic communities, the proportion of marine species increased, and the proportion of fresh-
water species significantly decreased. Shifts in species composition and size structure were also reported
for diatoms from upper sediments sampled in 1998 and 2019 at 32 stations in various areas of the Sea
of Azov [Kovaleva, Gavrilova, 2021]. The authors highlight a noticeable drop in the number of frustules
of the size fraction 5–10 μm and an elevated number of large-celled species. Those were related to the tax-
onomic restructuring of the complex of dominant diatoms, among which medium- and large-sized taxa,
chiefly marine and brackish-marine forms, began to prevail in terms of their frequency of occurrence
and abundance.

Taking into account our and literature data, it can be concluded that the revealed restructuring
of the algal flora reflects a trend of increasing salinity of the Sea of Azov in recent decades [Berdnikov,
2023; Kovaleva, Gavrilova, 2021].

As established, by the end of the biological summer (August and September), in the coastal area
of the Kazantip Cape, there is a noticeable rise in the quantitative characteristics of some algal bloom-
forming species [Bondarenko et al., 2024]. One of the risk factors for the occurrence of this phenomenon
is the summer-associated elevated recreational load on the Sea of Azov coast in the Crimea and, as a con-
sequence, the influx of organic matter with untreated sewage and household wastewater into the coastal
zone [Ryabushko, 2003]. On the one hand, various organic matter, being mineralized, becomes a source
of biogenic elements available for microalgae and stimulating a boost in their abundance. On the other
hand, organic matter causes an outbreak of heterotrophs, which include some diatoms (representatives
of Amphora, Cocconeis, Licmophora, Navicula, Striatella, and Tabularia). Notably, algal bloom is a reg-
ular problem of the Sea of Azov, since humus and dissolved organic matter constantly enter this initially
eutrophic water body along with the runoff of the Don, Kuban and numerous small rivers, and the con-
centration of biogenic elements does not reach analytical zero [Aleksandrova et al., 1998; Gidrome-
teorologiya i gidrokhimiya morei SSSR, 1991]. In shallow water, algal bloom is caused by the mass
development of both planktonic and benthic microalgae. Therefore, information on the species compo-
sition and quantitative characteristics of diatoms of macrophyte epiphyton is an important component
in a comprehensive assessment of the state of coastal ecosystems.

Conclusion. The original data on the study of epiphytic diatom biodiversity from macrophytes
of the upper sublittoral zone of the aquatic-rock complex Kazantip Cape in 2022–2023 are summarized;
information on diatom ecology (relation of species to habitat, water salinity, and saprobity), phytogeog-
raphy, abundance, and biomass is given. An annotated list was compiled. It includes 98 Bacillariophyta
species and intraspecific taxa from 3 classes, 21 orders, 27 families, and 45 genera, and provides the de-
scription of their taxonomic affiliation. For the first time, autecology data for each taxon are presented,
including phytogeographic and quantitative characteristics. In the surveyed algal flora, a benthic diatom
Berkeleya scopulorum was registered, new for the Sea of Azov; its scanning electron micrograph is pre-
sented. The highest taxonomic diversity was recorded for three genera: Nitzschia (12 species), Navic-
ula (11), and Licmophora (6). In epiphyton communities, 30 colonial species were found; out of those,
7 occur year-round: Achnanthes brevipes, Berkeleya rutilans, Grammatophora marina, Melosira monil-
iformis, Navicula ramosissima, Rhoicosphenia marina, and Tabularia tabulata. In terms of abundance,
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the cosmopolitan species are dominant ones: Cocconeis scutellum, Gr. marina, Licmophora abbreviata,
Rh. marina, and T. tabulata. The bioindicator properties of the identified saprobic diatoms can be used
in further monitoring of the dynamics of anthropogenic load in the Sea of Azov.

This work was carried out within the framework of IBSS state research assignment “Comprehensive study of the
functioning mechanisms of marine biotechnological complexes with the aim of obtaining bioactive substances from
hydrobionts” (No. 124022400152-1).
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АННОТИРОВАННЫЙ СПИСОК ДИАТОМОВЫХ ВОДОРОСЛЕЙ
ЭПИФИТОНАМАКРОФИТОВ

АКВАЛЬНО-СКАЛЬНОГО КОМПЛЕКСА «МЫС КАЗАНТИП»
(КРЫМ, АЗОВСКОЕМОРЕ)

А. Г. Широян, А. В. Бондаренко, Л. И. Рябушко

ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: arminka_shir@mail.ru

Впервые представлены обобщённые оригинальные данные о видовом составе диатомовых во-
дорослей в 129 пробах эпифитона 14 видов макрофитов из верхней сублиторали аквально-
скального комплекса «Мыс Казантип» Азовского моря. Пробы отобраны в 2022–2023 гг. на глу-
бинах 0,1–1,0 м при температуре от +3,7 до +29,0 °C и солёности воды от 13,6 до 15,6 г·л−1.
Аннотированный список включает 98 видов и внутривидовых таксонов отдела Bacillariophyta
из 3 классов, 21 порядка, 27 семейств и 45 родов; указаны их размеры, встречаемость, эко-
логические и фитогеографические характеристики, численность и биомасса. Высокое видо-
вое разнообразие диатомовых водорослей отмечено для класса Bacillariophyceae (72 таксона)
и родов Nitzschia (12 видов), Navicula (11) и Licmophora (6). В эпифитоне зелёной водоросли
Ulva linza обнаружен 61 вид, красной Carradoriella denudata — 45, бурой Ericaria crinita — 40,
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морской травы Zostera marina — 37, её ассоциации с Zannichellia palustris subsp. major — 35.
Наименьшее число видов найдено в эпифитоне красной водоросли Pyropia leucosticta — 9. Об-
наружен новый для Азовского моря бентосный вид Berkeleya scopulorum. В сообществах эпи-
фитона преобладают бентосные (83 %), морские (51 %) и космополитные виды (35 %) диа-
томовых водорослей. Выявлено 30 колониальных видов, из них круглогодично присутствуют
Achnanthes brevipes, Berkeleya rutilans, Grammatophora marina, Melosira moniliformis, Navicula
ramosissima, Rhoicosphenia marina и Tabularia tabulata. По численности доминируют космопо-
литы Cocconeis scutellum, Gr. marina, Licmophora abbreviata, Rh. marina и T. tabulata. Выявлено
11 видов, вызывающих «цветение» воды, и 45 видов — индикаторов сапробности органического
загрязнения вод.
Ключевые слова: диатомовые водоросли, макрофиты, эпифитон, аквально-скальный
комплекс «Мыс Казантип», Азовское море
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CHRONICLE AND INFORMATION

ON THE ANNIVERSARY OF SERGEY FESENKO

On 17 September, 2025, Sergey Fesenko celebrated his
70th birthday. He is a leading radioecologist respected
in the scientific community both in our country
and abroad, D. Sc. (1997), Professor (1999), and laureate
of the Russian Federation National Award (2002).
He has made a significant contribution to the development
of agricultural, forest, aquatic, and general radioecology,
as well as environmental radiation protection and dosimetry.

S. Fesenko was born in 1955 in Simferopol and graduated
from secondary school No. 14 in 1972 there. In 1978,
he graduated with honors from the Moscow Engineering
Physics Institute (MEPhI) (specializing in dosimetry
and protection), and in 1982, from the Lomonosov Moscow

State University, the Faculty of Mechanics and Mathematics (specializing in applied mathematics).
In 1983, he completed the full-time postgraduate course at MEPhI.

Sergey Fesenko began his scientific career in 1981 as a junior researcher. Then, he worked
as a senior and leading researcher, head of a laboratory, and deputy director for scientific affairs.
Currently, he is the chief researcher at the Russian Institute of Radiology and Agroecology
of the National Research Centre “Kurchatov Institute” (until 1991, the All-Union Research Institute
of Agricultural Radiology). In 2004–2017, he worked at the International Atomic Energy Agency
(IAEA) coordinating research and practical assessment of the environmental hazards of nuclear energy
use and the rehabilitation of contaminated sites. During this period, he prepared over 15 international
guidelines and recommendations on determining the effect of ionizing radiation on the environment
and people, and on the rehabilitation of radioactively contaminated areas. S. Fesenko participated
in the cleanup efforts following the Chernobyl and Fukushima Daiichi nuclear power
plant accidents.

In 1985, Sergey Fesenko defended his PhD thesis Assessment of the Effect of the Accident
at the ‘Mayak’ Chemical Plant on Freshwater Ecosystems, in physics and mathematics. In 1997,
he defended his D. Sc. thesis Agricultural and Forest Ecosystems: Radioecological Consequences
and Effectiveness of Protective Measures in Case of Radioactive Contamination, in radiobiology.

He has studied the fundamental mechanisms of behavior of natural and artificial radionuclides
in natural and agricultural ecosystems. A set of migration and dosimetric models has been developed
which allowed for reconstructing the radiation doses of hydrobionts in Lake Uruskul (the Urals)
and providing a long-term assessment of the radiation effect on ecosystems at different levels
of biological organization.
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S. Fesenko has determined quantitative parameters and developed a set of models to assess
the contribution of agricultural products to the exposure of the local population in radioactively
contaminated sites.

He has established fundamental patterns of change in the biological availability of 137Cs
in agricultural ecosystems and identified the key factors causing this change. He presented a theoretical
description of mechanisms governing changes in 137Cs mobility in agroecosystems and a long-term
forecast of the dynamics of its content in soils and vegetation of various ecosystems.

Sergey Fesenko has carried out the research to assess the consequences of radioactive contamination
of agricultural land for various radiation exposure scenarios: in the context of nuclear war, normal
operation of radiation-hazardous facilities, and emergency situations. He has developed a set of models
describing environmental protection measures in agriculture in radioactively contaminated areas
and carried out a comparative analysis of countermeasure strategies in agriculture after the Chernobyl
nuclear accident.

He has carried out a comprehensive radioecological assessment of the effect of normalized
and emergency emissions from nuclear power plants on forest and agricultural ecosystems.
The materials of his research and the methods he developed were used for environmental expertise
in the construction and expansion of several Russian nuclear power plants.

For the long-term period after the Chernobyl nuclear accident, he proposed a fundamentally new,
targeted approach to the rehabilitation of agricultural land.

S. Fesenko has authored and co-authored 12 monographs and more than 400 articles in leading
Russian and foreign scientific journals. He has supervised 2 D. Sc. and 15 PhDs. He serves on editorial
boards of Marine Biological Journal, Radiation Biology. Radioecology, and Civil Security Technology.

The significance of his scientific work is confirmed by his receipt of a number of national
and international awards. He is a laureate of the Russian Federation National Award in science
and technology (2002), for establishing the scientific foundations of agro-industrial production
and implementing a system of protective and rehabilitation measures within the zone of the Chernobyl
nuclear accident, and also the Nobel Peace Prize laureate (jointly with IAEA, 2005). Sergey Fesenko
was presented with the prestigious IAEA Superior Achievement Award (2017) and the V. Klechkovsky
Gold Medal of the Russian Academy of Sciences (2021) for outstanding achievements in radioecology.
He has been awarded certificates of honor from the Ministry of Agriculture of the Russian Federation
(2001), the Russian Academy of Agricultural Sciences (2000), the Obninsk administration (2007
and 2011), the Governor of the Kaluga Oblast (2003), the Minister for Emergency Situations
of the Republic of Belarus (2016), and the Russian Academy of Sciences (2020).

Colleagues from IBSS Department of Radiation and Chemical Biology sincerely congratulate
Sergey Fesenko on his anniversary and wish him good health, active creative longevity, happiness,
new scientific achievements, and family well-being!

With deep respect,
the team of IBSS Department of Radiation and Chemical Biology

КЮБИЛЕЮСЕРГЕЯ ВИКТОРОВИЧА ФЕСЕНКО
17 сентября 2025 г. отметил своё 70-летие д. б. н., проф. Сергей Викторович Фесенко — вы-
дающийся специалист, чей вклад в развитие сельскохозяйственной, водной и общей радиоэко-
логии трудно переоценить. С. В. Фесенко исследовал фундаментальные механизмы поведения
естественных и искусственных радионуклидов в природных и аграрных экосистемах, занимался
оценкой последствий радиоактивного загрязнения сельскохозяйственных земель и их реабили-
тацией при различных сценариях радиационного воздействия, а также анализировал влияние
нормализованных и аварийных выбросов АЭС на лесные и аграрные экосистемы.
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