W phycology

Article

Cyanobacteria in Waterbodies of the Biggest Anthropogenic
Agglomeration: Combined DNA Metabarcoding, Microscopy,
and Culture Analysis

Elena Kezlya 1'*(%, Elina Mironova 2, Ekaterina Voyakina 34, Sergey Kravchenko >, Andrei Mironov
Vasilii Kuzmin %5, Ekaterina Chernova 3, Anton Iurmanov ¢, Yevhen Maltsev 1

check for
updates

Academic Editor: Barry H. Rosen

Received: 8 November 2025
Revised: 10 December 2025
Accepted: 11 December 2025
Published: 17 December 2025

Citation: Kezlya, E.; Mironova, E.;
Voyakina, E.; Kravchenko, S.; Mironov,
A.; Kuzmin, V.; Chernova, E.;
Turmanov, A.; Maltsev, Y.; Kulikovskiy,
M. Cyanobacteria in Waterbodies of
the Biggest Anthropogenic
Agglomeration: Combined DNA
Metabarcoding, Microscopy, and
Culture Analysis. Phycology 2025, 5, 88.
https:/ /doi.org/10.3390/
phycology5040088

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/lice
nses/by/4.0/).

1,2

and Maxim Kulikovskiy °

1 K.A. Timiryazev Institute of Plant Physiology RAS (IPP RAS), 35 Botanicheskaya St., Moscow 127276, Russia;
elechka-03@mail.ru (E.M.); diatomironov@yandex.ru (A.M.); ye.maltsev@gmail.com (Y.M.)

Faculty of Biology, M.V. Lomonosov Moscow State University, Leninskie Gory 1, Building 12, Moscow 119234,
Russia; kuzminvasiliy57@mail.ru

Scientific Research Centre for Ecological Safety, Saint Petersburg Federal Research Center, Russian Academy
of Sciences, Saint Petersburg 197110, Russia; katerina.voyakina@gmail.com (E.V.); s3561389@yandex.ru (E.C.)
Saint Petersburg State University, 4, 2nd Krasnoarmeiskaya St., Saint Petersburg 190005, Russia

All-Russian Collection of Microorganisms (VKM), Scryabin Institute of Biochemistry and Physiology of
Microorganisms, Russian Academy of Sciences, Pushchino 142290, Russia; svkraft@yandex.ru (5.K.);
max-kulikovsky@yandex.ru (M.K.)

Department of Ecology and Technosphere Safety, Murmansk Arctic University, Kapitana Egorova Street 15,
Murmansk 183038, Russia; iurmanov@mauniver.ru

*  Correspondence: melosira@mail.ru

Abstract

This study describes the results of integrative analysis of cyanobacterial communities in
waterbodies of Moscow, Russia. 165 rRNA V3-V4 metabarcoding and light microscopy
are implemented to investigate the diversity, abundance, and distribution of cyanobacte-
ria, including the representatives of potentially toxigenic taxa—Anabaena, Aphanizomenon,
Dolichospermum, Microcystis, and Planktothrix. High convergence is observed between
microscopy and metabarcoding data for dominant genera, including Microcystis and Plank-
tothrix. Sequence verification reveals total (100%) similarity between previously isolated tox-
igenic strains (e.g., Microcystis aeruginosa CBMC403m and CBMC523m) and corresponding
highly abundant ASVs. In addition, current study ascertains the efficiency of metabarcod-
ing for detection of rare cyanobacterial taxa missed by microscopy. We hereby acknowledge
the limitations of V3-V4 165 rRNA-based metabarcoding approach for region species-level
resolution and distinguishing potentially toxigenic taxa of cyanobacteria. At the same
time, our findings validate metabarcoding as a rapid and reliable tool for monitoring of
CyanoHABs in urban water ecosystems.

Keywords: metabarcoding; 165 rRNA; cyanotoxins; CyanoHABSs; strains; Moscow; Russia

1. Introduction

Methods of high-throughput sequencing or DNA metabarcoding are now increas-
ingly being used to study the diversity of cyanobacteria [1-5]. While DNA metabarcoding
still has some constraints—incompleteness of databases, incorrect identification of refer-
ence sequences, or limitations of molecular markers for resolution of species (sometimes
genera)—studies indicate that this approach provides results comparable to microscopy,
reveals a greater diversity of cyanobacteria, and serves as a more sensitive, efficient, and less
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time-consuming method for assessing cyanobacteria communities, as well as for identifying
toxigenic (and potentially toxigenic) species [1-6].

Events of harmful cyanobacterial blooms (CyanoHABs) are registered all over the
world with increasing frequency [4,7,8]. The danger of CyanoHABs lies in the fact that
cyanobacteria are capable of synthesizing a variety of secondary metabolites, e.g., cyan-
otoxins, including the hepatotoxic heptapeptides microcystins, the neurotoxic alkaloids
anatoxins, saxitoxins, and the cytotoxic alkaloid cylindrospermopsin. These metabolites
can accumulate in water environments and, if ingested, can affect human and animal
health, causing serious poisoning or death [9-11]. To date, toxigenicity is demonstrated for
40 genera of cyanobacteria [12].

In Russia, the number of cyanobacterial blooms has been increasing in the recent
decades. Over time, the content of toxins was detected using HPLC-HRMS methods in
various waterbodies throughout Russia—in the lakes and ponds of recreational utility in the
region of Saint-Petersburg [13,14], in Lake Baikal and the reservoirs of the Angarsk cascade
of hydroelectric power plants [15-17], in the reservoirs of the River Volga and Tsimlyansk
reservoir of the lower reaches of the River Don [11,18,19], etc. Therefore, the detection and
monitoring of CyanoHABs is urgent for maintaining the safety of surface sources of drink-
ing water and recreational waters for human health. DNA metabarcoding is considered
as an effective tool for such monitoring. However, studies of freshwater cyanobacterial
communities using high-throughput sequencing approaches are still limited. Mostly, the
studies were devoted to the study of cyanobacterial metagenome in Lake Baikal [20-24].

The city of Moscow is the largest city in Russia, with the population of more than
13 million people live. About 150 small rivers and streams and about 240 open reservoirs
(ponds and lakes) flow through the city territory [25]. These reservoirs are experiencing a
great anthropogenic impact, as well as a significant recreational load. Given the high risk
of CyanoHABs to human health, special control is required in reservoirs that are used by
the city residents for recreational activities, e.g., swimming and fishing. This work is the
first study of cyanobacteria in the ecosystems of Moscow utilizing DNA metabarcoding
and microscopy approaches. Current research is a continuation of our recent study, which
investigated the morphology, molecular data, and toxigenic potential of 20 strains of
cyanobacteria from 12 reservoirs in Moscow and resulted in the discovery of two toxigenic
strains of Microcystis aeruginosa (Kiitzing) Kiitzing [26].

The purpose of this study is to analyze the diversity of cyanobacteria, including poten-
tially toxigenic species in 18 reservoirs of Moscow (including 12 locations assessed in [26])
using two approaches—metabarcoding and microscopy. We hereby combine and analyze
three datasets: (1) data on the diversity, distribution, and development of cyanobacteria
based on DNA metabarcoding, (2) data on the diversity and abundance of cyanobacteria
based on microscopy, and (3) cyanobacterial metagenome data. We compare the reference
sequences of cyanobacteria strains isolated from the same reservoirs and characterized in
detail in our recent study [26] to the ASVs obtained through DNA metabarcoding.

2. Materials and Methods
2.1. Study Area and Sample Collection

The sampling was conducted in June-July 2024 across 18 aquatic sites (rivers and
ponds) of Moscow city. The sites were chosen for sampling due to their recreational role
and exposure to anthropogenic pressure. Recreational waterbodies—Bolshoy Krylatsky
Pond (M1), Krylatskoye Rowing Canal (M2), Bolshoy Sadovy Pond (M6), and Meshchersky
Pond (M10)—are used for swimming and sports training in the spring-summer season.
The ponds—Nizhny Fermsky Pond (M7), Unnamed pond in Odintsovsky district (M9),
Unnamed pond #1 in Marfino district (M13), Unnamed pond #2 in Marfino district (M14),
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Pervy Kamensky Pond (M16), Patriarshiy Pond (M18), and Clean Pond (M19)—are located
in park areas of the city, i.e., prohibited for swimming, but, at the same, are utilized for

unauthorized fishing. Information about the collected samples is summarized in Table 1.

Table 1. List of collected samples with hydrochemical parameters of water.

Hydrological Parameters

Sample . . Recreational
Site I;D Watercourse or Reservoir Coordinates Use Temperature pH Conductivity
Q) (mV)

M1 Bolshoy Krylatsky Pond 55.763134, 37.435047 Yes 234 8.09 134

M2 Krylatskoye Rowing Canal 55.766868, 37.442611 Yes 248 8.89 148

M3 Unnamed pond to the eastof 55 05000 37 446576 No 25.1 8.5 154
the rowing canal

M4 Moskva River, 55.753740, 37.448831 Yes 22.1 7.78 165
Krylatskoye district

M6 Bolshoy Sadovy Pond 55.834221, 37.539308 Yes 23.6 8.77 103

M7 Nizhny Fermsky Pond 55.835205, 37.559273 Yes 215 8.93 100

M8 Chachenka River 55.734546, 37.335521 No 25.4 7.85 42
Unnamed pond in

M9 Odintsovsky district 55.765066, 37.446576 No 25.1 8.50 154

M10 Meshchersky Pond 55.674680, 37.410679 Yes 28.1 9.50 111

M11 Unnamed pond 55.668461, 37.385979 No 27.1 8.51 152

M12 Setun River 55.679703, 37.365388 No 24.1 7.88 112

M13 Unnamed pond in Marfino 55.689277, 37.365546 No 27.6 9.02 103
district #1

M14 Unnamed pond in Marfino 55.668461, 37.385979 No 27.1 8.51 152
district #2
Tributary of the

M15 Likhoborka River 55.843815, 37.616566 No 26.1 7.96 171

Mieé Pervy Kamensky Pond 55.833901, 37.608266 Yes 28.1 8.41 172

M17 Yauza River 55.841615, 37.631375 No 26,8 7.95 167

M18 Patriarshiy Pond 55.763396, 37.592456 Yes 255 9.37 95

M19 Clean Pond 55.761603, 37.644501 Yes 25.6 8.81 131

M20 Bolshoy Ekaterininsky Pond 55.843815, 37.616566 Yes 229 8.42 87

The samples of phytoplankton were collected in the coastal area at every sampling

site. Surface water (100 L) was concentrated through a sterile phytoplankton Epstein net

(mesh size = 29 pm) to 250 mL. After each round of sample collection, the plankton net

was soaked in a 10% sodium hypochlorite solution for 2-3 h. Then, two 50 mL subsamples

were collected from the total sample. For microscopic analysis, the subsample was fixed by

40% formaldehyde solution to a final concentration of 4%. For 16S rRNA gene analysis,

the subsample was stored in a cooling bag up to arrival at the laboratory. Afterwards,

the sample was filtered through Reatrek-filter analytical track-etched membranes (LLC

“REATREK-Filter”, Obninsk, Russia) with a 0.4-pm pore diameter using a Sartorius vacuum

filtration apparatus (Sartorius, Gottingen, Germany) and a hand vacuum pump. The filters

were immediately frozen at —20 °C and kept frozen until analysis.
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2.2. Analysis of Environmental Parameters

Hydrological parameters—water temperature, pH, and conductivity (uS/cm)—were
measured in situ using a Hanna Combo (HI 98129) handheld device (Hanna Instruments,
Woonsocket, RI, USA). Information about the collected samples is summarized in Table 1.

Analysis of concentrations of the dissolved inorganic nutrients including DIN (NH4*,
NO,~, and NO; ™), DIP (PO43 ), and DSi (SiO32~) was conducted in the testing center MSU-
Lab (Moscow, Russia). Information about corresponding hydrochemical measurements is
summarized in Supplementary Table S1.

2.3. Microscopy, Morphological Identification, and Quantitative Analysis

Morphological examination was conducted using a Zeiss Axio Scope Al microscope
(ZEISS, Oberkochen, Germany) equipped with an oil immersion objective (100%, n.a. 1.4,
DIC) and a Zeiss Axiocam ERc 5s camera (ZEISS, Oberkochen, Germany). Morphological
identification was carried out based on LM observations, using standard taxonomic keys
for cyanobacteria [27,28].

For quantitative processing of phytoplankton, a 0.001 cm® Goryaev counting chamber
was used. A cell was taken as a counting unit. Recalculation of abundance was performed
using the following formula:

n-V1i

V2w

where N is the number of cells in 1 cm?® of water, n is the number of cells in a
0.001 cm® chamber, V1 is the volume of sample concentrate, V2 is the volume of the cham-
ber, and w is the volume of filtered water [29].

2.4. DNA Extraction, PCR Amplification, and High-Throughput Sequencing

Extraction and purification of environmental DNA, primers synthesis, PCR amplifi-
cation, and high-throughput sequencing were carried out at the research and production
company Syntol (Moscow, Russia). DNA extraction and purification were performed
using the Sorb-GMO-B plant material extraction kit (cat. no. GM-503-50, Syntol, Moscow,
Russia). The concentration of DNA was determined using a fluorescence-based quanti-
tative analysis method with a kit for counting small amounts of double-stranded DNA
in dsDNA solution on a Qubit 4 (Thermo Fisher Scientific, Waltham, MA, USA). The
extracted DNA was stored at —80 °C, before being used as the template for PCR amplifi-
cation. The region V3-V4 of the 16S rRNA (a barcode of 425 bp) was amplified using the
pair of cyanobacteria-specific primers CYA359F (5'-GGGGAATYTTCCGCAATGG-3') and
CYA781Rd (5-GACTACWGGGGTATCTAATCCCWTT-3') [30-32]. In the study conducted
by Kang et al. [31], it was shown that using cyanobacteria-specific 165 rRNA gene primers
detect a significantly higher number of cyanobacteria than universal prokaryotic 16S rRNA
gene primers. Libraries were prepared for sequencing using the protocol described in the
16S Metagenomic Sequencing Library Preparation manual (Part # 15044223 Rev. B; Illumina,
San Diego, CA, USA). The PCR cycle conditions were as follows: (1) initial denaturation
for 3 min at 95 °C; (2) 25 cycles of 30 s denaturation at 95 °C, 30 s annealing at 55 °C, and
30 s extension at 72 °C; (3) final extension at 72 °C for 5 min, ending at 4 °C. Purification of
PCR products was conducted using XP Beads (Illumina, San Diego, CA, USA). Indexing
libraries with Nextera XT indices were used (Illumina, San Diego, CA, USA). The library
was subsequently sequenced on an Illumina MiSeq platform and 250 bp paired-end reads
were generated using MiSeq Reagent Kit v2 (500 cycles) (Illumina, San Diego, CA, USA).

Raw data was deposited to the National Center for Biotechnology Information (NCBI),
BioProject number: PRINA1358805.
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2.5. Bioinformatic Processing

The raw Illumina paired-end reads obtained from Syntol (Moscow, Russia) were
processed using the QIIME 2 pipeline (version 2023.x; https://qiime2.org) following the
standard amplicon sequence variant (ASV)-based workflow. All analyses were performed
in a Linux environment.

Demultiplexed reads were trimmed to remove primers and low-quality regions
(Phred < 20). Quality filtering, denoising, merging of paired reads, and chimera removal
were carried out using the DADA2 plugin (qiime dada2 de-noise-paired). Parameters
were optimized per dataset (trunc_len_f = 250, trunc_len_r = 230, max_ee = 2), ensuring
the retention of high-quality reads. The process generated a high-resolution ASV table
representing unique, error-corrected sequences.

Taxonomic assignment of representative ASVs was performed using a Naive Bayes
classifier trained on the SILVA v138 reference database (https:/ /www.arb-silva.de, accessed
on 9 October 2025), specific to the bacterial 165 rRNA V3-V4 region. Classification was
conducted with the giime feature-classifier classify-sklearn plugin using a confidence
threshold of 0.7. Sequences annotated as mitochondria, chloroplasts, Eukaryota, or unclas-
sified at the domain level were filtered out using the giime taxa filter-table and giime taxa
filter-seqs commands.

To minimize sequencing artifacts, ASVs with fewer than 10 reads across all samples
were filtered out (qiime feature-table filter-features-p-min-frequency 10). The resulting
filtered table (ASV_counts_corrected.csv) was exported for further statistical analysis.

The progress of reads through each DADA?2 processing stage—input, filtered, de-
noised, merged, and non-chimeric—was summarized in the read-tracking file (dada2_
read_tracking_final.xIsx). These statistics were used to evaluate sequencing quality and
retention efficiency.

Taxonomic assignments of the most abundant ASVs and names associated with rare
taxa, monotypic genera, and taxa typical of specific environments were further manually
verified using NCBI BLASTn algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi?P
ROGRAM-=blastn&BLAST_SPEC=GeoBlast&PAGE_TYPE=BlastSearch, accessed on
9 October 2025) (percent identity > 98%, query cover = 100%). This verification revealed sev-
eral misannotations typical for automated database classifications. For example, 183 ASVs
with abundance from 3 to 36,626 assigned to monotypic genus Caldora (C. penicillata de-
scribed as a pantropical marine species) based Greengenes2 database were re-assigned as
chloroplast 165 rRNA gene of uncultured eukaryote or cyanobacterium clone; 28 ASVs from
them with abundance from 147 to 21,743 reads were re-assigned as chloroplast 165 rRNA
gene of different diatoms from class Bacillariophyceae (Nitzschia, Surirella, Gomphonema,
Diatoma, Amphora), from class Mediophyceae (Stephanocyclus, Thalassiosira, Acanthoceras,
Cyclotella), and Coscinodiscophyceae (Melosira varians). One ASV was re-assigned to
Chrysochromulina parva (Coccolithophyceae). Representatives of all these genera are com-
mon in water bodies of the European part of Russia. ASVs assigned to monotypic genus
of a seaweed symbiont Waterburya were re-assigned to Pleurocapsa, some species of which
are known as a freshwater. Ten ASVs (abundance 6-1047) of marine species Allocoleopsis
franciscana were re-assigned to genus Microcoleus, Pycnacronema, and Phormidium, represen-
tatives of which common in fresh waterbodies. Eighteen ASVs with abundance from 3 to
76,737 referred to an invalidly published genus Vulcanococcus renamed as Synechococcus sp.
based on NCBI BLAST. All taxon names from molecular-genetic and microscopy data as
well as taxonomy position at the levels of order and family were harmonized according to
the taxonomy used in the continuously updated Algaebase [33].

For the convenience of further analysis, all ASVs were assigned with numbers in
descending order of the total abundance of reads.
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It is worth mentioning that cyanobacteria were not detected in sample M15 either
during microscopic analysis, or during 165 rRNA metabarcoding. Therefore, this material
was excluded from the analysis.

2.6. Phylogenetic Analysis

For phylogenetic analysis, sorting of ASVs was performed. At the first stage, we
selected only the ASVs identified to the species or genus level (sometimes families if they
had a high—>2000—total abundance) were selected. The total number of selected ASVs
was 781. At the second stage, ASVs with a total abundance of >200 (or >0.01%) reads
were selected for the phylogeny and all ASVs (regardless of abundance) of potentially
toxic species and genera were retained. The latter are discussed in detail in this study
(Dolichospermum, Planktothrix, Aphanizomenon, Woronichinia, Snowella, Argonema). As a result,
the dataset consisted of 323 ASVs from 56 genera. The data matrix was supplemented with
sequences of type strains (if available) of the corresponding species/genera. The choice of
type strains was based on [34]. For ASVs 99.74-100% similar to the NCBI sequences, the
numbers of the corresponding strains are given.

The constructed dataset was aligned through the G-INS-I algorithm in Mafft ver.7
(RIMD, Osaka, Japan) [35]. Aligned matrix was trimmed and unpaired regions were edited
in MEGA11.5 [36]. The resulting dataset comprised 382 nucleotides. Bayesian inference
(BI) analysis was performed in BEAST ver.1.10.1 software (BEAST Developers, Auckland,
New Zealand [37]. The following parameters were chosen for the BI study: Yule process
tree prior speciation model, GTR + G + I substitution model, 10 MCMC analyses, and
10 min generations (burn-in 1 mIn generations). The resulting data of BI was analyzed
in Tracer ver. 1.7.1 (MCMC Trace Analysis Tool, Edinburgh, UK [37], the initial 10% of
trees were removed. Randomized Axelerated Maximum Likelihood (RAXxML) search was
utilized to assess the tree topologies robustness uisng the raxmlGUI 2.0 software [38],
1000 replicas, GTR substitution matrix, and gamma substitution rates. The matrix for
RAxML was identical to that used for BL. The best resulting phylogram from Bl and RAXML
was analyzed in FigTree ver.1.4.4 (University of Edinburgh, Edinburgh, UK) and finally
edited in Adobe Photoshop CC ver.19.0 (Adobe, San Jose, CA, USA).

In addition, the degree of similarity between gene sequences of type strains and
corresponding sequences from our analysis was estimated by the calculatuion of p-distances.
The values of p-distances were determined using MEGA11.5 software, calculated according
to the formula (1 — p) x 100.

The results of phylogenetic analysis and p-distance calculation can be accessed in
Supplementary Files (File 52, Tables S2-57).

3. Results

As a result of the analysis of the V3-V4 region of the 165 rRNA gene using cyano-
specific primers, a total of 3887 ASV were obtained from 18 studied samples. At the level
of macrotaxa, representatives of phylum Cyanobacteriota predominate in the communi-
ties (1782 ASVs, 46%) (Figure 1A). A high proportion of the sequences belong to phylum
Patescibacteria (16%), Bacillota (13%), and Acidobacteriota (9%). The cumulative propor-
tion of other bacterial groups does not exceed 6%. Overall, the community includes the
representatives of 28 phyla.

The analysis of total ASVs list showed that the number of ASVs in the waterbodies
varies from 68 (M18) to 1025 (M14) with a median of 348 ASVs, the abundance of sequences
in the reservoirs varied slightly, from 108,234 to 176,158. The proportion of Cyanophyceae
ranges from 51.7% (M8) to 99.7% (M9) with a median of 98.5%. The ASVs as singletons or
doubletons (n = 45) were removed from the dataset.
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Figure 1. Distribution of ASVs for V3-V4 hypervariable region of 16S rRNA gene. (A) Phylum-level
distribution. (B) Class-level distribution of phylum Cyanobacteriota.

3.1. Taxonomic Composition of Cyanobacteria Community Based on 16S rRNA
Gene Metabarcoding

Among the representatives of Cyanobacteriota, more than 2/3 of ASVs (69%) belong to
the class Cyanophyceae, non-photosynthetic phylogenetic relatives of cyanobacteria includ-
ing 50 ASVs (3%) (37 ASVs—Sericytochromatia—and 13 ASV—Vampirovibrionophyceae
(=Vampirovibrionia according to Greengenes2 database)). Almost a third of ASVs (n =420
or 24%) originate from the eukaryotic plastid genome (Figure 1B). The proportion of
Cyanobacteriota sequences unclassified at the level of class is 4%. Further analysis includes
only the ASVs assigned to Cyanophyceae (1239 ASVs in total).

At the level of orders, among the ASVs assigned to Cyanophyceae, 976 ASVs (78%) are
classified. Slightly fewer are determined to the level of families—929 ASVs (74.5%). At the
genus level, we were able to assign only 770 ASVs (63%). The general taxonomic composi-
tion was represented by the cyanobacteria of 22 orders, 38 families, and 76 genera. In terms
of ASVs diversity, Synechococcales (223 ASVs, 18%), Nostocales (178 ASVs, 14%), Chroococ-
cales (130 ASVs, 10%), Leptolyngbyales (106. ASVs or 9%), and Oscillatoriales (101 ASVs or
8%) predominate at the order level, while the accumulated contribution of the remaining
orders does not exceed 4% (49 ASVs) (Figure 2A). Among the genera, the largest number
of ASVs belong to Cyanobium (83 ASVs), Synechococcus (56 ASVs), Leptolyngbya (47 ASVs),
Nodosilinea (46 ASVs), Dolichospermum (36), Chamaesiphon (27 ASVs), Planktothrix (26 ASVs),
Oscillatoria (26 ASVs), Aliterella (22 ASVs), Thermoleptolyngbya (20 ASVs), and Aphanizomenon
(17 ASVs). The rest of the genera include no more than 16 ASVs each (Figure 2B).

B Genus (number of ASV) C

Cyanobium 7%

Genus (abundans of ASV)

Others (n=70) 6%  Unclassified 5%
Synechococcus 4% A
GFB012%.
Snowella 2%

Leptolyngbya 4%

Nodosilinea 4%

Woronichinia 3% Synechococcus

Dolichospermum 3% 28%
Chamaesiphon 2%
Planktothrix 2%
Oscillatoria 2%

Aliterella 2%

Thermoleptolyngbya 1%

Leptolyngbya3%

Aphanizomenon 4%
- Nostocales 14%

Anabaenopsis 5%

Microcystis 17
Aphanizomenon 1% Dolichospermum 6%
“\_Chroococcal les 10%

Cyanobium 8

Others (n=70) 31% Planktothrix 11%

Figure 2. Distribution of ASVs of phylum Cyanobacteriota by order and genus level. Percentages are
indicated. (A) Order-level distribution of ASVs. (B) Leading genera of cyanobacteria by number of
ASVs. (C) Leading genera of cyanobacteria by abundance of ASVs.
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Regarding the abundance of ASVs, genera are distributed differently (Figure 2C).
Eight genera with the highest abundance of sequences (from 51,586 to 576,656) account for
90.8%, of which more than 60% of sequences correspond to Synechococcus (29%), Microcystis
(18%), and Planktothrix (11%). The smaller contribution is demonstrated for Cyanobium (9%)
and Dolichospermum (6%). In addition, a relatively high abundance of ASVs was noted for
Aphanizomenon (5%), Leptolyngbya (3%), Woronichinia (3%), and Snowella (2%) (Figure 2C).
The abundance of unclassified (to the level of genera) sequences is low (5% accumulated).

3.2. Phylogenetic Analysis of ASV

The results of the phylogenetic analysis confirmed the identification of representa-
tives of all genera. ASVs assigned to the same genus are positioned within the highly
supported clades together with the corresponding type strains. The large clades of Dolichos-
permum / Aphanizomenon and Synechococcus /Cyanobium mostly comprise large branches
with low supports. However, ASVs assigned to a particular genus are mostly grouped
into subclades along with type strains of the corresponding taxa. Phylogenetic tree can be
accessed in Supplementary Materials File S3.

3.3. Distribution and Abundance Cyanobacteria Based on 16S rRNA Gene Metabarcoding

To assess the distribution of cyanobacteria, we used the identified ASVs exclusively.
In fact, the samples differ significantly in terms of the total abundance of ASVs. The
maximum values of abundance were recorded in ponds at M9 and M7 sampling locations,
in river (M17) and canal (M2) (169,063-148,544 reads) (Figure 3). The minimum values
were detected in ponds at stations M8 and M18 (34,955-79,128 reads). The latter water-
bodies, as well as the river M12, are characterized by the lowest absolute number of ASVs
detected (47-81 ASVs). In the rest of waterbodies, the number of ASVs varies from 119 to
237 (Figure 3).

180,000
160,000
140,000
120,000
100,000

80,000
60,000
40,000

| 20,000
0

M3 M4 M6 M7 M8 M9 MI10 M1l M12 M13 M14 M16 M17 M18 MI19 M20

Abundance of ASVs

mmmm Number of ASVs — e=====Abundance of ASVs

Figure 3. Diversity and abundance of cyanobacteria ASVs in studied waterbodies of Moscow city.

The analysis of the relative abundance of genera (top 12 genera with the highest pro-
portion of reads) revealed that the representatives of the genus Synechococcus predominate
in five ponds (Figure 4). In ponds M3 and M16, the proportion of sequences of this genus is
about 90%, in ponds M6, M9, and M11 it varies from 57% to 72%, and in other reservoirs
the relative abundance of Synechococcus equals 2-34%. Notably, the highest abundance of
Microcystis was observed in the river M17 (65%) and in ponds M13 (50%), M19 (37%), and
M10 (39%). In the waterbodies M1, M2, M4, M6, and M9, the proportion of Microcystis
sequences ranged from 11% to 25%, and in the rest they did not exceed 3%. At stations M4,
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MS, and M12, representatives of Planktothrix prevailed in terms of abundance of reads—68%
to 82%. In pond M18, 94% of ASVs belonged to the genus Aphanizomenon. In pond M20, 79%
of the sequences were classified as the representatives of the genus Anabaenopsis. It is worth
noting that this genus is recorded only in this pond as a result of our study. Cyanobium
representatives were found in all reservoirs except for M18, with a relative abundance
of sequences varying from 1% (M20) to 24% (M2). The maximum abundance of genera
Cephalothrix (50%) and Woronichinia (22%) was observed in pond M14. With the exception
of ponds M1 (abundance 0.1%) and M9 (0.5%), sequences of Cephalothrix were not detected
elsewhere. Sequences of Woronichinia were also observed in six more waterbodies, with the
abundance of 1% to 12%. Lastly, a significant proportion of Leptolyngbya sequences was
detected in ponds M1 (17%) and M7 (28%), while in other reservoirs it never exceeded 7%.

M9 M10 M11 M12 M13 M14 Ml6 M17 M18 M19 M20
Sample sites ID

B Synechococcus B Microcystis M Planktothrix 1 Cyanobium B Dolichospermum ™ Anabaenopsis

m Aphanizomenon  ® Leptolyngbya m Woronichinia m Snowella m GFBO1 m Cephalothrix

Figure 4. Top 12 genus-level distribution (%) of cyanobacterial community in Moscow waterbodies
in June 2024 based on the results of DNA metabarcoding.

Distribution and abundance of the top 30 cyanobacterial genera detected during
this study is presented in Figure 5. Arthrospira, Tolypothrix, Ancylothrix, Planktothricoides,
Microcoleusiopsis, unclassified Leptolyngbyaceae JSC-12, Thermoleptolyngbya, Cephalothrix,
Microcoleus, and Anabaenopsis are characterized as “rare” genera (ASVs with number of
reads < 1000 found in one or two waterbodies). The most common genera (with highest
abundance of reads) are Synechococcus, Microcystis, Planktothrix, Cyanobium, Dolichospermum,
Aphanizomenon, and Leptolyngbya.

3.4. Morphological Analysis: Taxonomic Composition, Distribution, and Abundance

Based on the morphological analysis of permanent phytoplankton samples, only
twelve species from nine genera, four orders, and four families were identified in the
studied reservoirs. Half of the taxa belong to the Microcystaceae (Chroococcales) fam-
ily and are represented by Microcystis aeruginosa; M. wesenbergii (Komdrek), Komarek
and Komadrek; Snowella lacustris (Chodat), Komarek & Hindak; Woronichinia naegeliana
(Unger), Elenkin; Merismopedia tenuissima, Lemmermann; and Aphanocapsa spp. There
are three species from the genus Dolichospermum (of the family Aphanizomenonaceae,
Nostocales)—D. crassum (Lemmermann), P. Wacklin, L. Hoffmann & J. Komarek; D. planc-
tonicum (Brunnthaler), Wacklin, L. Hoffmann & Komadrek; D. spiroides (Klebahn), Wacklin, L.
Hoffmann & Komarek; and Aphanizomenon flos-aquae, Ralfs and Bornet & Flahault. Another
species found represented the family Microcoleaceae (Oscillatoriales)—Planktothrix agardhii
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(Gomont), Anagnostidis & Komadrek. Family Leptolyngbyaceae (Leptolyngbyales) was
also represented by a single species—Planktolyngbya sp. This list is supplemented by An-
abaena sp. (Aphanizomenonaceae, Nostocales) and Argonema galeatum, Skoupy & Dvorak
(Phormidiaceae, Oscillatoriales), which were studied separately based on isolated strains
from our recent study [26].
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Figure 5. Heat map of the distribution profiles for abundance of the top 30 genera in the samples
detected by DNA metabarcoding. (*) indicates the number of ASVs.

In general, the diversity of cyanobacteria in the investigated waterbodies should be
described as poor, e.g., the species composition in each environment includes from one to
seven taxa. The greatest diversity was noted in pond M10 (seven taxa, see Figure 6) and
in ponds M9 and M6 (with five taxa detected in each). Cyanobacteria were not found in
ponds M3 and M16. At each of the following stations—canal M2, ponds M8, M11, and
M14—a single species was noted (Figure 6). Finally, cyanobacterial flora in pond M20 was
represented by two species of Dolichospermum (D. planctonicum and D. spiroides). The species
composition of the remaining reservoirs includes no more than four species (Table 2).

The maximum total abundance of cyanobacteria was observed in waterbodies of
recreational use—Meshchersky Pond (M10, 16,860 x 103 cells/mL) and in Bolshoy Sadovy
Pond (M6, 8636 x 102 cells/ mL). In other locations, the total abundance did not exceed
2950 x 103 cells/mL. Representatives of the genus Microcystis are the most widespread
among the identified taxa (Figure 6)—they are found in 11 of the 18 reservoirs. The
maximum abundance of Mycrocystis was recorded in the recreational reservoirs of pond
M10 (11,200 x 10° cells/mL) and pond M6 (7200 x 10° cells/mL). Species of the genus
Dolichospermum were detected in seven reservoirs, and the most widely distributed species
of the genus, D. spiroides, was found in five ponds (M6, M7, M9, M18, M20). The absolutely
maximum value of abundance among the representatives of the genus is noted for D.
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crassum in ponds M9 and M10 (550 x 103 cells/mL and 3200 x 103 cells/ mL); the abundance
of the other two species does not exceed 175 x 103 cells/mL. It is worth mentioning
that a potentially toxigenic species, Aphanizomenon flos-aquae, was found in five ponds
M1, M7, M10, M13, M18), as well as in rivers M12 and M8. In turn, the maximum
abundance of this species was observed in the ponds M18 (900 x 10° cells/mL) and M10
(600 x 103 cells/mL). In other reservoirs, the abundance of this species never exceeded
300 x 103 cells/mL (Figure 6, Table 2).
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Figure 6. Relative abundance of genera and total abundance of cyanobacteria in the waterbodies of

Moscow in June 2024 detected by microscopy.

Table 2. List of cyanobacteria and cell abundance in Moscow waterbodies in June 2024 detected

by microscopy.

Taxa Sample Site ID/Abundance (Cells-10%/mL)
M1 M2 M3 M4 Me M7 M8 M9 M10 Ml11 Mi12 M13 Ml14 Mle M17 Mi18 M19 M20

Aphanizomenon flos-aquae 30 90 80 600 105 300 900
Microcystis aeruginosa 15 2400 65 7200 1200 6400 15 15 300 45 30 225
Microcystis wesenbergii 4800 0
Snowella lacustris 45 30 1950 30
Woronichinia naegeliana 30 800 2800 900 0 15 60
Dolichospermum crassum 7.5 550 3200
Dolichospermum spiroides 4 30 175 4.5 150
Planktothrix agardhii 45 30 80
Aphanocapsa spp. 600 1800 60 60
Merismopedia tenuissima 32
Planktolyngbya spp. 15
Total abundance 120 2400 0 110 8636 2928 80 2950 16860 15 200 2610 15 0 105 950 315 290

(cells-10% /mL)

3.5. Comparison of Metabarcoding and Microscopy Data for the Analysis of Diversity and
Distribution of Cyanobacteria

According to the data of metabarcoding, the diversity of cyanobacteria in the studied
waterbodies is significantly higher than that revealed through microscopy. In particular,
76 genera and 1239 ASVs were identified based on DNA sequencing, whereas microscopy
data revealed only nine genera and twelve species. In addition, with the exceptions of
Aphanocapsa spp. and Planktolyngbya spp., all genera revealed by microscopy were also
detected by the metabarcoding. Based on seven genera of cyanobacteria represented in
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both datasets (microscopy and metabarcoding), we compared the levels of cell abundance
and the values of ASVs abundance in the studied samples (Figure 7).
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Figure 7. Comparison abundance of ASVs/cells of cyanobacteria in six genera across Moscow
waterbodies in June 2024 detected by DNA metabarcoding and microscopy. (A) Microcystis

spp- (B) Woronichinia naegeliana. (C) Snowella spp. (D) Aphanizomenon spp. (E) Planktothrix spp.
(F) Dolichospermum spp.

According to the data of metabarcoding, Microcystis ASVs are found in all waterbodies
with an abundance varying from 20 to 89,425 (Figure 7A). Data from microscopy, however,
indicates that the representatives of this genus are absent in samples with a low abundance
of ASVs (<1265) (sampling sites M3, M7, M8, M14, M16, M20). At the remaining locations,
the data of the two analyses coincided, i.e., the presence of sequences is confirmed by
microscopic investigation (M2, M6, M9, M10). Moreover, it should be noted that at points
M13, M17, and M19 there was a significant difference in the relative abundance of reads
and cells, i.e., with a relatively high abundance of reads, but a relatively low abundance of
cells. Nevertheless, the presence of Microcystis in the samples was confirmed by both types
of analysis.
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Sequences of Woronichinia naegeliana were found in fourteen samples. Of these, four
(M3, M8, M12, M17) demonstrated the abundance of ASVs that did not exceed 34. In
these probes, representatives of W. naegeliana were not registered by the microscopy. The
dynamics of the abundance of ASVs and number of cells are somewhat different (Figure 7B).
For example, in samples M10, M14, and M19, the maximum abundance of ASVs was noted,
whereas according to microscopy data, the number of cells was relatively low. At the same
time, the peaks of maximum abundance of ASVs/cells coincide in samples M6 and M9.
Notably, in samples M10 and M4, with a relatively high abundance of ASVs (11,409 and 482,
Respectively), microscopy was unable to detect the colonies of W. naegeliana. However, in
our previous study, several strains of this species were obtained from the same samples [26].
Such peculiarity could be due to the high abundance of Microcystis spp. in the samples.
When processing the material in LM, W. naegeliana could have been missed or confused
with Microcystis spp.

Cyanobacteria of the genus Snowella (Figure 7C) demonstrate the greatest consistency.
The dynamics of the abundance of ASVs and cells are completely identical. The maximum
abundance was noted in sample M13 in both datasets, while low values (ASVs from 30
to 9981 and cell levels of 120-180 cells-103/mL) were typical for samples M1, M10, and
M19. Snowella was not registered through microscopic analysis in nine samples, where the
abundance of ASVs was less than 1140.

Similarly, a high correspondence of the data from the two analyses was noted for
Aphanizomenon (Figure 7D). According to the data from microscopy, Aphanizomenon flos-
aquae was identified in seven samples. Regarding the sequencing data, 17 ASVs were
assigned to this genus, of which 88.7% of all reads belong to ASV6, which is totally similar
to the reference sequences of Aphanizomenon flos-aquae from GenBank. According to the data
of metabarcoding, sequences were found in sixteen of the eighteen studied reservoirs, and
in three of them the abundance of reads did not exceed 56. In the sample M13, the data from
the two analyses did not match—the high abundance of cells found during microscopy
was not confirmed by the sequencing data (no Aphanizomenon sequences were found in
this sample). It is also worth noting that with a low relative abundance of ASVs (<252)
in samples M1, M7, M8, and M12, microscopy data revealed a relatively high abundance
of cells. However, the maximum abundance peaks in both analyses are equal (points
M18, M10).

According to the LM data, a potentially toxic species Planktothrix agardhii was detected
in three samples (M4, M10, M12) with an abundance of 120-320 x 10° cells/mL. These
findings are supported by metabarcoding, e.g., the maximum abundance of ASVs assigned
to this genus was noted in the same samples (Figure 7E). At the same time, a relatively high
abundance of ASVs was observed in the sample M8, whereas this species was not detected
during microscopy. Interestingly, the genus Planktothrix was represented by a single species
after LM analysis, whereas the data of metabarcoding provided evidence for the species
P. agardhii, P. paucivesiculata, and P. pseudagardhii (26 ASVs total). Of these, the maximum
abundance is shown for ASV2, which is 100% identical to the P. agardhii strain NRERC-755
(originating South Korea).

After two analyses, the data on the genus Dolichospermum differed most significantly
(Figure 7F). The maximum abundance of ASVs was revealed in sample M2, whereas
according to microscopy data, Dolichospermum was not found at this location. At the same
time, the results of microscopic analysis on samples M9 and M10 indicated a relatively high
abundance of representatives of this genus. On the contrary, the abundance of ASVs in
these samples was relatively low. In general, Dolichospermum ASVs were observed in almost
all samples (with the exceptions of M16 and M8), with an abundance from 61 to 51,285.
Microscopy provided evidence for the presence of Dolichospermum in seven samples only
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(Figure 7F). Thus, there is no definite correspondence between the abundance of ASVs and
the detection of representatives of the genus by LM. For example, microscopy confirmed the
presence of Dolichospermum in samples with a low abundance of ASVs (898-938, M4, M6,
M18), whereas in samples with an abundance of ASVs from 1629 to 6136, representatives
of the genus were not noted by LM.

For Merismopedia ASVs were found only in the M6 sample (91 reads). These data
completely coincide with the results of LM, in which Merismopedia tenuissima is also shown
only in the same sample (Tables 2 and S8).

3.6. Detection of Strain Sequences in Metabarcoding Data

In our recent study [26], we assessed the morphology, 165 rRNA gene data, and toxi-
genic potential (based on PCR and HPLC-HRMS) of 20 stains of cyanobacteria, obtained
from the waterbodies in Moscow. The same set of samples and the same strains are analyzed
herein. These strains were identified as Aphanizomenon sp. (CBMC 479m), Dolichosper-
mum sp. (CBMC469m), Anabaena sp. (CBMC473m), Argonema galeatum (CBMC475m),
Woronichinia naegeliana (CBMC672m, CBMC674m CBMC675m, CBMC677m, CBMC680m,
CBMC681m, CBMC683m, CBMC685m, CBMC687m, CBMC689m, CBMC691m), and Micro-
cystis aeruginosa (CBMC403m and CBMC523m). In this study, by computing the p-distances,
we compare the sequences of the strains to the corresponding sequences of ASVs detected
during metabarcoding. We hereby discuss the results of comparison for each taxon.

3.6.1. Argonema galeatum, Skoupy & Dvotak

A single ASV (ASV416) was assigned to this species (with 100% similarity by NCBI-
Blast). The sequence of our strain A. galeatum CBMC475m is completely identical to ASV416,
as well as to the sequences of this species available in GenBank (Table S2). Notably, A.
galeatum and A. antarcticum are quite dissimilar (1.4%) when analyzing the long partial 16S
rRNA gene sequences (906 bp), but absolutely identical based on the short V3-V4 165 rRNA
region (276 bp). Strain A. galeatun CBMC475m was isolated from sample M9. According to
the metabarcoding data, the sequence of this species (ASV416), was detected in samples
M1, M9, and M10. The abundance of sequences is low, from 12 (in sample M10) to 120 (M1).
It is worth mentioning, the genus has been described recently from soil crusts of James Ross
Island (Western Antarctica [39]), but, based on the analysis of the NCBI nucleotide database,
authors have demonstrated the worldwide distribution of Argonema. It is possible that the
representatives of the genus prefer the benthic environments in freshwater waterbodies,
which is why the genus may be poorly represented in the samples of phytoplankton.

3.6.2. Anabaena sp.

Eleven ASVs detected through metabarcoding were attributed as Anabaena sp. (values
of similarity with Anabaena > 99.21% by both databases). Of these, nine ASVs were rare,
with the total abundance of lower than 150. The abundance of two ASVs was significantly
higher: ASV94 (n = 2311) and ASV119 (n = 1741). The largest number of these ASVs was
noted in the sample M14. We did not find ASVs sequences which were 100% similar to
strain Anabaena sp. CBMC473m (see Table S3). The maximum level of similarity (99.8%)
was noted for the ASV782, which was found in only one sample—M11 (32 reads). However,
strain Anabaena sp. CBMC473m from our previous study was isolated from sample M7.

3.6.3. Aphanizomenon sp.

Seventeen ASVs were assigned to the genus Aphanizomenon, of which more than
half (nine ASVs) were classified as the potentially toxigenic species Aphanizomenon flos-
aquae (with similarity values of 99.74-100%). The rest were attributed to Aphanizomenon
gracile and Aphanizomenon sp. Regarding the abundance, 88.7% of all readings included
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ASV6, corresponding to A. flos-aquae. This ASV is noted in eight samples. Among these
samples, the greatest abundance of ASV6 was found in the pond M18 (n = 73,267) and in
the recreational pond (M6, n = 4657) (Figure 5). In other waterbodies, the abundance of A.
flos-aquae ASV6 did not exceed 2511. To conduct the sequence similarity analysis (based on
p-distances), we have supplemented the dataset with six reference sequences of A. flos-aquae
from GenBank (including the type strain) (Table S4). The latter are totally identical to the
sequence of ASV6, which confirms the correct identification. Nevertheless, the sequence of
strain Aphanizomenon sp. CBMC479m isolated from sample M10 differs from type strain
sequences by 1.5%, and probably belongs to a different species. In general, the ASVs of
Aphanizomenon spp. show high heterogeneity, with differences among themselves reaching
the value of 5.1%, which, apparently, may indicate their affinities to different species.

3.6.4. Dolichospermum sp.

The genus Dolichospermum occupies the fifth place in terms of the abundance of ASVs
and the total number of corresponding ASVs (n = 36). ASVs assigned to this genus were
found in almost all samples (n = 16). In fact, the short barcode region of the 165 rRNA
gene did not provide precise resolution to the species of this genus. Search for reference
sequences in GenBank database yielded many totally similar sequences classified as D.
circinale, D. lemmermannii, D. planctonicum, D. brachiatum, D. smithii, and other species. On
the contrary, a pairwise comparison of ASVs sequences revealed a high heterogeneity of
oligotypes. The similarity values (p-distances) range from 88.2% to 99.6-100% (Table S5).
However, we found ASV179, the sequence of which is completely identical to the Dolichos-
permum sp. CBMC469m strain sequence. The strain was isolated from the sample M4.
ASV179 sequences were found in the same sample (M4) and in eight more samples, with
low levels of abundance (7 to 296 reads).

3.6.5. Microcystis aeruginosa (Kiitzing) Kiitzing

In terms of the total abundance of sequences, Microcystis ranks second among all gen-
era and includes nine ASVs. Of these, the maximum abundance was noted for two ASVs,
ASV1 and ASV5 (238,956 and 95,297 reads in total, respectively). Pairwise comparison of
the sequences of ASVs of Microcystis spp. and sequences of toxigenic Microcystis aerugi-
nosa strains, CBMC403m and CBMC523m, isolated from samples M13 and M10 (see [26])
demonstrated their total similarity to the sequence of ASV1 (Table S6). With an abundance
of reads from 20 to 60,152, ASV1 sequences were noted in almost all samples (in 16 of 18).

3.6.6. Woronichinia naegeliana (Unger) Elenkin

In our dataset, eleven ASVs were assigned to W. naegeliana with 99.21-100% values
of similarity to reference strains from NCBI-Blast. The total abundance of reads varied
from 7 to 19,629. Interestingly, according to the Greegenes2 database, these sequences
were assigned to Synechocystis. In our previous study [26], we studied and obtained the
reference sequences of the partial 165 rRNA gene for fourteen strains of this species, which
represented five oligotypes. Sequence similarity was calculated based on p-distances in
comparison to the type strain W. naegeliana OLE35501. The values ranged from 99.1%
(one strain) to 99.7% (two strains), 99.8% (one strain), 99.9% (two strains), and 100%
(seven strains).

It should be noted that according to the short barcode region (338 bp), the strain
sequences were divided into three (rather than five) oligotypes. As a result of pairwise
comparison of the reference sequences of previously obtained W. naegeliana strains and
eleven ASVs obtained here, it was found that two ASVs (ASV25 and ASV27) totally
correspond to two oligotypes of strains (Table S7).
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The first oligotype (100% similar to the strain type sequence W. naegeliana 0LE35501)
includes sequences of eleven strains and ASV25. The strains were isolated from samples
M9 and M10. The maximum abundance of ASV25 was found in the same set of samples
(2439 and 9765, respectively). In addition, ASV25 were detected in eight more samples with
abundance of reads from 10 (M12) to 3686 (M11).

The second oligotype included previously studied W. naegeliana strains (CBMC672m
and CBMC675m) and ASV27. The similarity of the sequences is 100% (Table S7). Addition-
ally, strains W. naegeliana (CBMC672m and CBMC675m) were isolated from sample M7,
where the maximum abundance of ASV27 (13,229 reads) was recorded. The second oligo-
type is less common, and the sequences of ASV27 were found in samples M19 (69 reads),
M9 (1080), and M14 (2917).

We did not detect the oligotype of strain CBMC674m in metagenomic data. The
similarity of the sequences of the remaining ASV phylotypes with the first two is quite
high, from 99.1% to 99.7%.

4. Discussion
4.1. Comparison Between the Microscopic and Metabarcoding Datasets

The results of our research demonstrate a significant difference in the diversity of
cyanobacterial communities determined by microscopy and the method of DNA metabar-
coding. As it was already mentioned, microscopy revealed only 12 species from 9 genera,
whereas according to metabarcoding data, the diversity of cyanobacteria is, by far, higher—
represented by 76 genera and 1239 ASV. We found it difficult to give an accurate estimate
of the number of species present in the studied communities based on sequencing data.
On the one hand, many ASVs had 100% similarity to several species from the GenBank
database (i.e., the selected genetic marker did not provide accurate resolution to the species,
or it could be due to erroneous identification of the uploaded sequences). On the other
hand, multiple sequences assigned to the same species in the database had high hetero-
geneity among themselves (differences up to 4-5%, see Table 54 (p-distance matrix of
Aphanizomenon spp.), see Table S5 (p-distance matrix of Dolichospermum spp.), and, probably,
represent different species, thus requiring additional clarification of the taxonomic status.

Despite the large difference in the diversity of communities detected by the two
methods, with the exception of Planktolyngbya spp. and Aphanocapsa spp., microscopy
was fully confirmed by the sequencing data. All genera/species found by microscopy are
among the top 12 genera with the highest abundance of ASVs. Small-celled representatives
of the genera Synechococcus and Cyanobium were not found among the genera with a high
abundance of ASVs during microscopy. Such discrepancies have already been noted in
similar studies, for example, by MacKeigan et al. [5], during a comprehensive study of
379 Canadian lakes by microscopy and DNA metabarcoding techniques. Also, the same
cases with mismatches of identification of small-celled Cyanobacteria were discussed in
Lietal. [2,3] and Albrecht et al. [40]. In general, the fact that DNA metabarcoding reveals
a significantly greater diversity of cyanobacteria than microscopy has been repeatedly
discussed in the studies dedicated to comparing the two methods. Speaking again about
the large-scale study of Canadian lakes by MacKeigan et al. [5], 31 genera were found
by microscopy, while metabarcoding detected 57 genera and 1016 ASVs of cyanobacteria.
Similarly, Li et al. [2] detected 34 cyanobacterial morphospecies based on microscopy
and 69 cyanobacterial OTUs while analyzing the cyanobacterial communities in seven
freshwater systems. The analogous situations were described by Gelis et al. [32], during
the study of cyanobacteria in four large alpine lakes in France; by Tukhtaboeva et al. [41]
regarding the cyanobacterial communities in eroded soils in Uzbekistan; and by Patova
et al. [42] in their research on the biological soil crusts of the Northern Ural Mountain



Phycology 2025, 5, 88

17 of 23

Region. The discrepancy was explained by MacKeigan et al. [5] (see also references in it)
by technical issues (differences in the sample volumes, DNA extraction methods, primer
set, bioinformatic processing), copy number variation, incomplete reference databases, etc.
Although studies comparing the two approaches are very time-consuming and still limited,
the authors agree that the results obtained by the two methods are usually comparable
and metabarcoding is recommended as an effective tool for improved understanding
of cyanobacterial communities, in monitoring programs, and assessing the spread of
potentially toxic species [2,5,43].

Our detailed comparison of the distribution and abundance of seven genera of
cyanobacteria represented in both datasets showed a high congruence of methods. For the
genera Microcystis, Woronichinia, Snowella, Planktothrix, and Merismopedia, the presence in
the samples was confirmed by both methods in the vast majority of cases, and the peaks
of high abundance of cells/ASV coincided. A discrepancy in the data was noted for the
genera Aphanizomenon and Dolichospermum. In some samples for these genera with a high
abundance of ASVs, according to microscopy data, representatives of the genera were not
found, and vice versa, with a relatively high abundance of cells, according to microscopy
data, genera were not noted in the metabarcoding data (e.g., Aphanizomenon in sample
M13). The latter example can be explained by insufficient homogenization of biomass
before DNA isolation or problems during amplification. There is also a possibility that
some ASVs from the M13 sample may have been incorrectly identified from databases,
which led to the absence of Aphanizomenon ASVs in this sample. A similar case was de-
scribed by [31] using the example of cyanobacterial communities on coral reefs studied
through metabarcoding and cultivation. For DNA metabarcoding, the authors used two
sets of primers (universal and cyano-specific). As a result, the genera Planktothricoides
and Xenococcus were detected only in universal sets of primers. This likely indicates the
limitations of cyanobacteria-specific primers.

A comparison of the sequences of 20 strains isolated from the same waterbodies (de-
scribed in Kezlya et al. [26]) with the ASVs obtained here (“internal verification”) confirmed
the presence of sequences of almost all strains in the metabarcoding data. Strains Aphani-
zomenon sp. CBMC479m and Anabaena sp. CBMC473m were the exceptions: their sequences
with 100% similarity were not found among the obtained ASVs. Such discrepancies have
been reported in previous studies. In the above-mentioned work by Kang et al. [31], the
authors cultured Anabaena, Chroococcus, and Merismopedia, but did not find them in any set
of DNA metabarcoding data. Also, using the example of microalgal mock communities
analysis by Bradley et al. [44], differences in the composition of the community were shown
based on the results of metagenomic sequencing.

4.2. Distribution of Toxigenic and Potentially Toxigenic Species of in the Studied Waterbodies
According to Microscopy and Metabarcoding

Among the most widespread genera detected by two methods, Microcystis, Planktothrix,
Dolichospermum, and Aphanizomenon are potentially toxigenic. The share of ASVs (in the
analysis of the top 12 in terms of the abundance of genera in metadata) varies from 39
to 94% depending on the sampling location and genus. The massive development of
representatives of these genera is confirmed by microscopy data in most samples.

The first thing to be noted is the high abundance of ASV1 Microcystis aeruginosa, the
most common sequence in our dataset, (see Sections 3.5 and 3.6.5). ASV1 is 100% similar to
the 165 rRNA sequences of Microcystis aeruginosa strains (CBMC403m, CBMC523m), which
are capable of producing microcystins and were studied in detail in our recent study [26].
In fact, cyanobacteria of the genus Microcystis are known to be among the most common
producers of microcystins in freshwater bodies on all continents except Antarctica [7]. At
the same time, it is known that the representatives of this genus belonging to different
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species may be characterized by 165 rRNA sequences of 99+% similarity. In this regard, it is
believed that all Microcystis species should be considered as a single species complex [7,45].
By contrast, Berry et al. [46] in a study devoted to the analysis of the connections of
the oligotypes of M. aeruginosa to the environmental factors and toxicity, concluded that
oligotypes cannot be used to infer toxic ecotypes. In our previous study, two toxic strains
of M. aeruginosa (CBMC403m, CBMC523m) with the same oligotype were isolated from
different reservoirs (M10, M13). When comparing partial 16S rRNA sequences of our
toxic Microcystis aeruginosa strains with type strains from GenBank, several strains of
microcystin-producing and non-microcystin-producing M. aeruginosa 16S rRNA sequences
were demonstrated as completely identical ([26], Table S1). Based on this, it can be assumed
that ASV1 sequences can include both toxic and non-toxic variants of M. aeruginosa. On the
other hand, in our data, out of nine ASVs attributed to Microcystis aeruginosa, only ASV1
totally matched the sequences of toxic Microcystis aeruginosa from our previous study. This
suggests that the metabarcoding data may indicate the widespread occurrence of toxic
Microcystis aeruginosa in the studied reservoirs. In any case, the data obtained and described
herein provide a basis for checking the microcystin content during the algal blooms in the
reservoirs (primarily in recreational reservoirs M1, M2, M6, M10) in the summer, in order
to avoid negative consequences for the health of the city’s human population.

Planktothrix agardhii is one of the most widespread toxin-producing cyanobacteria in
temperate lakes [4,47-49]. In Russia, the dominance of this genus is also often documented
([11] and references in there). It is known that not all isolates of P. agardhii are capable of
synthesizing toxins, and the issues of biogeography of toxic and non-toxic forms of this
species have not yet been resolved [4,48]. According to metabarcoding data, representatives
of Planktothrix occupy the third place in terms of sequence abundance and include 11% of
all acquired reads. The metabarcoding data is well confirmed by microscopy data, with
maximum abundance peaks observed in three reservoirs (M4, M12, and recreational M10).
Hitherto, there is no data on the toxic potential of P. agardhii in studied reservoirs. However,
the results of our analysis revealed a high abundance of this species in the recreational
reservoir M10, which, in turn, indicates the need to control the content of cyanotoxins in
the ecosystem.

According to the review by Melnikova et al. [50], which summarized data on the
diversity of cyanobacteria species that cause algal blooms in Russia, the potentially toxic
Aphanizomenon flos-aquae, Microcystis aeruginosa, Dolichospermum flos-aquae, and Dolichosper-
mum lemmermannii dominate in continental reservoirs during CyanoHABs. It is noted that
Aphanizomenon flos-aquae, Microcystis aeruginosa, and Dolichospermum flos-aquae have the
widest distribution throughout Russia and are found in reservoirs both in the Arctic zone
of the Russian Federation and in the south of the country, as well as in freshwater parts of
coastal seas. Dolichospermum species are known to produce various types of cyanotoxins,
in particular microcystins of different kinds, saxitoxin, anatoxin-a, as well as metabolites
that impair the taste and odor of water, e.g., geosmin [51]. Aphanizomenon flos-aquae is also
known to be a producer of anatoxin-a [11].

In our previous work, the isolated strains of Dolichospermum sp. and Aphanizomenon
sp. did not contain genes involved in cyanotoxin synthesis. In this study, microscopy and
metabarcoding indicate a high abundance of Aphanizomenon flos-aquae/Dolichospermum
sp. in recreational reservoirs M2, M10. Further study of their toxic potential is needed. In
addition, Anabaenopsis (with high abundance of corresponding ASVs found in M20), Cuspi-
dothrix, and Phormidium are worth noting, as they were detected only by metabarcoding in
rare numbers, but are potentially toxigenic, too.
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5. Conclusions

This study confirms the effectiveness of metabarcoding for studying the diversity of
cyanobacteria, as well as for assessing the spread and development of toxigenic and poten-
tially toxigenic cyanobacteria in urban reservoirs. A detailed comparison of the abundance
dynamics of ASVs/cells using the example of six genera, including the widely distributed
and potentially toxigenic Microcystis, Planktothrix, Dolichospermum, and Aphanizomenon,
showed high level of convergence of microscopy and metabarcoding data. We verified the
presence of sequences of 20 strains of cyanobacteria previously isolated from the same reser-
voirs (including toxic Microcystis aeruginosa; see [26]) in the metabarcoding data. Thus, we
recorded 100% similarities of strain sequences to the ASVs of the corresponding taxa. The
metabarcoding data indicate the high level of abundance and distribution of the toxigenic
species Microcystis aeruginosa—ASV1 is 100% similar to the sequences of toxic Microcystis
aeruginosa strains, CBMC403m and CBMC523m, found in all reservoirs.

The following conclusions can be drawn from the results of our research:

e  Repeated sequence verification in NCBI improves the taxonomic assignment of ASVs.

o  The databases of cyanobacterial sequences should be further supplemented with
securely identified and well-documented gene data.

e  The short barcode region V3-V4 16S rRNA often does not provide accurate resolution
for the species of many cyanobacteria, including the widespread and potentially toxi-
genic representatives of Microcystis, Planktothrix, Dolichospermum, and Aphanizomenon.
Using additional genetic markers (e.g., rbcL, cpcBA or toxin genes) might improve
resolution for the cyanobacteria species and toxic genotypes in future studies.

e  Asyet, it is impossible to unambiguously identify toxic and non-toxic forms of species
based on this genetic marker. We agree with the opinion of Casero et al. [4], who
pointed out the need to develop accurate methods for determining toxic/non-toxic
genotypes within populations using integrative approaches—coupling genomics,
transcriptomics, proteomics, and metabalomics in combination with field research.

e  Using the example of the Argonema galeatum, which is rare for the studied waterbodies,
the presence of the taxon at different locations was proved with minimal abundance
values of ASV (<0.01%). Due to the very low abundance, the species was not detected
during microscopy of the samples, while the Argonema galeatum strain CBMC475m
was isolated from the M9 sample [26]. The 16S rRNA sequence region totally matched
ASV416 identified as Argonema galeatum and detected in the same sample (M9). This
indicates that low abundance sequences should not be neglected during the analysis
of metabarcoding data.

e  Our data on the analysis of cyanobacteria based on microscopy confirm the effec-
tiveness of metabarcoding for the monitoring of CyanoHABs in urban waterbodies.
Metabarcoding makes it possible to quickly assess the diversity of cyanobacteria,
identify reservoirs with a high abundance of potentially toxigenic species, and detect
the priority reservoirs with a high probability of toxic blooms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/phycology5040088/s1, File S1: Table S1. The hydrochemical
parameters of water in the sample sites. File S2: Table S2. Percent similarity (p-distance) matrix of
ASV416 and similar Argonema galeatum strains on the basis of the 16S rRNA V3-V4 hypervariable
region (276 bp); Table S3. Percent similarity (p-distance) matrix of Anabaena sp. CBMC473m and
most similar ASVs on the basis of the 165 rRNA V3-V4 region (278 bp); Table S4. Percent similarity
(p-distance) matrix of Aphanizomenon sp. CBMC479m, Aphanizomenon flos-aquae strains, and most
similar ASVs on the basis of the 165 rRNA V3-V4 region (276 bp); Table S5. Percent similarity
(p-distance) matrix of Dolichospermum sp. CBMC469m and most similar ASVs on the basis of the
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