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Original Article

Sanitary-bacteriological monitoring of 
water quality in Lake Baikal – 
from single/one-off studies 
to systematic annual expeditions 

Drucker V.V., Suslova M.Yu., Nebesnykh Yu.R., Potapov S.A., 
Podlesnaya G.V.*, Belykh O.I. 
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. The analysis of sanitary-bacteriological assessment of water quality in the littoral and 
pelagic zones of Lake Baikal for the whole period of microbiological studies of the ecosystem was car-
ried out. It was established that such studies were single in the last century and only from the end of 
the century they began to be carried out all over the lake, and now they are carried out annually in the 
spring, summer and autumn periods over the whole water area of Lake Baikal and in the estuaries of 
large tributaries. The water quality of the lake was assessed and unfavourable areas in the littoral zone 

The scheme and periodicity of sanitary-bacteriological monitoring of the Lake Baikal ecosystem is pro-
posed. 
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1. Introduction

The surface waters of our planet, including lakes, 
reservoirs, and rivers, as well as seas and oceans, are 
subject to constant anthropogenic impact. The ecosys-
tem of Lake Baikal, which was included in the UNESCO 
World Natural Heritage List in 1996 due to the unique-
ness and purity of its waters, has not escaped this 
impact. The ecological condition of fresh water bodies 
– the main sources of drinking water – is degrading 
worldwide, which leads to the disruption of evolution-
ary microbiocenoses and the development of opportu-
nistic and pathogenic bacteria in them. Because of their 
unusual competitive ability, developed over 3 billion 

-
logical niches, from polar regions to deserts. Water is 
one of the most favorable habitats for them; in aquatic 
ecosystems, microorganisms reach high numbers, being 
determining and necessary links in the cycle of chemi-
cal elements, providing the process of continuous cre-
ation and destruction of organic substances as a result 
of interconnected functioning.

Microbiological studies of the Baikal water and 
sediments have been carried out for about 100 years 
(Yasnitsky et al., 1927; Nechaeva and Salimovska-

ya-Rodina, 1935; Kuznetsov, 1951; Romanova, 1958; 
et al.). In the following years, abundance and biomass 
of bacterioplankton were studied not only in the south-
ern part of the lake but also throughout the Baikal 
water area. Their interannual dynamics and vertical 
distribution, peaks in seasonal development, correla-
tions with the dynamics of abundance and composition 
of phytoplankton, and changes in water temperature 
were established, the time of bacterial generation was 

composition of cultured microbial communities was 
started (Egorova et al., 1952; Rodina, 1954; Kuznetsov, 
1957; Kriss and Chebotarev, 1970). During this period 
of microbiology formation in Lake Baikal, the microbi-
ologists from research institutions in Moscow and Len-
ingrad played the main role, using their knowledge and 

Sanitary-bacteriological assessment of water 
quality implies the determination of a set of sanitary 

of the water body under study – in accordance with 
the requirements of regulatory documents. Sanitary 
indicators are fecal indicator bacteria (FIB). They are 
used worldwide to detect and prevent fecal contami-
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nation and associated risks to human health due to the 
likely presence of pathogenic bacteria and viruses. FIB 
include bacterial groups such as total coliform bacteria 
(TCB), thermotolerant coliform bacteria (TCB), fecal 
coliform bacteria (fecal coliforms), E. coli, Enterococci, 

which are widely distributed in the feces of humans 
and most animals. Their levels in wastewater and feces 
are relatively high, so they are usually detected when 
fecal pollution is present in surface waters. Therefore, 
surface waters are monitored using the FIB abundance, 
for which standards are set by legislative documents 
for assessing the quality of the waters used. Such water 
quality studies were initiated much later in Lake Baikal.

2. Materials and methods

After the reorganization of Baikal Limnologi-
cal Station into Limnological Institute of the Siberian 
Branch of the USSR Academy of Sciences in 1961 and 
the foundation of the “Laboratory of Applied Microbiol-
ogy” in 1972, headed by M.A. Messineva (Cand. Sc. Biol-
ogy), who investigated microorganisms of sediments in 
Lake Baikal in the 1950s (Messineva, 1957), research 
of microorganisms of Lake Baikal became planned, 
systematic, and comprehensive. Since the purpose of 
our work is to analyze the conducted studies on san-
itary-bacteriological monitoring of Lake Baikal water 
quality for the previous period of work and to develop a 
scheme of it for the unique oligotrophic water body, we 
do not list all microbiological works, as they are avail-
able on the website of Limnological Institute Siberian 
Branch of the Russian Academy of Sciences, as well as 
in the monograph-summary of microbiological studies 
of water bodies and watercourses of the Baikal-Anga-
ro-Yenisei hydrosystem (Vinogradova et al., 2004).

In 2023, the Government of the Russian Federa-
tion approved a new Resolution No. 260 “Regulations 
on State Environmental Monitoring of the Unique Eco-
logical System of Lake Baikal”, in which it established 
the procedure for its implementation. In paragraphs 
8 “d” and 11 “e” it is obliged to provide information 
to “the federal state budgetary institution “Siberian 
Branch of the Russian Academy of Sciences” in terms of 
the results of observations of the state of Lake Baikal”. 
In order to assess the previously conducted volumes 
and periodicity of research on sanitary-bacteriological 
monitoring of the Baikal ecosystem, as well as to discuss 

research methods, water sampling stations, seasons, 
and the frequency of their sampling, which is necessary 
for the development and implementation of the scheme 
of microbiological monitoring itself, we have analyzed 
the available published set of sanitary-bacteriological 
studies of the lake.

3. Results and discussion

The analysis of the results of sanitary-bacterio-
logical studies of Lake Baikal showed that in this sci-

with the construction of the Baikal Pulp and Paper 
Mill (BPPM) only in the late 1960s of the last century. 
Microbial communities of water and polluted sediment 

described in 1970–1973 in the works of G.A. Goman 
(1973). Works were then carried out in this area to 
assess the abundance of anaerobic saprophytes, sulfate 
reducers, and methanogens; rates of protein decompo-
sition, cellulose decomposition, sulfate reduction, and 
methane formation were determined; and a forecast 
was made about the deterioration of the ecological situ-
ation in case of further wastewater discharge (Namsar-
aev et al., 1995; Zemskaya et al., 1997).

The water quality of Southern Baikal and, mainly, 
near the B. Koty settlement and the Baikalsk town was 
investigated during this period by scientists of Research 
Institute of Biology of Irkutsk State University (Maksi-
mova and Maksimov, 1989). Long-term results of these 

water quality during all periods: at the station “1 km 
from the shore” of the B. Koty settlement, remote from 
industrial and agricultural zones, water quality at all 
depths was high, while near the Baikalsk town within a 
radius of up to 10 km at all depths, water did not meet 

activities.
In 1993, the researchers of Limnological Institute 

SB RAS, V.V. Drucker, T.Y. Kostornova, O.A. Molozha-
vaya, and V.A. Afanasiev, started and completed an 
assessment of the water quality in the littoral and 

depths using sanitary-bacteriological indicators. It has 
been found that the lake pelagic zone has high water 
quality both at the surface and at all depths. Coastal 
waters near all settlements have low quality, and E. 
coli are detected in many samples. At the same time, 
microbiological monitoring of the major tributaries of 
Lake Baikal began to be conducted, which showed poor 
water quality in the estuaries of the Selenga, Barguzin, 
Bolshaya Goloustnaya, Turka, Tyya, Pereemnaya, and 
Pokhabikha rivers entering the lake in spring (Drucker 
and Maslenikov, 1998).

To determine the scope of distribution and iden-
tify opportunistic bacteria in the water of Lake Baikal 

Aquatic Microbiology of LIN SB RAS conducted for the 

seasons of the year between 1997 and 2000 (Drucker 
and Panasyuk, 2002; Panasyuk and Drucker, 2002). 
Water samples were taken along standard hydrological 

-
zons and at the coastal stations near the western and 
eastern shores: 1. Maritui settlement – Solzan settle-
ment; 2. Listvyanka settlement – Tankhoi settlement; 3. 
Kadilny Cape – Mishikha settlement; 4. Kharauz Strait 
– Krasny Yar Cape; 5. Anga River – Sukhaya River 6. 
Boldakova River - Olkhonskiye Vorota Strait; 7. Ukhan 
Cape – Tonkii Cape; 8. Pokoyniki Cape – Ushkan Cape; 
9. Elokhin Cape - Davsha settlement; 10. Kotel`nikovskii 
Cape – Amnundakan Cape; 11. Baikal`skoe village – 
Turali Cape; 12. Zavorotny Cape – Sosnovka River; 13. 
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Krestovy Cape – Khoboy Cape; 14. Tyya River – Nem-
nyanka River.

As a result of the studies, 898 strains of poten-
tially pathogenic bacteria (PPB) were isolated in the 
littoral zone of the lake, which are representatives of 
31 species belonging to the Enterobacteriacae family 
and non-fermenting group of bacteria. The number 
of studied bacteria increased in the water during the 
summer and autumn periods and decreased during the 
winter months. Opportunistic bacteria were unevenly 
distributed throughout the lake`s water area, and their 

dumped. The greatest abundance and species diver-
sity of this group of bacteria are found in the water 
of Southern Baikal – the Listvyanka settlement, Port 
Baikal settlement, Baikalsk town; in Central Baikal – 
Barguzin and Chivyrkuy bays, the Selenga river delta, 
and Maloe More strait; in Northern Baikal – a section of 
the Baikal-Amur railway. The studied group of bacte-
ria was not found throughout the entire water column 
in the pelagic zone of the lake at various sites (more 
than 30 stations). The dominant species of opportunis-
tic bacteria isolated from the littoral waters of the lake 
were Pseudomonas aeruginosa, Enterobacter cloacae, Cit-
robacter freundii, and Burkhalderia cepacia. The oppor-
tunistic bacteria isolated from the Lake Baikal waters 
have multiple antibiotic resistances, hemolytic activity 
in human erythrocytes, the ability to cultivate at 37°C, 
and, therefore, carry a potential epidemiological haz-
ard to public health (Drucker and Panasyuk, 2006). 
The authors proposed to use additionally for sani-
tary-bacteriological control of the Baikal water quality 
the detected potential-pathogenic bacteria, as well as 
bacteria of the Enterococcus genus: E. faecium, E. avium, 
E. faecalis, E. mundtii, E. hirae, E. durans, and E. galli-
narum

that the main sources of pollution in the Baikal waters 
are untreated domestic wastewater from settlements 
located on the shores of the lake, agricultural enter-

-
tems of disinfection, utilization, and removal of waste-
water, as well as the increasing number of tourist boats, 
which do not have tanks for collecting domestic and 
bilge waters.

In 2000-2009, there was a trend towards an 
increase in sanitary-bacteriological indicators in water 
in the area of discharge of “decontaminated” wastewa-
ter from the Baikal Pulp and Paper Mill (Shchetinina et 
al., 2013). In view of the deteriorating sanitary situa-
tion, the authors of the paper conducted studies on the 
diversity and antibiotic resistance of bacteria isolated 

areas of the lake. Other authors have also found repre-
sentatives of sanitary-bacteriological pollution – bacte-
ria of the Enterococcus
areas of Lake Baikal (Kravchenko, 2009).

-
nobacteria that are harmful to humans were discov-

during that time (Tikhonova, 2006; Belykh et al., 2013; 

This new factor is crucial for the sanitary-bacteriolog-
ical monitoring of the Baikal water quality because 
cyanobacterial blooms, which are currently the most 

in water bodies worldwide, are already happening in 
various regions of Lake Baikal. The concentrations of 

benthos from the lake were determined, and the degree 

health was assessed. It is shown that “blooming” of 
-

ducing species, which started on Lake Baikal in 2011, 
have now taken on the character of an ecological crisis 
and may have caused mass mortality of Baikal sponges 
(Belykh et al., 2017). In order to address the issue of 

on microbiological monitoring of the Baikal water qual-

proper evaluation.
In recent years, the Lake Baikal ecosystem has 

been undergoing serious ecological changes. Signs 
of eutrophication – intensive development of algae 

-
-

ria – have been observed in the coastal areas of some 
regions (Timoshkin et al., 2016). The volume of dis-
charges of poorly treated and untreated wastewater 
from settlements into the lake is growing, recreational 
loads are increasing, and the number of tourist vessels 
not equipped with tanks for collecting domestic and 
bilge water has sharply increased. The number of tour-
ists coming to Lake Baikal in all seasons of the year 
has increased manifold. Thus, in 2019, their number 
reached 2.2 million. More than 40 zones of recreational 
development have been formed directly on the lake 
coast, where most of the tourist accommodation facili-
ties are concentrated: camping sites, hotels, and holiday 

work in tourist recreation areas without damaging the 
Baikal ecosystem? How often does “Rosprirodnadzor” 
check the utilization of household and bilge water on 
tourist motorboats?

Since 2000, Limnological Institute SB RAS has 
-

tions throughout Lake Baikal, in which microbiologists 
are constantly involved. It goes without saying that 

was limited by the lack of necessary instruments for 
simultaneous collection of a large number of water and 
sediment samples, rapid measurement of abiotic param-

-
-

Lake Baikal. For this reason, sanitary-bacteriological 
monitoring of the water quality of Lake Baikal and its 

of Aquatic Microbiology of the Institute, which has all 
necessary modern equipment and separate facilities for 
sanitary-bacteriological monitoring of the Lake Baikal 
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water quality by classical and modern molecular-bio-
logical methods. The Laboratory of Aquatic Microbiol-
ogy is accredited in the national system of Rosakkredi-

Sanitary-bacteriological monitoring of the Bai-
kal water quality carried out during 2010–2023 in the 
annual spring (second half of May–early June), summer 
(August), and autumn (second half of September) Cir-

present in the coastal part of the lake. Littoral zone of 
-

ria and enterococci in Listvyanka settlement, Baikalsk 
town, Kultuk settlement – the southern part of the lake; 
in the waters of the Maloe More and Olkhonskiye Vorota 
straits and the Selenga delta – the central basin; in the 
Severobaikalsk town, and the Zarechny settlement – the 
northern part of the lake (Shtykova et al., 2016, 2018b; 
Suslova et al., 2017; Podlesnaya et al., 2022). In 2011, 

the Russian Federation was observed throughout the 
entire pelagic zone of Lake Baikal, as well as in most 

-
ance of sanitary-bacteriological indicators of pelagic 
waters was observed only in the southern part of the 

was recorded both in the pelagic zone (60%) and in the 
river mouths (62.5%).

into the lake, the number of sanitary indicatory-groups 
of bacteria in 2010–2020 was (Fig. 2), on average, by 
one order more than their content in the pelagic zone 
– the Goloustnaya, Buguldeika, Turka, Anga, Barguzin, 
Sukhaya rivers, as well as the Selenga delta (Drucker 
et al., 2022). The most unfavorable period for water 
quality was in August 2011 and May-June 2012, when 
the number of non-standard water samples was highest. 
In August 2010, May-June 2014, and September 2017, 
all river samples taken corresponded to “satisfactory” 

surface water quality indicators.
In 2022-2023, besides the standard sanitary-bac-

teriological monitoring studies, we tested additional 
method – detection of fecal contamination using marker 
probes for bacteria (inhabitants of human and animal 
intestines), as well as detection of viral communities 
in water. Moreover, in 2021 the grid of sampling sta-
tions included treated wastewater from the treatment 
facilities of the Slyudyanka and Severobaikalsk towns, 
analyzed according to SanPiN 1.2.3685-21 “Hygienic 
standards and requirements to ensure safety and (or) 
harmlessness of environmental factors for humans”. 
Also, 10 samples of sediments were taken in the coastal 
zone at various sites where tourists rest.

norms in both years of the most recent investigations 
at 55 (170 water samples) and 59 (71 water samples) 
sites for the primary sanitary-bacteriological indicators. 
Thus, in 2023 these are the following areas the Baikalsk 
town, the Babushkin, Listvyanka, Tankhoy, B. Goloust-
noye, and Posolsky Sor settlements, Peschanaya and Aya 
bays, and the bays of Maloe More (Bazarnaya, Kurkuts-
kaya, Mandarkhan, Shida, and Khuzhirsky, Chivyrkuy 
bay – Kurbulik, Monakhovo, and Arangatui). The high-
est levels of these bacteria were found in the Babush-
kin town (E. coli in 1.7 times, enterococci in 20 times), 
the Listvyanka settlement (E. coli in 4 times, entero-
cocci in 4.7 times), Chivyrkuy Bay (E. coli in 5.2 times, 
enterococci in 6.4 times) and Maloe More (enterococci 

Pereemnaya, Snezhnaya, Solzan and Goryachiy Klyuch, 

(OCB in 11 times, E. coli in 58 times, Enterococci in 186 
times) and the Medlyanka (OCB in 1.2 times, E. coli in 
5 times, Enterococci in 63 times).

According to the results of analyses, the treated 
wastewater from the Slyudyanka wastewater treat-
ment plant does not meet the requirements of SanPiN 

Fig.1. Abundance of sanitary-microbiological indicators in the pelagial water zone of Lake Baikal in 2010-2020 data (j-June, 
a-August and s-September). Red color –the standards.
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(OCB in 4200 times, E. coli in 17000 times and Entero-
cocci in 3600 times), which indicated the absence of 
disinfection stages. Similar results were obtained for 
the treated waste water from the waste water treatment 
plant in the Severobaikalsk town in 2022. Studies of 10 

of contamination with sanitary-indicative bacteria and 

according to the degree of epidemiological hazard:
1. 

2. dangerous – the Kultuk, Maksimikha, Kurbulik, and 
Sakhyurta settlements, Aya and Zmeinaya bays;

3. moderately dangerous – the Baikalsk town, Khu-
zhir and B. Koty settlements.

Studies of the surface water in the pelagic zone 
of Lake Baikal both in previous years and in this period 
correspond to the norms of SanPiN 1.2.3685-21 and 
MUK 4.2.1884-04 “Sanitary-microbiological and sani-
tary-parasitological analisis of water in surface water 

-
ber of OCB in 2011-2012, 2015, 2019, 2021-2022.

A collection of 172 cultured opportunistic bac-
terial strains isolated from the Lake Baikal plankton, 
epilithon, treated wastewater and coastal sediments of 

mass-spectrometry analyses) (Shtykova et al., 2018a; 
Shtykova et al., 2020). A total of 18 genera and 21 spe-

method. Among them are representatives of the order 
Enterobacterales of the genus Yersinia, Citrobacter, Esch-
erichia, Hafnia, Leclercia, Lelliottia, Enterobacter, Shigella, 
of the order Pseudomonadales of the genus Pseudomo-
nas, Acitrobacter, of the order Bacillales of the genus 
Bacillus, Exiguobacterium and Staphylococcus, of the 
family Aeromonadaceae of the genus Aeromonas, of the 
family Enterococcaceae of the genus Enterococcus, of 
the family Aerococcaceae of the genus Aerococcus, fam-
ily Comamonadaceae of the genus Delftia, of the family 
Xanthomonadaceae of the genus Stenotrophomonas.

Species of opportunistic bacteria dangerous for 

places throughout littoral zone of Lake Baikal. Thus, 
bacteria of the genus Aeromonas are the most wide-
spread, were found in Maloe More Strait in Bazarnaya 
Bay and in Khuzhir-Nagaysky Bay, in Khool Bay, near 
the Khuzhir, Listvyanka settlements, B. Koty, and B. 
Goloustnoye settlements, and in Aya Bay. Bacteria 
of the genus Enterococcus are found in many bays of 
Maloye More. The strains of E. coli were detected in 

and Khool, near the settlement of B. Koty, and near the 
Ushkan Islands. We took into account that from 2022, 
according to new changes in SanPiN 1.2.3685-21, E. 
coli bacteria and enterococci are obligatory indicators 
in the sanitary-microbiological assessment of water 
quality.

In 2021-2023, wastewater samples were taken 
after the treatment facilities in the Slyudyanka and 

-
-

Fig.2. Abundance of sanitary-microbiological indicators in water of the tributaries in 2010-2020 data. Red color –the stan-
dards.
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teria into Lake Baikal were revealed (Potapov et al., 
2023). Seventy bacterial strains isolated from water 
and 17 strains from wastewater treated at Slyudyanka 
treatment plant were subjected to antibiotic sensitiv-
ity tests, and the results revealed antibiotic resistance 
to all tested broad-spectrum antibiotics used to treat 
infectious diseases (penicillins, cephalosporins, car-
bapenems, macrolides, aminoglycosides, tetracyclines, 
nitrofurans, etc.).

4. Conclusion

Analysis of the results of sanitary-bacteriologi-
cal monitoring for the previous and present centuries 
clearly indicates a decrease in water quality in the 
coastal zone of Lake Baikal, as well as in the tribu-
taries of its southern basin: the number of OCB, TCB, 

-
ments of SanPiN 1.2.3685-21. Over the last decade, 
an increase in the number of enterococci was seen in 
the lake`s deep-water area. The results obtained indi-

-

to sanitary-microbiological analyses, the Slyudyanka 
and Severobaikalsk wastewater treatment plants were 

the outlet pipes of the waste water treatment plants did 
not meet the requirements of SanPiN 1.2.3685-21, the 

values. A collection of 172 culturable opportunistic 
bacteria isolated from the Lake Baikal water, treated 
waste water and coastal sediments of the lake was cre-
ated.

We propose the “Scheme of sanitary-bacterio-
logical monitoring” as a result of the analysis of long-
term studies of sanitary-indicative microorganisms in 
Lake Baikal, which calls for the determination of the 
water quality of the littoral and pelagic parts to be done 
throughout the year in all four seasons: winter (March), 
spring (late May-early June), summer (August), and 
autumn (late September-early October) (Fig. 3). The 
problem of preserving high-quality water is of great 
practical importance for Lake Baikal, which contains 
20% of all fresh water on Earth, at the current time of 
global warming and increasing anthropogenic (biologi-
cal and chemical) impact; regular sanitary-bacteriolog-
ical monitoring will rapidly and reliably show trends in 
the trophicity of its ecosystem. The obtained data con-

intensive anthropogenic load, which has been steadily 
increasing in recent years. The distribution of FIB has an 
irregular, local character, caused by localization to the 

bacteria is observed in the estuaries of rivers, gradu-
ally decreasing as the river water spreads into the lake. 
Based on the results of recent studies, it is suggested 

coastal zones, there is a shift of autochthonous micro-
biota towards allochthonous microbiota characterized 
by high resistance to antibiotics. The introduction of 

Fig.3. The scheme of sanitary-bacteriological mon-
itoring of Lake Baikal. River stations: 1 – Goloustnaya, 2 – 
Bugul’deika, 3 – Anga, 4 – Kuchulga, 5 – Sarma, 6 – Rel’, 
7 – Tyya, 8 – Kichera, 9 – V. Angara, 10 – Tompuda, 11 – 
Barguzin, 12 – Turka, 13 – Selenga, 14 – Mysovka, 15 – Per-
eemnaya, 16 – Snezhnaya, 17 – B. Osinovka, 18 – Solzan, 
19 – Slyudyanka, 20 – Pokhabikha, 21 – Kultuchnaya, 22 – 
Medlyanka. Pelagic stations: 1 – 12 km from Kultuk, 2 – 3 

5 – 3 km from Listvyanka, 6 – Listvyanka–Tankhoi, 7 – 3 km 

10 – Boldakova–Malye Olkhonskie vorota, 11 – 3 km from 
Ukhan, 12 – Ukhan–Tonkiy, 13 – 3 km from Tonkiy, 14 – 7 
km from Izhimei, 15 – Khoboi–Krestovyi, 16 – Barguzin Bay, 
17 – Academicheskiy Ridge, 18 – Chivyrkui Bay, 19 – Sol-
nechnaya–Ushkanyi Islands, 20 – Zavorotnyi–Sosnovka, 21 
– 3 km from Elokhin, 22 – Elokhin–Davsha, 23 – 3 km from 
Davsha, 24 – Kotelnikovskiy–Amnundakan, 25 – 3 km from 
Baikalskoe, 26 – Baikalskoe–Turali, 27 – 3 km from Turali, 
28 – Tyya–Nemnyanka, 29 – 7 km from Nizhneangarsk, 30 
– Aral–Khoboy, 31 – Maloye More Strait, 32 – Malye Olkhon-
skie vorota. Coastal stations: 1 – Listvyanka, 2 – B. Koty, 3 – B. 
Goloustnoe, 4 – Peschanaya Bay, 5 – Aya Bay, 6 – Tutaiski 
Bay, 7 – Bazarnaya Bay, 8 – Shchuchiy Bay, 9 – Radost‘ Bay, 

– Mandarkhan Bay, 14 – Zuun-Khagun Bay, 15 – Baruun-Kha-
-

gai Bay, 19 – Sarma, 20 – Mukhor Bay, 21 – Irkutskaya guba 
Bay, 22 – Tutyrkhey Bay, 23 – Kharin-Irgi Bay, 24 – Khool 

Kurbulik, 36 - Zmeinaya Bay, 37 – Peshcherka Bay (Ushkany 
Islands), 38 – Maksimikha, 39 – Turka, 40 – N. Enkhaluk, 41 
– Posol’skiy sor, 42 – Babushkin, 43 – Tankhoi, 44 – Vydrino, 
45 – Baikalsk, 46 – Slyudyanka, 47 – Kultuk. Termal springs 
stations: 1 – Khakusy, 2 – Zmeinyy.
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antibiotic-resistant strains into environmental objects 
maintains the pool of resistant strains due to the trans-
fer of resistance genes among autochthonous bacterial 
communities in the ecosystem. The transfer of antibi-
otic resistance genes into communities has received 
worldwide attention. The spread of such genes among 
bacteria is known to increase morbidity and mortality 
from the infections they cause. If there are additional 
factors contributing to the persistence and multiplica-
tion of PPB and if there are no community treatment 
facilities, the self-cleaning capacity of the lake coastal 

becomes epidemiologically unsafe. This requires the 
development of a water quality management strategy 
for Lake Baikal.

Acknowledgements

The study was carried out within the State Task 
No. 0279-2021-0015 (121032300269-9).

The authors declare that they have no competing 
interests.

References

Belykh O.I., Gladkikh A.S., Sorokovikova E.G. et al. 2013. 
Microcystine-Producing Cyanobacteria in Water Reservoirs of 
Russia, Belarus and Ukraine. Chemistry for Sustainable Devel-
opment 21: 347-361

Belykh O.I., Gladkikh A.S., Sorokovikova E.G. et al. 2015. 

Biochemistry and Biophysics. 463: 220-224 DOI: 10.1134/
S1607672915040067

Belykh O.I., Fedorova G.A., Kuzmin A.V. et al. 2017. 

Zone of Lake Baikal. Moscow University Biological Sciences 
Bulletin. 72(4): 225-231

al. 1993. Water quality assessment of Lake Baikal by sani-
tary-bacteriological indicators. Geography and Natural 
Resources 1: 60-64. (in Russian)

monitoring of Lake Baikal tributaries. In: International. Sym-
posium, Environmental control and rehabilitation. (in Rus-
sian)

Drucker V.V., Panasyuk E.Yu. 2002. Potentially patho-
genic bacteria - indicators of Baikal water quality. In: Assess-
ment of the current state of microbiological research in the 

Drucker V.V., Panasyuk E.Yu. 2006. Potentially patho-
genic bacteria in a microbial community of Lake Baikal. Hyd-
robiologia 568: 267–271. DOI 10.1007/s10750-006-0304-z

Microbiological monitoring. In: Takhteev V.V. (Ed.), Ecologi-
cal monitoring of Lake Baikal. Irkutsk, pp. 32-49. (in Russian)

Egorova A.A., Deryugina Z.P., Kuznetsov S.I. 1952. Char-

lakes of various trophic degrees. Trudy Baikalskoi limnolog-
icheskoi stantsii AN SSSR [Proceedings of the Baikal Limno-
logical Station of the Academy of Sciences of the USSR] 2: 
118–127. (in Russian)

Baikal pulp mill on the microbiological processes in the water 
and sediments of Southern Baikal. Cand. Sc. Dissertation, 
Irkutsk State University, Irkutsk, Russia. (in Russian)

Kravchenko O.S. 2009. Bacteria of the genus Entero-
coccus in Lake Baikal: distribution, species composition and 
adaptation mechanism. Cand. Sc. Dissertation, Buryat State 
University, Ulan-Ude, Russia. (in Russian)

Kriss A.E., Chebotarev E.I. 1970. Vertical distribution of 
heterotrophic bacteria in the open deep water of Lake Baikal. 
Microbiologia 39(1): 146-148. (in Russian)

Kuznetsov S.I. 1951. Comparative characteristics of the 
biomass of bacteria and phytoplankton in the surface water 
layer of the Central Baikal. Trudy Baikalskoi limnologich-es-
koi stantsii AN SSSR [Proceedings of the Baikal Limno-logical 
Station of the Academy of Sciences of the USSR] 13: 217–225. 
(in Russian)

water and soils of Baikal. Trudy Baikalskoi limnologicheskoi 
stantsii AN SSSR [Proceedings of the Baikal Limnological Sta-
tion of the Academy of Sciences of the USSR] 15: 388–396. 
(in Russian)

Maksimova E.A., Maksimov V.N. 1989. Microbiology of 
Baikal waters. Irkutsk: Publishing House of the Irkutsk State 
University. (in Russian)

Messineva M.A. 1957. Biogeochemical studies of Baikal 
deep-water stantsii AN SSSR [Proceedings of the Baikal Lim-
nological Station of the Academy of Sciences of the USSR] 15: 
199–211. (in Russian)

MUK 4.2.1884-04. Sanitarno-mikrobiologicheskiy i san-
itarno-parazitologicheskiy analiz vody poverhnostnykh vod-
nykh ob”yektov [Sanitary-microbiological and sanitary-par-
asitological analisis of water in surface water bodies] (in 
Russian)

Namsaraev V.V., Dulov L.E., Zemskaya T.I., et al. 1995. 
Anthropogenic activation of bacterial production in bottom 
sediments of Lake Baikal. Microbiologia 64(4): 548-552.

Nechaeva N.B., Salimovskaya-Rodina A.G. 1935. 
Micro-biological analysis of Baikal bottom sediments. Trudy 
Bai-kalskoi limnologicheskoi stantsii AN SSSR [Proceedings 
of the Baikal Limnological Station of the Academy of Sciences 
of the USSR] 6: 5–14. (in Russian)

Panasyuk E.Yu., Drucker V.V. 2002. Dominant species 
of potentially pathogenic bacteria isolated from Lake Baikal 
water. In: Assessment of the current state of microbiological 

Podlesnaya G.V., Galachyants A.D., Shtykova Yu.R. et al. 
2022. Sanitary-microbiological assessment of the water qual-

water level in Lake Baikal. Geography and Natural Resources 
43(5): 163-169. DOI: 10.15372/GIPR20220517

Potapov S., Gorshkova A., Krasnopeev A. et al. 2023. 
RNA-Seq Virus Fraction in Lake Baikal and TreatedWastewa-
ters. International Journal of Molecular Sciences 24: 1-26. 
DOI: 10.3390/ijms241512049

Rodina A.G. 1954. Bacteria in the productivity of the 
rocky littoral zone of Lake Baikal. In: Problems of Inland 
Waters Hydrobiology in USSR, pp. 172–201. (in Russian)

Romanova A.P. 1958. Seasonal dynamics of bacterio-
plankton, its horizontal and vertical distribution in the south-
ern part of Lake Baikal. Izvestiya SO AN SSSR [Bulletin of the 
Siberian Branch of the USSR Academy of Sciences] 7: 28–35. 
(in Russian)

SanPiN 1.2.3685-21. Gigienicheskiye normativy i trebo-
vaniya k obespecheniyu bezopasnosti i (ili) bezvrednosti dlya 
cheloveka faktorov sredy obitaniya [Hygienic standards and 
requirements for ensuring the safety and (or) harmlessness to 
humans of environmental factors] (in Russian)

Water Quality Assessment in the Selenga River and its Delta 



171

Drucker V.V. et al. / Limnology and Freshwater Biology 2023 (6): 164-179

in Terms of Sanitary AND Microbiological Indices. Hydrobi-
ological Journal 53(3):70-81. DOI: 10.1615/HydrobJ.v53.
i3.70

Shchetinina E.V., Maksimov V.V., Kraikivskaya O.V., at 
al. 2013. Assessing the State of Water Masses of the Southern 

Microbiological Characteristics. Water Resources. 40(6): 649-
656. DOI: 10.7868/S0321059613060114

Shtykova Yu.R., Gladkikh A.S., Mironova L.V. et al. 

zone of Lake Baikal. In: International Conference “Freshwater 
Ecosystems – Key Problems”, p. 314.

Shtykova Y.R., Drucker V.V., Sorokovikova E.G. et al. 
-

ing of Lake Baikal. Part 1: water area of the Maloe more in 
2016. Environmental control systems 11(31): 110-114. DOI: 
10.33075/2220-5861-2018-1-110-114 (in Russian)

2016. Sanitary and Microbiological Monitoring in the Lake 
Baikal Pelagic Zone and Baikal’s Major Tributaries from 2010 
through 2015. The Bulletin of Irkutsk State University. Series 
“Biology. Ecology”. 17:71-62. (in Russian)

Shtykova Yu.R., Suslova M.Yu., Podlesnaya G.V. et al. 
2020. Antibiotic-resistant opportunistic bacteria in the coastal 

zone of Lake Baikal. Limnology and Freshwater Biology. 4: 
1026-1027. DOI: 10.31951/2658-3518-2020-A-4-1026

Tikhonova I.V. 2006. Morphological and genetic fea-
tures of picoplanktonic cyanobacteria of Lake Baikal. Cand. 
Sc. Dissertation, Irkutsk State University, Irkutsk, Russia. (in 
Russian)

Timoshkin O.A., Samsonov D.P., Yamamuro M. et al. 
2016. Rapid ecological change in the coastal zone of Lake 
Baikal (East Siberia): Is the site of the world’s greatest fresh-
water biodiversity in danger? J. Great Lakes Res. 42(3): 487–
497. DOI: 10.1016/j.jglr.2016.02.011

Vinogradova T.P., Kerber E.V., Drucker V.V., et al. 2004. 
Microbiological heritage of the 20th century. Part 1. Results 
of the Study of the Baikal-Angaro-Yenisei Ecosystem. Irkutsk: 

Yasnitsky V.A., Blankov B.N., Gortikov V.I. 1927. Report 
on the work of the Baikal limnological station. Izvestiya Biol.-
geogr. Institut at ISU 3(3): 47-54. (in Russian)

Zemskaya T.I., Namsaraev B.B., Parfenova V.V., et al. 
1997. Microorganisms in Bottom Sediments of Lake Baikal 
and Environmental Conditions. Russian Journal of Ecology. 
28(1): 36-40.



172

Limnology and Freshwater Biology 2023 (6): 164-179 DOI:10.31951/2658-3518-2023-A-6-164

Commons Attribution-NonCommercial 4.0.

-

-

1. 

-
-

-

-

-

-

-
-

-

-

-

-

-
-

-
-

podlesnaya@lin.irk.ru



173

-
-
-

-
-

-

-

-
E. coli, -

, , Bacteroides, Clostridium spp., 

-

-

-

2. 

-

-
-
-

-

-

2004).

-
-
-

-

-
-

-

-

-
-

3. 

-

-

-

-
-
-

-

-

-

-

-
-

-

-

-

E. coli. -

-

-



174

-

-
-

-

-

-

-

Enterobacteriacae

-
-
-

-

-

Pseudomonas aeruginosa, Enterobacter cloacae, 
Citrobacter freundii, Burkhalderia cepacia -

-
-

-

-

Enterococcus: E. 
faecium, E. avium, E. faecalis, E. mundtii, E. hirae, E. 
durans, E. gallinarum

-

-
-

-

-

-

-
-
-

-
Enterococcus 

-
-

-

-

-
-

-

-

-
-
-

-

-
-

-



175

-

-
-
-

-

-

-

-
-

-
-

-

-
-

-

-

-

-
-

-

-

-

-

-

-

-

-

-
-

-
-

-

-



176

-

-

-

-

-

E. coli ,
E. coli

E. coli

-

E. coli
E. coli -

-

E. coli

-
-

-

1. 

2. 

3. 

-

-
-
-

-
-

-
-



177

-
Yersinia, 

Citrobacter, Escherichia, Hafnia, Leclercia, Enterobacter, 
Lelliottia, Shigella
Pseudomonas, Acitrobacter
Bacillus, Exiguobacterium Staphylococcus -

Aeromonas -
Enterococcus -

Aerococcus
Delftia

Stenotrophomonas.

-
Aeromonas

Enterococcus E. coli -

-

E. coli
-

-

-

-

-
-

-

4. 

-

-
-

-
-

-

-

-

-

-
-

-

-

-

-



178

-

-

-

-

-

-
-

-

-

-

-

-
10.1134/S1607672915040067

262-269. DOI: 10.3103/S0096392517040022

-

-
-

-

-

-

Enterococcus

-
-

146-148.

-

-

-
-

-

548-552.
-

64.

43(5): 163-169. DOI: 10.15372/GIPR20220517
-
-

-
-

-
-

-



179

-
10.1615/HydrobJ.v53.i3.70

-

-

-
-

-

10.33075/2220-5861-2018-1-
110-114

17: 71-62.

-

10.7868/S0321059613060114

Drucker V.V., Panasyuk E.Yu. 2006. Potentially 
pathogenic bacteria in a microbial community of Lake Baikal. 
Hydrobiologia 568(1): 267-271.

Potapov S., Gorshkova A., Krasnopeev A. et al. 2023. RNA-
Seq Virus Fraction in Lake Baikal and TreatedWastewaters. 
International Journal of Molecular Sciences 24: 1-26. DOI: 
10.3390/ijms241512049

Shtykova Yu.R., Suslova M.Yu., Podlesnaya G.V. et al. 
2020. Antibiotic-resistant opportunistic bacteria in the coastal 
zone of Lake Baikal. Limnology and Freshwater Biology. 4: 
1026-1027. DOI: 10.31951/2658-3518-2020-A-4-1026

Timoshkin O.A., Samsonov D.P., Yamamuro M. et al. 
2016. Rapid ecological change in the coastal zone of Lake 
Baikal (East Siberia): Is the site of the world’s greatest 
freshwater biodiversity in danger? J. Great Lakes Res. 42(3): 
487–497. DOI: 10.1016/j.jglr.2016.02.011



180

Limnology and Freshwater Biology 2023 (6): 180-189 DOI:10.31951/2658-3518-2023-A-6-180

© Author(s) 2023. This work is distributed 
under the Creative Commons Attribution-
NonCommercial 4.0 International License.

Short communication

Changes in valve morphogenesis of 
Aulacoseira islandica
gatastatin

Bedoshvili Ye.D.*, Bayramova E.M., Zakharova Yu.R. 
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. Diatom valve morphogenesis occurs under the control of microtubules. It is known that 

microtubules and provides their nucleation in the cell. In this work, using Aulacoseira islandica as an 

A. islandica cells causes the formation of valves with an abnormal 
structure and an increased number of death cells in culture at gatastatin concentrations of 3 and 10 μM,  
with a threefold decrease in the number of dividing cells. The small number of valves formed under 

microtubules in the cell and for the onset of valve morphogenesis. The results obtained clarify the role 
of the microtubule center in the morphogenesis of diatom valves.

Keywords:

1. Introduction

Diatoms are unicell eukaryotes belonging to 
the kingdom Chromista (Cavalier-Smith, 2018); the 
morphology of their silica frustules is widely various 
(Round et al., 1990). Diatom systematics are based on 
the frustule structure and phylogeny of marker genes 
such as 18S rRNA and rbcL (Medlin and Kaczmarska, 
2004; Theriot et al., 2010). Silica frustules consist of 
two valves and a ring of several overlapping girdle 
bands (Pickett-Heaps et al., 1990). Frustule details are 
synthesized sequentially during the cell cycle; after 
mitosis, valve morphogenesis occurs and girdle bands 
are formed throughout interphase.

searching for genetic and cell mechanisms providing 

and structure. It is known that valve morphogenesis 
is under cytoskeleton control, and the microtubule 
role is the most studied (Tesson and Hildebrand, 
2010; Bedoshvili and Likhoshway, 2021). The 
correct functioning of microtubules is based on the 

et al., 2005). It was shown that treatment of diatom 
cells with microtubule inhibitors led to various valve 
anomalies (Oey and Schnepf, 1970; Cohn et al., 1989; 
Van de Meene and Pickett-Heaps, 2002; Van de Meene 

and Pickett-Heaps, 2004; Kharitonenko et al., 2015; 
Bedoshvili et al., 2018). It was shown that colchicine can 
stop nucleus division; however, for some species, valve 

of colchicine, the cells of centric Cyclotella cryptica and 
Aulacoseira islandica (Oey and Schnepf, 1970; Bedoshvili 
et al., 2018) formed “lateral” valves whose morphology 
was similar to that of normal valves, but their only 
face surface was adjacent to mature girdle bands. It 
is supposed that such morphology is possible when 

at the mitosis beginning (Bedoshvili et al., 2018). Due 
to the disruption of karyokinesis and cytokinesis after 
colchicine treatment, cells with lateral valve formation 
have a single irregularly shaped nucleus.

The microtubule formation (nucleation) does 
not occur randomly in the cells; there are specialized 
nucleation sites, mostly in the Microtubule Organizing 

MTOC with atypical features (De Martino et al., 
2009). There are variations in the MTOC morphology; 

essential condition for microtubule nucleation. Earlier, 
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Findeisen et al., 2014). More detailed analysis allows to 
identify structural features of the predicted amino acid 

not shown.
Gatastatin is a recently synthesized anti-cancer 

the diatom valve morphogenesis. The freshwater diatom 
Aulacoseira islandica turned out to be a convenient 
model for studying abnormal valve morphology due to 
its valve with a high mantle and large girdle bands. The 

in the valve morphogenesis of Aulacoseira islandica.

2. Materials and methods
2.1. Cultivation

The Aulacoseira islandica Mr553 strain was 
isolated from a natural population in Lake Baikal and 
cultivated in the DM medium (Thompson et al., 1988) 

procedure of isolation and cultivation were made 
according to the protocol described earlier (Zakharova 
et al., 2020).

2.2. Scanning electron microscopy (SEM)

The frustules were cleaned according to the 
previously described protocol (Kharitonenko et al., 
2015). Suspensions of cleaned frustules were pipetted 
onto cover glasses, dried, and mounted on SEM stubs 
with carbon double-sided adhesive tape (SPI Supplies, 
West Chester, USA). Morphological analysis among 
the 200 frustules encountered was carried out using 
a QUANTA 200 scanning electron microscope (FEI 
Company, Hillsboro, USA).

2.3. Gatastatin treatment

The Aulacoseira islandica culture was incubated for 
48 hours in the presence of gatastatin at concentrations 
selected according to literature data and manufacturer’s 
recommendations (10, 3, 0.3, and 0.03 μM) and in the 

were carried out in triplicate. At the end of the 

pH 7.0) and mounted on glass slides in Mowiol® 40-

scanning microscopy.
Cells forming parts of the frustules (valves 

immediately after division or girdle bands during 
interphase) were counted among 100 randomly 
encountered cells. Cells without internal contents and 

were considered dead. Counting was made with an 

2.4. Immunostaining and laser scanning 
microscopy (LSM)

solution with the addition of 0.1% Triton X-100 in a 

EGTA 0.01M, MgSO4*7H2O 0.01M, KOH 0.1M, pH 

permeabilized with a solution of 1% Triton X-100 
and 10% DMSO for 20 min at 37 °C. Blocked with 
2% BSA solution in MTSB. To localize alpha-tubulin, 
monoclonal antibodies to the fragment 426-450 a.a. 

alpha Tubulin antibody [DM1A] (ab195887), Abcam). 
Cells were incubated with antibodies at a dilution of 
1:200 for 2 h at 37°C, after which the cells were washed 

for 10 min), and mounted on glass using Mowiol® 4-88 
(Sigma-Aldrich, Germany).

microscope LSM 710 (Zeiss) equipped with a Plan-
Apochromat 63×/1.40 Oil DIC M27 immersion lens 

a 561 nm laser; emission was registered in the range of 

a 488 nm laser; emission was registered in the range 

405 nm laser; emission was registered in the ranges of 
410-492 nm. Three-dimensional reconstructions were 
obtained from 100 optical sections (z-thickness 15–30 

a wavelength of 405 nm, and emission was recorded in 
the range of 441–587 nm. The 3D reconstruction was 
obtained from 100 optical sections (z-thickness 15-70 
μm).

3. Results

Figure 1 shows electron microscopy of the 
frustules of Aulacoseira islandica strain 3Mr553. The 
strain studied was characterized by the formation of 

control valves have spatulate connecting spines and 
ordered rows of areoles (Fig. 1B). The girdle bands 
covering the valves from the beginning of formation 

on the valves that they remain there even after harsh 
multi-stage chemical treatment (Fig. 1C).

localized in interphase and at the early stage of valve 
formation (Fig. 2). Interphase cells are characterized 
by a star-shaped distribution of microtubules; large 
bundles of microtubules are irradiated from a center 
that is in close connection with the nucleus and indicate 
indirectly the location of the microtubule center (Fig. 
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2A). Microtubule strands are localized in A. islandica 
in a thin layer of cytoplasm, and often a single optical 

stages of valve morphogenesis, the microtubule packing 
was not dense enough to be visible in transmitted light, 
so large strands of microtubules were not observed 
(Fig. 2B).

3D-reconstructions of the valves and girdle bands 
of Aulacoseira islandica
and stained with PDMPO are presented in Figure 3. 

bands were able to synthesize from one to three of 
them. Abnormal morphology was observed among 
valves formed in the presence of gatastatin. Figure 3 
shows the main anomalies encountered among them: 
anomalies of connecting spines (or their absence) 
and, in rare cases, disruption of striation (disordered 
areolae).

The studied strain was characterized by the 
presence of at least 30% dead cells in the culture (Fig. 
4). Most cells formed actively both valves and girdle 
bands. At all gatastatin concentrations, the number of 
dead cells was higher than in the control. The number of 
colored valves was lowest at gatastatin concentrations 
of 3 and 10 μM, while at gatastatin concentrations from 
0.03 to 3 μM, the number of girdle bands remained 

For A. islandica, it was shown that the number 
of forming valves and girdle bands decreased with an 
increase in gatastatin concentration in the medium. At 
gatastatin concentrations of 0.3 and 0.03 μM, the number 
of formed valves and girdle bands was comparable 
to control samples (Fig. 4). At concentrations of 3 
and 10 μM, all found staining valves had changes in 
morphology.

4. Discussion

present in their microtubule center (Craticula cuspidata 
– Aumeier, 2012). However, even in the large cells 

hampered by its small size. Of all the diatom tubulins, 

2022), therefore poorly visualized by antibodies to 

center localization in the cells of Aulacoseira islandica 
and to show the microtubule polymerization degree. 
It was shown that microtubule bundles that were 
described earlier for large cells of Coscinodiscus granii 
(Tesson and Hildebrand, 2010) localized not so much 
during valve morphogenesis as in the interphase cell, 
when the valve was already formed. It is likely that such 

A. islandica cells compared to the previously studied C. 
granii.

Tubulins are highly conserved proteins, and the 

is identical to the homologous sequence of chicken 

Fig.1. Fine structure of valves and girdle bands of 
Aulacoseira islandica strain 3Mr553 (SEM). Scale: A – 5 μm; 
B, C – 1 μm.

Fig.2.
valve formation and in interphase in one optical section (A, 
B) and 3D-reconstructions (A-1, B-1) in the cells of A. islandica 

of chlorophyll. Scale bar: A, B – 10 μm; A-1, B-1 – 2 μm.

tubulin, from which the antibodies used were obtained. 
A. islandica is 

not available, there is no doubt about the identity of the 
localized protein (Fig. 2).

The structure of mature valves can be described 

of valve morphogenesis remain mostly inaccessible 
because forming valves are closed by girdle bands 
during the cell cycle for research unless the cells are 
treated with harsh reagents to remove organic matter. 
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to observe the developing valves as 3D-reconstructions. 
This method allows to determine accurately the valves 

of colchicine cells of A. islandica formed valves with the 
only center of symmetry, which was the cause of the 
failed cytokinesis. In this case, the valve morphogenesis 
occurs and new forming valve is positioned like a giant 
girdle band (Bedoshvili et al., 2018). Colchicine did not 
cause high cell mortality at the high concentration of 
20 and 40 μg/mL, unlike gatastatin. The results of the 

much the formation of abnormal valves but rather a 
stop in cell division, accompanied by an arrest of the 

of gatastatin, lateral valve morphogenesis did not occur 
indicating that valve formation in A. islandica was 
impossible without the participation of the microtubule 
center.

It is known that gatastatin is able to bind not only 

dissociation constant with the latter is more than ten 
times higher (Chinen et al., 2015). It is obvious that 
anomalies in the structure of the valves are precisely 
associated with the ability of gatastatin to bind to all 
types of tubulins, and the formation of spines in A. 
islandica occurs throughout the entire morphogenesis 
of the valve; therefore, they are the most sensitive 
structure to various aberrations (Bedoshvili et al., 
2018).

5. Conclusion

Aulacoseira islandica cells during valve morphogenesis 
and in interphase. The microtubule nucleation center 
was visualized in close association with the nucleus, 
which was a characteristic of a microtubule center. 

gatastatin showed a decrease in the number of valve-
forming cells suggesting that a properly functioning 
microtubule center was required to initiate valve 
morphogenesis. Thus, the results obtained suggest that 
the microtubule center is an important structure not 
only for cell division, but is also necessary for the onset 
of valve morphogenesis.
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ABSTRACT. Structural and functional peculiarities of the peripheral part of the olfactory analyzer in 

signaling value for them are presented. 

Keywords: olfactory cell, behavior, neurogenesis, chemoreception

1. Introduction

Currently, one of the most urgent problems 
in neuroscience is the study of the fundamental 
mechanisms of adaptive functioning of the olfactory 
analyzer in animals and humans (Smith and Bhatnagar, 
2019; Dan et al., 2021; Zhu et al., 2021). First of all, 
these questions concern deciphering the mechanisms 
providing chemoreception processes at the level of the 
peripheral part of the olfactory system. Attempts to 
identify correlations between the structure of receptor 
neurons, their sensitivity, and the implementation 

yielded inambiguous results. In this regard, one of 
the important problems is the search for morpho-
functional criteria for the sensitivity levels of receptor 

development. In particular, this concerns the adaptive 

mastered various water horizons and are characterized 
by the high plasticity of their chemosensory apparatus 
(Korsching, 2020; Calvo-Ochoa et al., 2021). In this 
regard, one of the key tasks is to study the types of 
receptor cells, their molecular receptors, and the 
mechanisms of transduction of chemical signals from 

may be important for understanding the structural 
and functional organization and evolution of the 
mechanisms that provide olfactory perception.

2. Functional specialization of olfactory 
receptor cells

Olfaction plays a leading role in the organisation 

and Byrd-Jacobs, 2019; Korsching, 2020; Bowers et 
al., 2023; Oka, 2023). Similar to other vertebrates, 

section of the olfactory analyzer that is essentially a 

types of cells: receptor, supporting, and basal. The 
attribution of the cells to a certain type depends 
on their location in the thickness of the olfactory 
epithelium (OE), on morphological features, and on the 

(Bronshtein, 1977; Graziadei and Graziadei, 1979; 

neurons (OSNs): ciliated, microvillous, pear-shaped, 
crypt, and kappe (Ahuja et al., 2014; Yoshihara, 2014; 
Wakisaka et al., 2017).

Similar to other vertebrates, neurogenesis 

the proliferative activity of regional stem cells, 
which produce various types of cells (Graziadei and 
Graziadei, 1979; Demirler et al., 2020; Calvo-Ochoa 

sensory deprivation can tangibly increase the natural 
neurogenesis rate typical of intact animals. It was 
previously shown that neurogenesis processes in the 
OE can be activated after intranasal administration of 

as a result of bulbectomy (Graziadei et al., 1978; Carr 
and Farbman, 1992; Frontera et al., 2016; Cervino et 

changes in the OE and then to the development of 
compensatory neurogenesis processes (Klimenkov 
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the olfactory bulb (OB). This way, a topographical 
map of olfactory signal processing emerges in the brain 
(Friedrich and Korsching, 1997; Shao et al., 2017; 
Imamura et al., 2020).

of several tens to over a thousand functionally 
active genes coding receptive proteins (Saraiva and 
Korsching, 2007; Alioto and Ngai, 2006; Calvo-Ochoa 
et al., 2019; Policarpo et al., 2022). The detection of 

of receptors associated with G protein (Korsching, 
2009; Calvo-Ochoa et al., 2019; Policarpo et al., 2022). 
There are three types of receptors: olfactory receptors 

trace amine-associated receptors (TAARs) (Michel et 
al., 2003; Saraiva and Korsching, 2007; Dieris et al., 
2021; Dewan, 2021); and vomeronasal receptors (V1R, 
V2R), which are thought to be able to bind pheromones 

2005; Kowatschew and Korsching, 2022; Kowatschew 
et al., 2022).

The most abundant group of receptor cells is 
composed of ciliated and microvillous OSNs. These 
are bipolar neurons whose bodies are located in the 
thickness of the OE. The cells are spindle-shaped with 
a transverse diameter of 5–8 μm. The perinuclear 
zone is a place of localization of granular endoplasmic 
reticulum channels, the Golgi apparatus, mitochondria, 
multivesicular bodies, free ribosomal rosettes, and 
other organelles. The body of the lower part of the 

unmyelinated olfactory nerve connecting receptor 

from the upper pole of the cell body; the diameter of 
the dendrite is 1–3 μm. The cytoplasm of the dendrite 
contains usually fragments of smooth endoplasmic 
reticulum, mitochondria, and microtubules. The apical 
part of the receptor cells (olfactory knob) can have 
processes of two types (cilia or microvilli), which have 
no microtubular apparatus. Based on this characteristic 
, they are divided into ciliated and microvillous receptor 
cells (Yamamoto, 1982; Zeiske et al., 1992; Belanger et 
al., 2003; Lazzari et al., 2007; Hansen and Zielinski, 
2005; Pintos et al., 2020; Rincón-Camacho et al., 2022; 
Bettini et al., 2023). Ciliated OSNs use a Golf/adenylyl 
cyclase signaling cascade to activate CNG channels; 
microvillous OSNs use a Gq/phospholipase C pathway 
together with TRPC2 (Speca et al., 1999; Hansen et al., 
2003; Sato et al., 2005). Electroolfactogram recordings 
were used to show that ciliated OSNs (cORNs) respond 
to bile salts and microvillous cells (mORNs) are 
sensitive to amino acids (Thommesen, 1983). Similar 
responses of microvillous neurons to amino acids were 
also recorded in (Speca et al., 1999; Lipschitz and 
Michel, 2002). Based on a study of olfaction in rainbow 
trout, Sato and Suzuki (2001) argued that cORNs are 
“generalists”, i.e., they respond to a wide range of odors 
including pheromones, while mORNs are “specialists”, 

neurons can respond to nucleotides and that amino 
acid odorants activate both ciliated and microvillous 

Owing to the development of 
immunocytochemistry methods, intravital visualization 
of the functional activity of cells, and transcriptome 
analysis, recently researchers began to identify new 

addition to the ciliated and microvillous neurons 
mentioned above, they discovered another type of 
sensitive elements, i.e., crypt cells (Hansen and Zeiske, 
1998; Hansen and Finger, 2000; Ferrando et al., 2010; 
Ahuja et al., 2014; Lazzari et al., 2022). This type of 
cells is the least abundant group of receptor neurons. 

is only 2% of the total number of neurons while that 
of microvillous and ciliated neurons is 8 and 90%, 

specimens but also on the second or third day of their 
development (Camacho et al., 2010). A distinctive 
feature of crypt cells is that their bodies are located 
in the uppermost layer of the OE and are spherical or 
pear-shaped. They are usually completely surrounded 
by the bodies of one or two supporting cells, with which 
they form local gap contacts to ensure the sustainability 
of the cells to mechanical stress (Schmachtenberg, 
2006). Crypt cells are though to have no conspicuous 
dendrites and their receptive area has both cilia and 
microvilli (Hansen and Finger, 2000). Crypt cells 

i.e., “one cell type—one receptor”, where the same 

neurons (Ahuja et al., 2013). In order to determine the 
functional specialization of these cells, attempts are 

other types of olfactory neurons. They were shown to 

III, and the glial marker protein S-100 and TrkA. 
Nevertheless, it was noted that these proteins may not 
be present in all crypt cells (Hansen et al., 2003; 2004; 
Catania et al., 2003; Vielma et al., 2008). Subsequently, 
TrkA proved to be a reliable molecular marker of crypt 

the spectrum of odorous substances perceived by crypt 
cells, studies are carried out to identify their odorant-

although their ligands are unknown, it was suggested 
that these receptors respond to pheromones (Ahuja et 
al., 2013). Cytochemical studies in crucian carp have 
shown that the localization of pheromone-sensitive 
crypt cells varies substantially throughout the year; 
in summer, i.e., during the transition to spawning, 

epithelium (Hamdani and Døving, 2007). The authors 
believe that these observations demonstrate a direct 
relationship between hormones circulating in the blood 

spectrum of olfactory sensitivity of crypt cells, it makes 
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sense to look at studies identifying neural projections of 
these cells in the central structures of the brain. Thus, 

order neurons (forming synapses with crypt cells) 

tract, which transmits sensory information relevant to 
reproduction (Hamdani and Døving, 2007). Based on 
these facts, the authors of the latter work assume that 
crypt cells ensure selective perception of pheromonal 

2+ ion imaging were used in a study 

subpopulations of crypt cells respond to amino acids, 
bile acids, or pheromonal signals (Schmachtenberg, 
2006; Vielma et al., 2008; Bazáes and Schmachtenberg, 
2012). In adult trout specimens, the majority of crypt 
cells responded only to reproductive pheromones, 

a specialized “labeled line” that combines odor signals 
from all crypt cells present in the epithelium in one OB 
glomerulus (Ahuja et al., 2013).

In the course of studying the olfactory apparatus 

(Braubach et al., 2012; Ahuja et al., 2014), which is 

one glomerulus (Mombaerts, 2006). It turned out that 
these unusual cells, which were called kappe neurons 

microvillous, or crypt cells. Immunochemical staining 
of kappe cells revealed no tubulin in them, leading some 
authors to believe that they contain no cilia (Ahuja et 
al., 2014). The same study revealed positive staining 

part of the cell. Since actin is an important component 
of microvilli, the authors are inclined to believe that 
kappe cells contain only microvillous processes. In 
our opinion, actin as a marker of crypt cells should be 
used with caution because it was later discovered in 

Cottoidei in the dendrites 
and terminals of young OSNs for a short period of 
time during their migration and incorporation into the 
surface of the OE (Klimenkov et al., 2018). Particularly, 
in the apical side of receptory cells was shown the 

the central pore. It is assumed that the functional 

intracellular signal from environmental water-soluble 

actin perimembrane layer disappears and is preserved 
only at the sites of tight junctions with neighbouring 
supporting cells (Fig. 1). Accordingly, these data points 
that actin polymerisation may be temporally, what 

Fig.1. Young (a, b) and mature (c) stages of olfactory 

confocal microscopy) of Cottocomephorus inermis Jakowlew, 

mitochondria and thick layer of perimembrane F-actin inside 
the young cell. At the dendritic terminal the perimembrane 
F-actin layer has a pore which opens to cytoplasm. The apical 
fragment with the pore is highlighted and enlarged (the 
membrane patch upper the pore painted with red color); 

the F-actin only in the tight junctions area (pointed with 
brace). Notation: 1 – pore in the actin layer; 2 – F-actin; 
3 – mitochondria; 4 – nucleus; 5 – plasmalemma; 6 – the 
membrane patch upper the pore in actin layer.

Recently, another small population of OSNs, pear-
shaped neurons, was described in the surface layers 

is present in lower aquatic organisms and mediates the 
recognition of adenosine (Kowatschew and Korsching, 
2021). The gene encoding this receptor was not found in 
terrestrial vertebrates. Another cell type, olfactory rods, 

larvae (Cheung et al., 2021). The bodies of these cells 
are located in the upper parts of the epithelium, and 
their apical region has an abundance of actin and a 
5–10-μm rod-shaped protrusion capable of moving. 

they can perform mechanosensory, chemosensory, or 
multimodal functions.

3. 

The olfactory sensitivity of vertebrates, including 

well as ecology (Keller-Costa et al., 2014; Wakisaka 
et al., 2017; Doyle and Meeks, 2018; Li et al., 2023; 
Wagner et al., 2023).

To determine the various parameters of 

signals, researchers apply both behavioral (Kasumyan 
and Marusov, 2018; Wagner et al., 2023) and 
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electrophysiological approaches (Valdés et al., 2015; 
Sato and Sorensen, 2018). Fish demonstrate high 

of their feeding and reproductive behavior. For instance, 

OSNs revealed that cells are specialized to detect odors 

feeding, reproduction, and aggregation (Sato and 
Sorensen, 2018). It was also noted that information 

narrowly tuned OSNs whereas amino acids and other 
nutritional signals (polyamines, nucleotides) appear 
to be detected by a large number of OSNs (Sato and 
Sorensen, 2018). The sensitivity threshold to some L 
amino acids (alanine, arginine, glutamine acid, and 
methionine) associated with common feeding stimulants 
(Hara, 2006; Rolen et al., 2003) is 10-8

Sorensen, 2018; Rolen et al., 2003). The sensitivity 
threshold to polyamine (feeding stimulants) is 10-8

(Rolen et al., 2003). The minimum concentration of 
-11

(Sorensen et al., 2005). The sensitivity threshold to the 
-10

al., 1988). An even lower threshold of 10-11

for putative aggregation cues (Li et al., 1995) (bile acid 

In recent years, a combination was used of site-
directed mutagenesis and molecular modeling of the 
interaction of ORs with potential odorants (de March et 
al., 2018; Cong et al., 2019). This approach provides an 
opportunity to identify the type of ligands and the time 

receptors.

4. Conclusion

demonstrates the multivariate features structural 
development of their olfactory epithelium. This is 
especially true of the representation of certain types 

class of perceived odorants and the mechanism of 
their transduction. This is important not only from the 
point of view of studying the mechanisms of odorant-
dependent behavior of hydrobionts, which is of great 
independent importance. The evolutionary similarity 
of the molecular and celluar mechanisms of olfactory 

be used as a model for studying the fundamental 
meshanisms of functioning of the olfactory analyzer 
in humans in normal and with the development of 
neurodegenerative diseases, the course of which is 
accompanied by anosmia.
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Original Article

Summer phytoplankton species 
composition and abundance in the 
southern basin of Lake Baikal and Irkutsk 
Reservoir

Firsova A.*, Galachyants Yu., Bessudova A., Mikhailov I., Titova L., 
Marchenkov A., Hilkhanova D., Nalimova M., Buzevich V., Likhoshway Ye. 
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. Phytoplankton has higher species richness in summer, when water temperatures are higher 
than in other seasons in aquatic ecosystems. Here, we characterized phytoplankton communities using 
microscopy and environmental parameters (temperature, pH, transparency) in the southern basin of 
Lake Baikal and Irkutsk Reservoir, which is directly connected with the lake as it is the upper part of 

the reservoir (8.09-8.44 and 7.96-8.28, respectively), and Secchi disc water transparency was 4.5-9.0 m 
in the lake and 2.5-4.5 m in the reservoir. The phytoplankton community included 104 species from 7 

Cryptophyta (2), Dinophyta (2), and Haptophyta (1). Species composition of summer phytoplankton 

community composition in terms of high-level phylotypes was very similar. At the same time, a large 

genus Dinobryon (11 species) and silica-scaled chrysophytes (22) was founded. The composition of 
dominant species of the southern basin of Lake Baikal and Irkutsk Reservoir became wider compared 
to data published earlier, and included Cyanodictyon planctonicum, Cyanodictyon sp., Microcystis sp., 
Dinobryon sociale, Dinobryon sociale var. americanum, Chlorella vulgaris and Mychonastes homosphaera.

Keywords: Lake Baikal, Irkutsk Reservoir, phytoplankton

1. Introduction

Phytoplankton is the basis of the food web 
in aquatic ecosystems and a sensitive indicator of 
environmental changes. During the formation of 
reservoirs, changes occur in the composition of its 
phytoplankton community (Shchur, 2009; Korneva, 
2015; Nogueira et al., 2010; Mikhailov, 2020). The 
reservoir, located within the city, is under anthropogenic 

important. An increase in water temperature in the 
reservoir causes an increase in the diversity of summer 
phytoplankton species, including due to cyanobacteria 
and green microalgae (Vorobyova, 1995; Popovskaya 
and Firsova, 2005; Shchur, 2009; Popovskaya et al., 
2012; Korneva, 2015; Mikhailov, 2020; Obertegger et 
al., 2022). Studies of the phytoplankton were carried 
out both before formation of the Irkutsk Reservoir, in 
Angara River (Yasnitsky, 1926), and after (Vasilyeva and 

Kozhova, 1960; Vasilyeva and Kozhova, 1963; Kozhova, 
1964; Vorobyova, 1981; 1985; 1995; Popovskaya 
et al., 2012). These studies show that the dominant 
composition of phytoplankton in the Irkutsk Reservoir 
depends on the phytoplankton of Lake Baikal. Recent 
studies conducted in June 2023 (Firsova et al., 2023; 
Bessudova et al., 2023b) showed that since the creation 
of the reservoir, there has been a slight increase in the 
species richness of the phytoplankton community. The 

remained the same, and still depended on Baikal 

other species. Additionally, communities sampled in 
June 2023 (Firsova et al., 2023), were shown to divide 
into two groups. One of the groups included all Baikal 
communities and the Burduguz sample of the Irkutsk 
Reservoir. All other phytoplankton communities from 
the Irkutsk Reservoir fell into the second group.
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The Irkutsk Reservoir had the highest diversity 
of chrysophytes compared to other reservoirs of the 
Angara cascade, since it is the coldest and less trophic 
(Vorobyova, 1995). In summer, the temperature in 
the reservoir averaged 8.3–16.2 °C, species diversity 

3. As 
a rule, species of the genus Dinobryon Ehrenberg, 
Asterionella formosa Hassall, Chroomonas acuta 
Utermöhl, Stephanodiscus minutulus (Kützing) Cleve 
& Möller, Nitzschia graciliformis Lange-Bertalot & 
Simonsen dominate during this period.

In the second half of August, intensive bloom of 
Anabaena lemmermannii P.G. Richter was previously 
observed (Vorobyova, 1995; Popovskaya et al., 2012). 
The purpose of this study is to determine the species 
composition, structure, abundance and biomass of 
summer phytoplankton in the southern basin of Lake 
Baikal and in the Irkutsk Reservoir.

2. Methods

Samples were collected in August 17–20, 2023, 
from the board of a research vessel “Papanin” at 9 
stations in the southern basin of Lake Baikal (South 
Baikal) and at 8 stations in Irkutsk Reservoir, including 
bays (Fig. 1, Table 1), at the same stations as in June 
2023 (Firsova et al., 2023). Water transparency (S) 
was measured with a Secchi disc. Water samples were 
collected with a 5 L Niskin bottle (Volta, Moscow, 

Moscow, Russia) at each sampling depth. Values from 
each depth were then averaged and phytoplankton was 
studied by light and scanning electron microscopy as 
described previously (Bessudova et al., 2023b; Firsova 
et al., 2023).

was performed using R package vegan v.2.5-6 

the phytoplankton species abundance and biomass 
data were transformed with the Hellinger procedure 
(Legendre and Gallagher, 2001) Environmental 
factors and summarized numerical values of biomass 
and abundance of phytoplankton were analyzed for 

p
variables using R packages rcorr and Hmisc. The 

data on biomass and abundance of phytoplankton 

variables were centered and scaled to have zero means 
and standard deviations of one. This standardized 

ordination of phytoplankton species abundance and 
biomass using redundancy analysis (RDA). Species 
presence/absence data was also analyzed by constrained 
correspondence analysis (CCA). Both forward selection 
and backward elimination approaches were tested to 
produce a model. Fig.1. Sampling scheme.

3. Results
3.1. Environmental parameters

In August 2023, environmental parameters of 
South Baikal and Irkutsk Reservoir changed (Table 1) 
relative to June 2023 (Firsova et al., 2023). Thus, in 

values were similar both in the lake and the reservoir, 
8.09-8.44 and 7.96-8.28, respectively, in contrast with 

8.7) than in the lake (7.0-8.0). Water transparency in 
South Baikal decreased in August (4.5-9.0 m) compared 
to June (10-22 m), the same was for Irkutsk Reservoir 
(3.0-5.0 m in June, 2.5-4.5 m in August).

3.2. General characteristics of summer 
phytoplankton

We found in South Baikal and Irkutsk 

of phytoplankton (Fig. 2, Table 2). Chrysophyta 
(36 species) and Chlorophyta (30) had the highest 
species richness, compared with Bacillariophyta (22), 
Cyanobacteria (11), Cryptophyta (2) and Dinophyta 
(2), and Haptophyta (1).

The total abundance and biomass of 

from 190×103 to 2779×103 cells/L and 26 to 427 
mg/m3, respectively (Fig. 2). The highest abundance 
was recorded at St. 1 (12 km from Kultuk) due to a 
bloom of three small-cell species such as Cyanodictyon 
planctonicum, Cyanodictyon Microcystis sp., 

3 
cells/L despite the highest abundance. At St. 3, the 
highest biomass was determined by Dinobryon species. 
The total abundance and biomass of phytoplankton 
in Irkutsk Reservoir were lower than in South Baikal, 
186×103 to 310×103 cells/L and 41 to 140 mg/m3, 
respectively (Fig. 3).
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Table 1. Sampling sites and environmental parameters in August 2023.

St. No. Station Name Date,
dd.mm.yy

Coordinates
N/E

Max
depth, m

S,
m

Eh Depth, 
m

Water
T, °C

pH

South Baikal

1 12 km from Kultuk 17.08.23 51 ° 40.578´/
103 ° 52.309´

1252 6.5 -65,9 0 17.3 8.25

5 17.3 8.37

10 17.2 8.34

15 17.0 8.33

20 15.0 8.25

25 10.0 8.44

2 3 km from Marituy 17.08.23 51 ° 45.546´/
104 ° 13.222´

1337 7.5 -66,0 0 16.9 8.33

5 16.0 8.36

10 15.2 8.30

15 11.6 8.47

20 7.7 8.50

25 5.6 8.17

3 Marituy-Solzan 17.08.23 51 ° 38.710´/
104 ° 13.715´

1243 5.5 -72,6 0 17.5 8.40

5 16.6 8.42

10 10.3 8.85

15 6.1 8.83

20 5.0 8.25

25 4.4 8.16

4 3 km from Solzan 17.08.23 51 ° 31.428´/
104 ° 14.417´

350 5.0 -68,2 0 18.4 8.44

5 18.0 8.42

10 17.3 8.36

15 14.4 8.30

20 12.1 8.44

25 9.6 8.37

5 Cape Tolsty-
Snezhnaya River

18.08.23 51 ° 36.402´/
104 ° 44.147´

1120 6.5 -19,5 0 16.0 8.26

5 15.8 8.44

10 13.9 8.57

15 6.0 8.78

20 5.0 8.34

25 4.6 8.19

6 3 km from Tankhoi 18.08.23 51 ° 35.440´/
105 ° 06.968´

1402 8.5 -86,9 0 18.0 8.40

5 17.7 8.40

10 17.2 8.41

15 16.7 8.07

20 15.0 8.40

25 13.0 8.43

7 Cape Kadilny-
Mishikha

18.08.23 51 ° 46.731´/
105 ° 22.528´

1424 4.5 -58,4 0 17.7 8.37

5 16.0 8.42

10 12.5 8.34

15 6.5 8.10

20 5.7 8.00

25 5.2 8.03
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St. No. Station Name Date,
dd.mm.yy

Coordinates
N/E

Max
depth, m

S,
m

Eh Depth, 
m

Water
T, °C

pH

8 Listvyanka-Tankhoi 18.08.23 51 ° 42.262´/
105 ° 00.720´

700 6.5 -39,5 0 17.4 8.29

5 17.1 8.39

10 15.8 8.32

15 13.3 8.29

20 10.5 8.27

25 6.6 8.01

9 3 km from 
Listvyanka

18.08.23 51 ° 49.033´/
104 ° 54.616´

1434 9.0 -46,5 0 10.1 8.09

5 8.2 8.09

10 5.9 8.06

15 4.8 8.00

20 4.6 7.93

25 4.5 7.97

Irkutsk Reservoir

10 Burduguz 19.08.23 52 ° 04.105´/
104 ° 59.451´

15.5 4.5 -43,6 0 14.9 7.96

5 10.5 7.96

10 8.5 7.96

11 Kurma Bay 19.08.23 52 ° 06.845´/
104 °45.926´

9.7 3.0 -58,6 0 18.7 8.12

5 18.0 8.23

12 center against 
Kurma Bay

19.08.23 52 ° 10.874´/
104 °47.935´

17 3.5 -58,2 0 17.7 8.16

5 17.4 8.29

10 14.9 8.19

13 Elovy Bay 19.08.23 52 ° 09.906´/
104 °29.172´

10 2.5 -47,4 0 18.5 7.98

5 16.4 8.03

14 center against Elovy 
Bay

19.08.23 52 ° 14.548´/
104 °45.243´

25 3.5 -65,5 0 20.0 8.27

5 18.5 8.42

10 16.0 8.22

15 center against 
Ershovsky Bay

20.08.23 52 ° 21.511´/
104 °37.550´

27 3.5 -55,8 0 18.0 8.13

5 17.3 8.20

10 16.4 8.13

16 Ershovsky Bay 20.08.23 52 ° 20.851´/
104 °34.439´

16 3.0 -53,0 0 18.9 8.28

5 17.9 8.08

10 16.6 7.93

17 head water 20.08.23 52 ° 23.478´/
104 °33.722´

25 3.5 -56,1 0 18.6 8.16

5 17.6 8.25

10 15.8 8.07
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Table 2. Distribution of phytoplankton species in South Baikal and Irkutsk Reservoir in August 2023. “+” — the presence 
3 cells/L are highlighted in colors corresponding. The color 

gradation is darker as the number increases. Station names in Fig. 1

Species South Baikal Irkutsk Reservoir

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Cyanobacteria  

Anabaena sp. +

Aphanothece sp. + + + + + + + + +  

Cyanodictyon sp. + + +  

Cyanodictyon planctonicum B.A. Mayer + + + + + + + + + + + + + + +

Dolichospermum  (Bornet & 

Komárek

+ + + + + + +

Dolichospermum lemmermannii (Richter) P. + + + + + + + + + + + +

Dolichospermum scheremetieviae (Elenkin) + +  

Limnococcus limneticus (Lemmermann) 
Komárková, Jezberová, O. Komárek & 

Zapomelová

+  

Microcystis sp. + + + + + +  

Microcystis pulverea (H.C.Wood) Forti + +  

Pseudanabaena galeata Böcher + +  

Cryptophyta  

Komma caudata (L. Geitler) D.R.A. Hill + + + + + +  

Rhodomonas pusilla (Bachmann) 
Javornický

+ + + + +  

Dinophyta  

Ceratium hirundinella (O.F. Müller) 
Dujardin

+ + + + + + +

Glenodinium sp. + + + + + +  

Haptophyta  

Chrysochromulina parva Lackey +  

Chrysophyta  

Chrysosphaerella coronacircumspina Wujek 
& Kristiansen

+ + + + + + + + + + + + + +

Chrysosphaerella brevispina Korshikov +  

Dinobryon bavaricum Imhof + + + + + + + + +  

Dinobryon crenulatum West & G.S. West + +  

Dinobryon cylindricum O.E. Imhof + + + + + +  

Dinobryon cylindricum var. palustre 
Lemmermann 

+ + +  

Dinobryon divergens O.E. Imhof + + + + + +

Dinobryon korshikovii
Kapustin

+ + + + + + + + + + + +

Dinobryon pediforme (Lemmermann) 
Steinecke

+ + + + +  

Dinobryon sociale (Ehrenberg) Ehrenberg + + + + + + + + + + + + + + + + +

Dinobryon sociale var. americanum 
(Brunnthaler) Bachmann

+ + + + + + + + + + + + + + + +

Dinobryon stipitatum Stein + + + +  
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Species South Baikal Irkutsk Reservoir

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Dinobryon suecicum var. longispinum 
Lemmermann

+ + + + +  

Kephyrion sp. +  

Kephyrion littorale J.W.G. Lund + + + + +  

Kephyrion spirale (Lackey) Conrad + + +  

Paraphysomonas gladiata Preisig & Hibberd + + + + + + + + + + + +

Paraphysomonas uniformis subsp.  hemiradia 
Scoble & Cavalier-Smith

+ + +

Paraphysomonas sp. + + + + +  

Lepidochromonas butcheri (Pennick & 
Clarke) Kapustin & Guiry

+  

Spiniferomonas abrupta Nielsen + + + +  

Spiniferomonas cornuta Balonov + + + + + + + + + + +  

Spiniferomonas bourrellyi Takahashi + + + + + + + + + + +

Spiniferomonas takahashii (Nicholls) Preisig 
& Hibberd

+ + + + + + +  

Spiniferomonas trioralis (E. Takahashi) 
Preisig & Hibberd

+ + + + + + + + + + + + + + + +

Spiniferomonas trioralis f. cuspidata Balonov + + + + +  

Spiniferomonas septispina Nicholls + + + +  

Spiniferomonas silverensis Nicholls + + + +  

Mallomonas acaroides Perty + + + + + + + + +

Mallomonas alpina Pascher & Ruttner + + + + + + + + + + + +

Mallomonas  (Asmund) Fott +  

Mallomonas tonsurata Teiling + + + + + + + + + + +  

Mallomonas vannigera Asmund +  

Synura sp. 1 + + + + +  

Synura sp. 2 + +  

Synura cf. glabra + + + + +

Bacillariophyta  

Acanthoceras zachariasii (Brun) Simonsen + + + +

Asterionella formosa Hassall + + + + + + + + + +

Aulacoseira baicalensis (K.I. Meyer) 
Simonsen

+ + + + + + + + + +

Aulacoseira granulata var. angustissima (O. 
Müller) Simonsen

+ + + + + + + + + +

Aulacoseira islandica (O. Müller) Simonsen + + + + + + +

Aulacoseira ambigua (Grunow) Simonsen + + +  

Cyclostephanos dubius (Hustedt) Round + + + + + + + + + + + +

Cyclostephanos makarovae (S.I. Genkal) K. 
Schultz

+ + + + + + + + + + + + +

Discostella pseudostelligera (Hustedt) Houk 
& Klee

+ + + + + + + + + +  

Fragilaria capucina Desmazières + + + + + + +

Fragilaria crotonensis Kitton +

Fragilaria radians (Kützing) D.M.Williams 
& Round

+ + + + + + + + + + + + + +

Hannaea baicalensis Genkal, Popovskaya & 
Kulikovskiy

+ + + +
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Species South Baikal Irkutsk Reservoir

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Lindavia baicalensis (Skvortsov & 
K.I.Meyer) Nakov, Guillory, M.L. Julius, 

E.C. Theriot & A.J. Alverson

+ + + + +  

Lindavia minuta (Skvortzov) T. Nakov & al. + + + + + + + + + + + + + + + +

Nitzschia graciliformis Lange-Bertalot & 
Simonsen

+ + + + + + + + + + + + + + +

Stephanodiscus hantzschii Grunow + +  

Stephanodiscus meyeri Genkal & 
Popovskaya

+ + + +

Stephanodiscus minutulus (Kützing) Cleve & 
Möller

+ + + + + + + + + + + + +

Thalassiosira pseudonana Hasle & Heimdal + + + + + + + + + + +

Ulnaria acus (Kützing) Aboal + + + + + +  

Urosolenia eriensis (H.L. Smith) Round & 
R.M. Crawford

+ + +  

Chlorophyta  

Ankistrodesmus arcuatus Korshikov + + + + + + + + + + + + + + + + +

Chlamydomonas sp. +  

Chlorella vulgaris Beijerinck + + + + + + + + + + + + + +

Coenococcus planctonicus Korshikov + + + + + + + + + +  

Coenocystis sp. + + + + + +

Desmodesmus abundans (Kirchner) E.H. 
Hegewald

+ + +

Desmodesmus armatus (Chodat) E.H. 
Hegewald

+  

Desmodesmus bicaudatus (Dedusenko) P.M. 
Tsarenko

+ + +  

Desmodesmus communis (E. Hegewald) E. 
Hegewald

+ + + + + + +

Desmodesmus intermedius (Chodat) E. 
Hegewald 

+ +

Dictyosphaerium ehrenbergianum Nägeli +  

Elakatothrix genevensis (Reverdin) Hindák + + + + + + + + + + + +

Franceia ovalis (Francé) Lemmermann +  

Kirchneriella lunaris (Kirchner) Möbius + + + + + +  

Koliella longiseta (Vischer) Hindák + + + + + + + +

Koliella variabilis (Nygaard) Hindák + + + + + + + + + + + + + + +

Lagerheimia genevensis (Chodat) Chodat + + + + + +

Monoraphidium circinale (Nygaard) 
Nygaard

+ + + +  

Monoraphidium contortum (Thuret) 
Komárková-Legnerová

+ + + + + + + + + + + + + + +

Monoraphidium  (Berkeley) 
Komárková-Legnerová

+ + + + + + + + + + + + + + +

Monoraphidium minutum (Nägeli) 
Komárková-Legnerová

+ + + + + + + + + +

Mychonastes homosphaera (Skuja) Kalina & 
Puncochárová

+ + + + + + + + +  

Pseudopediastrum integrum (Nägeli) M. 
Jena & C.Bock

+  

Stauridium tetras (Ehrenberg) E. Hegewald + + + +  
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Species South Baikal Irkutsk Reservoir

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Scenedesmus sp. + + +  

Scenedesmus ecornis (Ehrenberg) Chodat + + + + + + + + + + +

Scenedesmus obtusus Meyen +  

Sphaerocystis sp. + + + +  

Tetraëdron minimum (A. Braun) Hansgirg + +  

Tetraëdron trigonum f. gracile (Reinsch) De 
Toni

+ +  

Total 45 32 37 48 35 39 44 31 21 50 50 40 29 48 47 55 46

Note:
3 cells/L

Cyanobacteria 10 50 100

Chrysophyta 10 50 100

Bacillariophyta 10 + +

Chlorophyta 10 50 +

3.3. Phytoplankton species composition 
of South Baikal

The species richness of phytoplankton at South 
Baikal varied within 21-48 species (Fig. 2, Table 2). 
Chrysophyta included 27 species and intraspecies of 
which 15 were silica-scaled chrysophytes. Chlorophyta 
included 24 species followed by diatoms (15), 
Cyanobacteria (8), Cryptophyta (2), Dinophyta (2), and 
Haptophyta (1) (Fig. 2, Table 2).

The most abundant were cyanobacteria such as 
Cyanodictyon planctonicum (840×103 cells/L at St. 1), 
Microcystis sp. (833×103 cells/L at St. 1), Cyanodictyon 
sp. (768×103 cells/L at St. 1) and Dolichospermum 
lemmermannii (25×103 cells/L at St. 1). As for large-cell 
chrysophycean species, Dinobryon bavaricum (109×103 
cells/L at St. 4), Dinobryon cylindricum var. palustre 
(54×103 cells/L at St. 3), Dinobryon sociale (80×103 
cells/L at St. 6), Dinobryon sociale var. americanum 
(93×103 cells/L at St. 3), Dinobryon cylindricum 
(27×103 cells/L at St. 3) (Figs 4, 5) played a prominent 
role. Among Chlorophyta, three species, Ankistrodesmus 
arcuatus (42×103 cells/L at St. 4), Monoraphidium 

 (30×103 cells/L at St. 7) and Mychonastes 
homosphaera (42×103 cells/L at St. 4) prevailed both 
in abundance and biomass (Figs 4, 5). Bacillariophyta 
had a low abundance (less than 10×103 cells/L).

Warm-water diatom Asterionella formosa 
(12×103 cells/L) was only on St. 1 (Fig. 4).

3.4. Phytoplankton species composition 
of Irkutsk Reservoir

Phytoplankton species composition of Irkutsk 
Reservoir was similar to South Baikal, but its abundance 
is lower and its species richness is higher (29–50 
species) (Fig. 2, Table 2). Chrysophyta included 27 

Fig.3. Distribution of phytoplankton abundance and 
biomass in South Baikal and Irkutsk Reservoir in August 2023.

Fig.2. Relative abundance of high-rank phytoplankton 

South Baikal (A) and Irkutsk Reservoir (B) in August 2023.
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Fig.4. Distribution of relative abundance (A) and relative biomass (B) of dominant phytoplankton species in South Baikal 
and Irkutsk Reservoir in August 2023.

Fig.5. Representatives of phytoplankton in South Baikal and Irkutsk Reservoir: 1 – Dolichospermum ; 2 – Ceratium 
hirundinella; 3 – Asterionella formosa; 4 – general view of a sample from Irkutsk Reservoir (in front of Elovy Bay); 5 – Lindavia 
minuta; 6 – Cyclostephanos dubius; 7 – Cyclostephanos makarovae; 8 – Stephanodiscus minutulus;  9 – Thalassiosira pseudonana; 10 
– Discostella pseudostelligera; 11 – Aulacoseira granulata var. angustissima; 12 – Fragilaria capucina; 13 – Cocconeis placentula; 14 – 
Hannaea baicalensis; 15 – Peridinium sp.; 16 – Gyrodinium helveticum; 17 – Dinobryon bavaricum; 18 – Mallomonas alpina. Scale bars: 
1, 3, 4 – 50 μm; 2, 12, 14–17 – 10 μm; 5–7, 11,13, 18 – 5 μm; 8–10 – 2 μm.
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species and intraspecies, as in lake, with prevalence of 
silica-scaled chrysophytes (22 species). Cyanobacteria 
such as Cyanodictyon planctonicum (42×103 cells/L 
at St. 12), Microcystis sp. (20×103 cells/L at St. 12), 
Dolichospermum lemmermannii (25×103 cells/L at St. 
14), green algae such as Chlorella vulgaris (59×103 
cells/L at St. 14), Koliella longiseta (41×103 cells/L at 
St. 10) and Monoraphidium  (15×103 cells/L 
at St. 14) were the most abundant as well as in Lake 

decreased, only Dinobryon sociale (24×103 cells/L at 
St. 10) and Dinobryon sociale var. americanum (16×103 
cells/L at St. 10) was dominant. Among Bacillariophyta, 
Asterionella formosa (10×103 cells/L at St. 14), 
Aulacoseira granulata var. angustissima (11×103 cells/L 
at St. 15) and Nitzschia graciliformis (13×103 cells/L at 
St. 15) had low abundances. Small centric species such 
as Cyclostephanos makarovae, Stephanodiscus minutulus, 
Cyclostephanos makarovae, Discostella pseudostelligera 
and Thalassiosira pseudonana also had low abundances. 
Their highest abundance of 19×103 cells/L was at St. 
10 (Figs 4, 5).

3.5. Phytoplankton species composition 
of Irkutsk Reservoir bays

Phytoplankton species composition of the bays 
and the central part of Irkutsk Reservoir was similar. 
Benthic diatoms had large abundance (45-64)×103 
cells/L in the bays due to their shallowness. The total 
abundance and biomass varied between 242×103 and 
321×103 cells/L, 41 and 140 mg/m3, respectively 
(Fig.3). The highest species richness was in Ershovsky 
Bay (St. 16) (55 species) due to diatoms (19) and silica-
scaled chrysophytes (18). In Kurma Bay (St. 11) 50 

were 29 (Fig. 2, Table 2). Cyanobacteria Cyanodictyon 
planctonicum (22-68)×103 cells/L and chlorophyte 
Chlorella vulgaris (16-48)×103 cells/L) prevailed 
in all three bays. The dominating species included 
diatoms Nitzschia graciliformis (up to 29×103 cells/L), 
Aulacoseira granulata var. angustissima (up to 23×103 
cells/L) and small centric species (up 28×103 cells/L), 
among which Stephanoscus minutulus and Thalassiosira 
pseudonana were the most abundant. Microphotographs 
of summer phytoplankton species are shown in Fig. 5.

3.6. Comparison of phytoplankton 
communities and impact of environmental 
factors

South Baikal and Irkutsk Reservoir communities 

analysis (Fig. 6). Importantly, similar patterns were 
obtained using all three types of community composition 
data: species abundance, species biomass and presence/

the highest for RDA-based model inferred from species 
abundance data (Fig. 5A), its adjusted R2 was as 
high as 31%. This model included two environmental 
variables, namely water transparency and pH, acting 

generated from species biomass (Fig. 6B) and presence/
absence (Fig. 6C) data were 19% and 9%, respectively. 
In this case, models retained single environmental 
factor, water transparency.

There was good positive correlation of abundance 
and biomass of small centric and benthic diatoms 
(Fig. 6D). Additionally, abundance and biomass of 
stomatocysts had also prominent positive correlation 
with total biomass. Considering hydrophysical/
chemical parameters, water transparency and pH had 
negative impact to abundance and biomass of small 
centric and benthic diatoms. Water transparency and 
temperature were also negatively correlated.

4. Discussion

Our study showed that in summer, surface water 
temperatures in South Baikal and Irkutsk Reservoir were 
similar compared to June 2023 (Firsova et al., 2023). The 
composition of dominant species of Irkutsk Reservoir 
and South Baikal phytoplankton communities were 
similar (Fig. 2, Table 2). However, similarly with June 

revealed to be such simple hydrophysical parameter as 

and August phytoplankton assemblages was the shift 
of the Burduguz community to the group of Irkutsk 

transition upstream Angara in late summer. In summer, 
an increase of surface water temperature (Table 1) 
promotes the growth of warm-water phytoplankton 
species in both South Baikal and Irkutsk Reservoir. 
Small-cell colonial cyanobacteria dominated at all 
stations. Among these cyanobacteria, Cyanodictyon 
planctonicum had the highest abundance in South Baikal 
at St. 1 near Kultuk. We found that the abundance 
and biomass of summer phytoplankton in the Irkutsk 
Reservoir were low, which is similar to the results of 
previous studies (Vorobyova, 1995; Popovskaya et 
al., 2012). As in previous years (Vorobyova, 1995; 
Popovskaya et al., 2012), the dominant species included 
the cyanobacterium Dolichospermum lemmermannii and 
its abundance was below 25×103 cells/L. Whereas, in 
the second half of August and early September 1985, 
the number of Dolichospermum lemmermannii cells 
reached 7.2×106 cells/L (Vorobyova, 1995). Nitzschia 
graciliformis dominated the South Baikal and Irkutsk 
Reservoir in June 2023 (Firsova et al., 2023). In August 
2023, this species remained one of the dominant ones 

compared to June.
The dominant species of summer phytoplankton 

studies of the 60s and 80s (Vorobyova, 1995), and 
of 2008 (Popovskaya et al., 2012), which indicates 
the stability of the species composition. Compared to 
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previous studies (Kozhova, 1964; Vorobyova, 1995; 
Popovskaya et al., 2012), some changes have occurred: 
the phytoplankton species richness and the number 
of dominant species have increased. Chlorella vulgaris 
and Mychonastes homosphaera are the most abundant 
among Chlorophyta, while Dinobryon sociale prevails 
among Chrysophyta. The high Chrysophyta richness of 
the Irkutsk Reservoir has already been reported as it is 
the coldest and has the lowest nutrient concentrations 
among other reservoirs in the Angara Cascade 
(Vorobyova, 1995; Bessudova et al., 2023b). We noted 
a high richness of species of the genus Dinobryon (11 

earlier such as Dinobryon crenulatum and Dinobryon 
suecicum var. longispinum. These species were likey 
brought into the Lake from tributaries, and bloomed 
in South Baikal due to more favorable conditions such 
as high water transparency, lack of currents and low 
abundance of diatoms competing Chrysphytes for 
silicon. It was previously shown that such factors play an 
important role to increase the diversity of Chrysophytes 
in the Gulf of the Ob River (Bessudova et al., 2023a). The 
species composition was also enriched with dominating 
species Dinobryon sociale and Dinobryon sociale var. 

americanum. The species composition of silica-scaled 

of species (Bessudova et al., 2023b), being enriched 
with species typical of warmer waters (Bessudova et al., 
2021) such as Paraphysomonas gladiata, Paraphysomonas 
uniformis subsp. hemiradia, Lepidochromonas butcheri, 
Spiniferomonas septispina.

5. Conclusion

Despite the similar environmental parameters 
such as water temperature and pH as well as high number 

summer phytoplankton were higher in the southern 
basin of Baikal than in Irkutsk Reservoir. There were 
discrepancies in the species composition and in the list 
of dominant species. Cyanobacteria bloomed in South 
Baikal, although their growth in Irkutsk Reservoir was 
limited. Concerning previous studies, including that 
of June 2023, the overall richness increased due to 
Crysophyta species. The total abundance and biomass 
of phytoplankton corresponded to summer periods of 
the previous years.

Fig.6. Correlation of environmental parameters and constrained ordination of species abundance, biomass, and presence/
absence data. (A) – Redundancy analysis of species abundance; (B) – Redundancy analysis of species biomass; (C) – Constrained 
correspondence analysis of species presence/absence; Gray circles – sampling sites in the south basin of Lake Baikal. Yellow 
squares – sampling sites across the Irkutsk water reservoir. Diamonds – top-15 dominant phytoplankton species. Blue arrows 

correlations (p

St – stomatocysts.
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N/E
S,
m °C

pH

1 17.08.23 51 ° 40.578´/
103 ° 52.309´

1252 6.5 -65,9 0 17.3 8.25

5 17.3 8.37

10 17.2 8.34

15 17.0 8.33

20 15.0 8.25

25 10.0 8.44

2 17.08.23 51 ° 45.546´/
104 ° 13.222´

1337 7.5 -66,0 0 16.9 8.33

5 16.0 8.36

10 15.2 8.30

15 11.6 8.47

20 7.7 8.50

25 5.6 8.17

3 17.08.23 51 ° 38.710´/
104 ° 13.715´

1243 5.5 -72,6 0 17.5 8.40

5 16.6 8.42

10 10.3 8.85

15 6.1 8.83

20 5.0 8.25

25 4.4 8.16

4 17.08.23 51 ° 31.428´/
104 ° 14.417´

350 5.0 -68,2 0 18.4 8.44

5 18.0 8.42

10 17.3 8.36

15 14.4 8.30

20 12.1 8.44

25 9.6 8.37

5 18.08.23 51 ° 36.402´/
104 ° 44.147´

1120 6.5 -19,5 0 16.0 8.26

5 15.8 8.44

10 13.9 8.57

15 6.0 8.78

20 5.0 8.34

25 4.6 8.19

6 18.08.23 51 ° 35.440´/
105 ° 06.968´

1402 8.5 -86,9 0 18.0 8.40

5 17.7 8.40

10 17.2 8.41

15 16.7 8.07

20 15.0 8.40

25 13.0 8.43

7 18.08.23 51 ° 46.731´/
105 ° 22.528´

1424 4.5 -58,4 0 17.7 8.37

5 16.0 8.42

10 12.5 8.34

15 6.5 8.10

20 5.7 8.00

25 5.2 8.03
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N/E
S,
m °C

pH

8 18.08.23 51 ° 42.262´/
105 ° 00.720´

700 6.5 -39,5 0 17.4 8.29

5 17.1 8.39

10 15.8 8.32

15 13.3 8.29

20 10.5 8.27

25 6.6 8.01

9 18.08.23 51 ° 49.033´/
104 ° 54.616´

1434 9.0 -46,5 0 10.1 8.09

5 8.2 8.09

10 5.9 8.06

15 4.8 8.00

20 4.6 7.93

25 4.5 7.97

10 19.08.23 52 ° 04.105´/
104 ° 59.451´

15.5 4.5 -43,6 0 14.9 7.96

5 10.5 7.96

10 8.5 7.96

11 19.08.23 52 ° 06.845´/
104 ° 45.926´

9.7 3.0 -58,6 0 18.7 8.12

5 18.0 8.23

12 19.08.23 52 ° 10.874´/
104 ° 47.935´

17 3.5 -58,2 0 17.7 8.16

5 17.4 8.29

10 14.9 8.19

13 19.08.23 52 ° 09.906´/
104 ° 29.172´

10 2.5 -47,4 0 18.5 7.98

5 16.4 8.03

14 19.08.23 52 ° 14.548´/
104 ° 45.243´

25 3.5 -65,5 0 20.0 8.27

5 18.5 8.42

10 16.0 8.22

15 20.08.23 52 ° 21.511´/
104 ° 37.550´

27 3.5 -55,8 0 18.0 8.13

5 17.3 8.20

10 16.4 8.13

16 20.08.23 52 ° 20.851´/
104 ° 34.439´

16 3.0 -53,0 0 18.9 8.28

5 17.9 8.08

10 16.6 7.93

17 20.08.23 52 ° 23.478´/
104 ° 33.722´

25 3.5 -56,1 0 18.6 8.16

5 17.6 8.25

10 15.8 8.07
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Cyanobacteria  

Anabaena sp. +

Aphanothece sp. + + + + + + + + +  

Cyanodictyon sp. + + +  

Cyanodictyon planctonicum B.A. Mayer + + + + + + + + + + + + + + +

Dolichospermum  (Bornet & 

Komárek

+ + + + + + +

Dolichospermum lemmermannii (Richter) P. + + + + + + + + + + + +

Dolichospermum scheremetieviae 

Komárek

+ +  

Limnococcus limneticus (Lemmermann) 
Komárková, Jezberová, O.Komárek & 

Zapomelová

+  

Microcystis sp. + + + + + +  

Microcystis pulverea (H.C.Wood) Forti + +  

Pseudanabaena galeata Böcher + +  

Cryptophyta  

Komma caudata (L. Geitler) D.R.A. Hill + + + + + +

Rhodomonas pusilla (Bachmann) 
Javornický

+ + + + +

Dinophyta  

Ceratium hirundinella (O.F. Müller) 
Dujardin

+ + + + + + +

Glenodinium sp. + + + + + +  

Haptophyta  

Chrysochromulina parva Lackey +  

Chrysophyta  

Chrysosphaerella coronacircumspina Wujek 
& Kristiansen

+ + + + + + + + + + + + + +

Chrysosphaerella brevispina Korshikov +  

Dinobryon bavaricum Imhof + + + + + + + + +  

Dinobryon crenulatum West & G.S. West + +  

Dinobryon cylindricum O.E. Imhof + + + + + +  

Dinobryon cylindricum var. palustre 
Lemmermann 

+ + +  

Dinobryon divergens O.E. Imhof + + + + + +

Dinobryon korshikovii
Kapustin

+ + + + + + + + + + + +

Dinobryon pediforme (Lemmermann) 
Steinecke

+ + + + +  

Dinobryon sociale (Ehrenberg) Ehrenberg + + + + + + + + + + + + + + + + +

Dinobryon sociale var. americanum 
(Brunnthaler) Bachmann

+ + + + + + + + + + + + + + + +

Dinobryon stipitatum Stein + + + +  
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Dinobryon suecicum var. longispinum 
Lemmermann

+ + + + +  

Kephyrion sp.  

Kephyrion littorale J.W.G. Lund + + + + +  

Kephyrion spirale (Lackey) Conrad + + +  

Paraphysomonas gladiata Preisig & Hibberd + + + + + + + + + + + +
Paraphysomonas uniformis subsp. hemiradia 

J.M.Scoble & T.Cavalier-Smith 
+ + +

Paraphysomonas sp. + + + + +  

Lepidochromonas butcheri (Pennick & 
Clarke) Kapustin & Guiry

+  

Spiniferomonas abrupta Nielsen + + + +  

Spiniferomonas cornuta Balonov + + + + + + + + + + +  

Spiniferomonas bourrellyi Takahashi + + + + + + + + + + +

Spiniferomonas takahashii (Nicholls) 
Preisig & Hibberd

+ + + + + + +  

Spiniferomonas trioralis (E. Takahashi) 
Preisig & Hibberd

+ + + + + + + + + + + + + + + +

Spiniferomonas trioralis f. cuspidata 
Balonov

+ + + + +  

Spiniferomonas septispina Nicholls + + + +  

Spiniferomonas silverensis Nicholls + + + +  

Mallomonas acaroides Perty + + + + + + + + +

Mallomonas alpina Pascher & Ruttner + + + + + + + + + + + +

Mallomonas  (Asmund) Fott +  

Mallomonas tonsurata Teiling + + + + + + + + + + +  

Mallomonas vannigera Asmund +  

Synura sp. 1 + + + + +  

Synura sp. 2 + +  

Synura cf. glabra + + + + +

Bacillariophyta  

Acanthoceras zachariasii (Brun) Simonsen + + + +

Asterionella formosa Hassall + + + + + + + + + +

Aulacoseira baicalensis (K.I. Meyer) 
Simonsen

+ + + + + + + + + +

Aulacoseira granulata var. angustissima (O. 
Müller) Simonsen

+ + + + + + + + + +

Aulacoseira islandica (O. Müller) Simonsen + + + + + + +

Aulacoseira ambigua (Grunow) Simonsen + + +  

Cyclostephanos dubius (Hustedt) Round + + + + + + + + + + + +

Cyclostephanos makarovae (S.I. Genkal) K. 
Schultz

+ + + + + + + + + + + + +

Discostella pseudostelligera (Hustedt) Houk 
& Klee

+ + + + + + + + + +  

Fragilaria capucina Desmazières + + + + + + +

Fragilaria crotonensis Kitton +

Fragilaria radians (Kützing) D.M.Williams 
& Round 

+ + + + + + + + + + + + + +
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Hannaea baicalensis Genkal, Popovskaya & 
Kulikovskiy

+ + + +

Lindavia baicalensis (Skvortsov & 
K.I.Meyer) Nakov, Guillory, M.L. Julius, 

E.C. Theriot & A.J. Alverson

+ + + + +  

Lindavia minuta (Skvortzov) T.Nakov & al. + + + + + + + + + + + + + + + +

Nitzschia graciliformis Lange-Bertalot & 
Simonsen

+ + + + + + + + + + + + + + +

Stephanodiscus hantzschii Grunow + +  

Stephanodiscus meyeri Genkal & 
Popovskaya

+ + + +

Stephanodiscus minutulus (Kützing) Cleve 
& Möller

+ + + + + + + + + + + + +

Thalassiosira pseudonana Hasle & Heimdal + + + + + + + + + + +

Ulnaria acus (Kützing) Aboal + + + + + +  

Urosolenia eriensis (H.L. Smith) Round & 
R.M. Crawford

+ + +  

Chlorophyta  

Ankistrodesmus arcuatus Korshikov + + + + + + + + + + + + + + + + +

Chlamydomonas sp. +  

Chlorella vulgaris Beijerinck + + + + + + + + + + + + + +

Coenococcus planctonicus Korshikov + + + + + + + + + +  

Coenocystis sp. + + + + + +

Desmodesmus abundans (Kirchner) E.H. 
Hegewald

+ + +

Desmodesmus armatus (Chodat) E.H. 
Hegewald

+  

Desmodesmus bicaudatus (Dedusenko) P.M. 
Tsarenko

+ + +  

Desmodesmus communis (E. Hegewald) E. 
Hegewald

+ + + + + + +

Desmodesmus intermedius (Chodat) E. 
Hegewald 

+ +

Dictyosphaerium ehrenbergianum Nägeli +  

Elakatothrix genevensis (Reverdin) Hindák + + + + + + + + + + + +

Franceia ovalis (Francé) Lemmermann +  

Kirchneriella lunaris (Kirchner) Möbius + + + + + +  

Koliella longiseta (Vischer) Hindák + + + + + + + +

Koliella variabilis (Nygaard) Hindák + + + + + + + + + + + + + + +

Lagerheimia genevensis (Chodat) Chodat + + + + + +

Monoraphidium circinale (Nygaard) 
Nygaard

+ + + +  

Monoraphidium contortum (Thuret) 
Komárková-Legnerová

+ + + + + + + + + + + + + + +

Monoraphidium  (Berkeley) 
Komárková-Legnerová

+ + + + + + + + + + + + + + +

Monoraphidium minutum (Nägeli) 
Komárková-Legnerová

+ + + + + + + + + +

Mychonastes homosphaera (Skuja) Kalina & 
Puncochárová 

+ + + + + + + + +  
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Pseudopediastrum integrum (Nägeli) M. 
Jena & C. Bock

+  

Stauridium tetras (Ehrenberg) E. Hegewald + + + +  

Scenedesmus sp. + + +  

Scenedesmus ecornis (Ehrenberg) Chodat + + + + + + + + + + +

Scenedesmus obtusus Meyen +  

Sphaerocystis sp. + + + +  

Tetraëdron minimum (A. Braun) Hansgirg + +  

Tetraëdron trigonum f. gracile (Reinsch) De 
Toni

+ +  

Total 45 32 37 48 34 39 44 31 21 50 50 40 29 48 47 55 46

3

Cyanobacteria 10 50 100

Chrysophyta 10 50 100

Bacillariophyta 10

Chlorophyta 10 50

planctonicum, Cyanodictyon Microcystis

3

Dinobryon. 

3

310×103 3

3.3. 

-

-
Cyanodictyon planctonicum 

(840×103 Microcystis sp. (833×103 
Cyanodictyon sp. (768×103

Dolichospermum lemmermannii (25×103

-
Dinobryon bavaricum (109×103

Dinobryon cylindricum var. palustre (54×103 
Dinobryon sociale (80×103

6), Dinobryon sociale var. americanum (93×103

Dinobryon cylindricum (27×103 -
-

-
-
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-

Dolichospermum ; 2 – Ceratium 
hirundinella; 3 – Asterionella formosa
5 – Lindavia minuta; 6 – Cyclostephanos dubius; 7 – Cyclostephanos makarovae; 8 – Stephanodiscus minutulus; 9 – Thalassiosira 
pseudonana; 10 – Discostella pseudostelligera; 11 – Aulacoseira granulata var. angustissima; 12 – Fragilaria capucina; 13 – Cocconeis 
placentula; 14 – Hannaea baicalensis; 15 – Peridinium sp.; 16 – Gyrodinium helveticum; 17 – Dinobryon bavaricum; 18 – Mallomonas 
alpina
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Ankistrodesmus arcuatus 
(42×103 Monoraphidium  
(30×103 Mychonastes homosphaera 
(42×103

-

3

Asterionella formosa (12×103

3.4. 

-
Cyanodictyon planctonicum (42×103 
Microcystis sp. (20×103 

Dolichospermum lemmermannii (25×103

Chlorella 
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(15×103 -

-
Dinobryon sociale (24 ×103

Dinobryon sociale var. americanum (16×103 

Bacillariophyta Asterionella formosa (10×103

Aulacoseira granulata var. angustissima (11×103 
Nitzschia graciliformis (13×103 

Cyclostephanos makarovae, Stephanodiscus minutulus, 
Cyclostephanos makarovae, Discostella pseudostelligera 

Thalassiosira pseudonana

3

3.5. 

3

3 3

3

Cyanodictyon 

planctonicum (22-68)×103 Chlorella 
vulgaris (16-48)×103 -

Nitzschia 
graciliformis 3 Aulacoseira granulata 
var. angustissima 3 -

3 

Stephanoscus 
minutulus Thalassiosira pseudonana -

3.6. 

-

-

-

-
-

-
-

-

4. 

-

-
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Dolichospermum lemmermannii

3
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Dinobryon

Dinobryon crenulatum Dinobryon suecicum var. 
longispinum

-

Dinobryon sociale Dinobryon 
sociale var. americanum

-

Paraphysomonas gladiata, Paraphysomonas 
uniformis subsp. hemiradia, Lepidochromonas butcheri, 
Spiniferomonas septispina.

5. 
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-

-
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https://rscf.ru/

project/23-14-00028/.
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Original Article

Bacterial diversity and metabolism in 
microbial consortium of non-axenic 
culture Tychonema sp. BBK16 

Krasnopeev A.Yu.*, Tikhonova I.V., Podlesnaya G.V., Potapov S.A., Gladkikh A.S., 
Suslova M.Yu., Lipko I.A., Sorokovikova E.G., Belykh O.I. 
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. We performed high-throughput sequencing of microbial community with cyanobacterium 
Tychonema sp. BBK16 and heterotrophic bacteria in vitro. Representatives of the phylum Pseudomonadota/
Proteobacteria, the bacteria Hydrogenophaga, Sphingomonas, Paucibacter, Aminobacter, Devosia, 
Tahibacter, and Bosea

with organic matter. Metabolic features of heterotrophic bacteria based on reconstructed genomes are 

amino acid metabolism, as well as processes regulating the relationships between members of this 
consortium. Hydrogenophaga sp. and Tychonema sp. BBK16 show carbon autotrophy due to the Calvin–

Sphingomonas
Bosea sp. using light energy to transform organic 

matter. Aminobacter
Hydrogenophaga sp., Paucibacter sp., also supplies hydrogen for this 

community. Sphingomonas, Tychonema and Paucibacter release phosphate from organic compounds 
providing phosphorus to this consortium. 

Keywords:

1. Introduction

Interactions occurring between algae and bacteria 
represent a particular circulation of organic matter (Azam 
et al., 1983). Cyanobacteria, as primary producers, 

matter and synthesizing biologically active metabolites 
(Woodhouse et al., 2018). Heterotrophic bacteria 
associated with cyanobacteria are more often species 

belong to Proteobacteria (Berg et al., 2009). High-
throughput sequencing allows a detailed inventory 
of cyanobacteria-heterotrophic bacteria associations 

Nostoc macrocolony communities from lakes have 
been found to repeat partly a plankton-lake motif, but 
members of Shingomonadaceae, Rhodobacteriaceae, 
Comamonadaceae become distinctive (Aguilar et al., 
2019). These bacteria are frequent companions of 
cyanobacteria in natural conditions (Chun et al., 2017; 
Park et al., 2021; Thorat et al., 2022). Metagenomic 

subpolar cyanobacteria showed the occurrence of 

representatives of Proteobacteria and Bacteroidetes 
in the community and ruled out the possibility of 

of cyanobacteria and their companions (Cornet et al., 

objects for studying interactions between algae and 
heterotrophic bacteria because they demonstrate in 

in cyanobacterial cultures allows the study of their 
genomes using bioinformatics tools for nucleotide 
fragment separation (Tan et al., 2016).

Tychonema 
revealed its ecology and genomic characteristics 
(Tikhonova et al., 2022; Evseev et al., 2023). 

of cyanobacterium revealed heterotrophic bacteria 

growth in vitro. The aim of this work is to study the 
bacteria-companions of Tychonema sp. BBK16 and the 
metabolic characterization of this microbial consortium 
based on DNA barcoding and metagenomics data.

*Corresponding author.
E-mail address: krasnopeev@lin.irk.ru (A.Yu. Krasnopeev)
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2. Material and methods

Sample collection and DNA sequencing

cyanobacterium and isolation of DNA was previously 
described (Tikhonova et al., 2022). The strain was 
cultured in vitro for seven years on autotrophic Z-8 
medium containing nitrate, sulfate, carbonate, and 
phosphate as nutrients. Illumina Miseq sequencing of 
the V3-V4 region of 16S rRNA gene was performed 
according to the manufacturer`s instructions with 
primers 343F (CTCCTACGGRRSGCAG) and 806R 
(GGACTACNVVGGGTWTCTAAT) in Evrogen 
(Moscow). Shotgun sequencing was performed by 

(MGI, China) by PCR-free protocol with enzymatic 
fragmentation (MGI, China) and using the Illumina 
MiSeq platform (Illumina, USA) by the paired-end reads 
in the case of MGI - 150 bp, in the case of Illumina - 
300 bp. The quality of V3-V4 amplicon libraries and 
metagenomic sequencing results were assessed using 
the program MultiQC v. 1.12 (Ewels et al., 2016), 
and adapters were removed using the Trim Galore v. 
0.6.5 program (https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/, date last accessed: 12 
December 2023). A phylogenetic tree was constructed 
using the BEAST v. l.8.4 (Drummond and Rambaut, 
2007). Raw data deposited PRJNA1042932 (two 
metagenomic sequencing pools), SRR11929492 (16S 
rRNA gene sequencing data).

DNA metabarcoding data processing
The DADA2 v. 1.16 package for the R 

programming language was used for further processing, 

sequences, and clustering into ASVs (Amplicon Sequence 
Variants) (Callahan et al., 2016; R Core Team, 2021). 
Nearest homologues were selected by BLASTn searches 
using the NCBI nr/nt reference sequence databases. 
ASVs and nearest homologues were aligned using the 
ClustalO algorithm (Sievers et al., 2011).

Shotgun data processing
Assembly of reads into contigs was performed 

using the SPAdes v. 3.15.4 (Prjibelski et al., 2020). 
Mapping of reads to the produced contigs was 
performed with BWA v. 0.7.17 and the Samtools v. 
1.18 package (Heng and Durbin, 2009; Danecek et al., 
2021). Metagenomic binning and genome isolation 
was performed using MetaBAT2 v. 2.15 (Kang et al., 

MAGs were evaluated using CheckM2 v. 1.0.2 based on 
a machine learning algorithm (Chklovski et al., 2022).

Open reading frames (ORFs) in contigs were 
detected using Prodigal v. 2.6.3 (Hyatt et al., 2010). 
KEGG annotation and assignment of KO numbers to 
proteins were performed using the BlastKOALA service 
(Kanehisa et al., 2016) and semi-automatically using 

NCBI nr protein sequence database. Ribosomal RNA 
genes were isolated using Barrnap v. 0.9 (Seemann, 

performed using the Kaiju service (Menzel et al., 2016) 
and manually improved using author scripts based on 

metabolic annotation obtained previously.
The functional characteristics of microorganisms 

were established based on the presence of marker genes 
for metabolic processes in the genome, similar to the 
methodology described by Garner et al. (2023). Carbon 
autotrophy was established by the presence of genes 

pathway - mct; ammonia transport into the cell - amt, 
and its assimilation - glnA; transport of nitrite/nitrate 
- nrtABC, assimilation of nitrates/nitrites - narB, nirA, 

nosZ; urea transport - urtABCDE and its decomposition 

glutamate – asnB; phosphonate transport phnCDE; 
phosphonate decomposition – phnAB; decomposition 

assimilation of phosphate from organic compounds 
– phoD; transport of inorganic phosphate - pstBS; 
hydrolytic enzymes for polysaccharides - argH, glgX, 
susACD; sulfate and thiosulphate transport system 

oligopeptides and oligosaccharides - oppABCDF, mppA; 
methylamine utilisation (methylotrophy)- gmaS, 

cutML; synthesis of bacteriochlorophylls - bchMO; 
light-gathering polypeptides, photosystem II - pufML.

3. Results and discussion

Phylogenetic diversity and bacterial genomes in 
a non-axenic culture Tychonema sp. BBK16

Sequencing of the V3-V4 amplicon library of 16S 
rRNA gene resulted in 62,028 paired-end reads. From 
this set, 21 ASVs were isolated, the annotation of which 
revealed representatives of three phyla: Cyanobacteria 
(66.1%), Pseudomonadota/Proteobacteria (33.7%), 
and Actinobacteriota (0.2%). The most represented 
genera are Hydrogenophaga, Sphingomonas, Paucibacter, 
Pseudomonas, Aminobacter, Devosia, Tahibacter, Bosea, 
Methylophilus, Rhodopseudomonas, Ensifer, Tabrizicola, 
Acidovorax, Caulobacter; minor genera are Rhodococcus 
and Iamia (Table 1).

Shotgun sequencing generated 18,4421,914 

revealed representatives of three phyla: Cyanobacteria 
(50.2%), Proteobacteria (49.6%), and Actinobacteriota 
(0.2%). Metagenomic binning of the contigs obtained 

according to CheckM2 completeness and contamination 
statistics (given in parentheses, %), were the following: 
Tychonema sp. BBK16 (bin.4 — 99.15 / 2.42), 
Tahibacter sp. (bin.3 — 99.3 / 0.09), Aminobacter sp. 
(bin.8 — 97.44 / 1.83), Paucibacter sp. (bin.9 — 100 / 
0.26), Sphingomonas sp. (bin.11 — 99.76 / 8.07). Also 
noteworthy is the high percentage of assembly of the 
Devosia, Bosea, and Hydrogenophaga genomes.
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Table 1. Tychonema sp. BBK16 sample

ID Phylum Class Genus Count Value, 
%

ASV001 Cyanobacteriota Cyanobacteria Tychonema CCAP 1459-11B 41016 66.12

ASV003 Pseudomonadota/Proteobacteria Betaproteobacteria Hydrogenophaga 10959 17.66

ASV005 Pseudomonadota/Proteobacteria Alphaproteobacteria Sphingomonas 5116 8.24

ASV012 Pseudomonadota/Proteobacteria Betaproteobacteria Paucibacter 1041 1.67

ASV009 Pseudomonadota/Proteobacteria Gammaproteobacteria Pseudomonas 840 1.35

ASV016 Pseudomonadota/Proteobacteria Alphaproteobacteria Aminobacter 789 1.27

ASV017 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 669 1.08

ASV004 Pseudomonadota/Proteobacteria Gammaproteobacteria Tahibacter 635 1.02

ASV020 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 433 0.7

ASV037 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 147 0.24

ASV041 Pseudomonadota/Proteobacteria Alphaproteobacteria Bosea 81 0.13

ASV047 Actinobacteriota Actinobacteria Rhodococcus 71 0.11

ASV049 Pseudomonadota/Proteobacteria Gammaproteobacteria Methylophilus 60 0.01

ASV050 Pseudomonadota/Proteobacteria Alphaproteobacteria Rhodopseudomonas 58 0.094

ASV051 Pseudomonadota/Proteobacteria Alphaproteobacteria Ensifer 52 0.084

ASV056 Pseudomonadota/Proteobacteria Alphaproteobacteria Tabrizicola 36 0.058

ASV027 Actinobacteriota Actinobacteria Rhodococcus 14 0.023

ASV093 Pseudomonadota/Proteobacteria Gammaproteobacteria Acidovorax 3 0.005

ASV092 Pseudomonadota/Proteobacteria Alphaproteobacteria Caulobacter 3 0.005

ASV091 Actinobacteriota Acidimicrobiia Iamia 3 0.005

ASV095 Proteobacteria Gammaproteobacteria Acidovorax 2 0.003

Table 2. Metagenome-assembled genomes isolated from the Tychonema
completeness and <5% contamination are in bold.

bin ID Compl. * Cont.* Contig
N50

Genome
Size

GC
Content

Total CDS Genus

bin.1 20.8 0.35 3434 1190380 0.63 1405 Rhodococcus

bin.2 7.19 0.01 149685 412532 0.6 443 Aminobacter

bin.3 99.3 0.09 214065 6110546 0.66 4716 Tahibacter

bin.4 99.15 2.42 108947 5876576 0.44 5150 Tychonema

bin.5 65.82 0.01 39311 2077122 0.69 1999 Hydrogenophaga

bin.6 84.19 2.56 14881 4250091 0.64 4320 Devosia

bin.8 97.44 1.83 134644 5591995 0.63 5427 Aminobacter

bin.9 100 0.26 214794 4356207 0.67 3973 Paucibacter

bin.10 84.96 3.7 10883 5032618 0.66 5129 Bosea

bin.11 99.76 8.07 90952 3846091 0.69 3710 Sphingomonas

bin.12 15.11 0.04 3530 797961 0.67 888 Stenotrophomonas
Note: * Compl. – Completeness, Cont. - Contamination

To assess the convergence of the targeting and 
metagenomic sequencing results, a phylogenetic tree 
was constructed based on the DNA alignment of the 
fragment 16S rRNA gene (Fig. 1). According to the 
BLASTn search, the tree also contains the nearest 

metagenomes belonging to the same genus/species that 

Even when no 16S rRNA marker gene was detected in 
the metagenome, other coding sequences and genome 

tree.
Metabolic functions of bacteria in the 

According to the KEGG (Kyoto Encyclopedia of 
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Fig.1. Phylogenetic tree based on DNA alignment of the fragment of the 16S rRNA gene. ASVs obtained from DNA-
metabarcoding data are highlighted in red, fragments of 16S rRNA gene from the metagenome are in blue, and nearest neighbors 
by BLASTn-search are in black color

the bacterial functions (Fig.2). The analysis of the main 
pathways of carbon metabolism showed that the most 

metabolism of carbohydrates and amino acids; a large 
part is represented by the categories of signaling and 
cellular processes, nucleotide and energy metabolism, 
membrane transport, and the metabolism of cofactors 
and vitamins. See Supplementary material (S1) for 
additional analysis - comparison of predicted functions 
of microorganisms and actual functional genes.

Functional annotation of the assembled genomes 

cycle in the microorganisms Tychonema sp. BBK16 and 
Hydrogenophaga sp., although in the latter this process is 

matter in the medium. The ability to use solar energy 

carotenoid synthesis genes, and photosystem II reaction 
center enzymes in the bacterium Bosea sp.

Thus, the source of phosphorus is phosphates, which in 
a closed ecosystem are produced by the activity of the 
enzyme alkaline phosphatase of the microorganisms 
Tychonema, Paucibacter, and Sphingomonas. Most 
bacteria have phosphonate transport systems. These 
organic phosphorus compounds are common in 

of phosphorus for ancient microorganisms (McGrath 
et al., 2013). Phosphonate transport systems can also 
serve as phosphate transporters (Stasi et al., 2019).

Traditionally, the relationship between 
autotroph and heterotrophic bacteria is considered as a 
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Fig.2. Tychonema sp. BBK16
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cyanobacterium Microcoleus vaginatus and strains of 
Actinobacteria and Proteobacteria, many of which were 

method (PICRUSt2) and the absence of marker 
genes for the process in the genome (Supplementary 

of a consortium related to Proteobacteria (Aminobacter, 
Tahibacter, and probably Paucibacter). According to 
genomic characteristics, the main sources of nitrogen 
for all members of the consortium may be ammonium, 
nitrate, nitrite, and urea (as a metabolite and as a 
decomposition product of dead biomass). Genes related 
to ammonium transport and ammonium assimilation 
enzymes were detected in all consortium members. 
Genes coding for urea transport and its degradation 
to ammonium were revealed in cyanobacteria 

Sphingomonas, 
Paucibacter, and Tahibacter.

Thus, all metabolic processes are necessary 
to keep the whole community alive. The autotrophic 
cyanobacterium Tychonema sp. BBK16, as well as 
the facultative autotrophs Hydrogenophaga and 
Sphingomonas, forms organic matter for bacteria. 
However, it has genes for organic matter assimilation 

inducible process; they are successful organotrophs in 
the presence of simple organic matter (Zavarzin, 1972). 
Bacteria Aminobacter, Tahibacter, Devosia, and Paucibacter 
are able to consume polysaccharide substances, which 

Aminobacter 

and, as well as Paucibacter, a supplier of hydrogen 

bacterium Bosea. Devosia are able to inhabit places rich 

due to transport proteins - permeases, which uptake 
short peptides of various amino acid compositions 
serving as a source of carbon and nitrogen (Talwar 
et al., 2020). During the phosphate depletion period, 
Sphingomonas, Tychonema, and Paucibacter additionally 
produce alkaline phosphatase to hydrolyze phosphate-
containing organic matter. Cyanobacteria Tychonema 
sp. BBK16 is dependent on other bacteria because 
the system is closed and nitrate and nitrite cannot be 
provided from outside, while ammonium is released 
by the bacterial decomposition of nitrogen-containing 
polysaccharides and glycosides, proteins and amino 
acids.

It was previously suggested that the microbiome 
associated with cyanobacteria represents an “ecological 
footprint” of the habitat (Cornet et al., 2018). We assume 
that the microbial consortium studied with Tychonema 
is represented by typical inhabitants of substrates 
rich in organic and has all necessary for this purpose: 

as well as organic compounds of nitrogen, phosphorus, 
and sulfur. Some of the genera have been described 
such as Hydrogenophaga, Methylophilus and Pseudomonas 
are found in the cultivated diatoms of Lake Baikal 
(Mikhailov et al., 2018). In the article also showed 
that the Nocardioides are satellites of Baikal cultivated 
diatom algae.
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4. Conclusion

We have demonstrated that Proteobacteria are 

Tychonema sp. BBK16 in vitro. The dominant genera 
were Hydrogenophaga, Sphingomonas, Paucibacter, 
Aminobacter, Devosia, and Tahibacter. The studied 

methylotrophy, degradation of polysaccharides and 
aromatic compounds to oligosaccharides, organic acids, 
aldehydes, peptides, and monosaccharides, and organic 
polymers of nitrogen and phosphorus.

Acknowledgments

The authors are grateful to Y.S. Bukin, O.N. 
Pavlova, S.V. Bukin, I.S. Mikhailov, Y.R. Zakharova 
for their valuable discussions and help. Metagenomic 
sequencing using DNA nanoball sequencing (MGI) 

technology was supported by Helicon Company 
(Moscow). The research is funded by State Project 
0279-2021-0015, “Viral and bacterial communities 
as the basis for the stable functioning of freshwater 
ecosystems...”.

References

Aguilar P., Dorador C., Vila I. et al. 2019. Bacterial 
Communities associated With Spherical Nostoc Macrocolonies. 
Frontiers in Microbiology 10: 483. DOI:10.3389/
fmicb.2019.00483

Azam F., Fenchel T., Field J. et al. 1983. The ecological 

Progress Series 10: 257-263. DOI:10.3354/meps010257
Berg K., Lyra C., Sivonen K. et al. 2009. High diversity 

of cultivable heterotrophic bacteria in association with 
cyanobacterial water blooms. ISME Journal 3:314–325. 
DOI:10.1038/ismej.2008.110

Table 3. Tychonema sp. BBK16

Bacterium Metabolism

Tychonema sp. BBK16 Autotroph. Uses nitrate, nitrite, ammonia and urea. Assimilates 
phosphates of inorganic and organic compounds, synthesizes 

alkaline phosphatase. Utilizes sulfates and thiosulphates.

rbcL, prkB, amt, nrtA,  narB,  
nirA, glnA, ureABC , urtABCE, 
pstB, pstS phoD, cysU, cysW

Tahibacter sp. Organotroph. Uses phosphates, phosphonates, and ammonia, argH, amt, phnA, pstBS, nirK, 
norB

Hydrogenophaga sp.
a source of energy and CO2 or simple organic matter as a carbon 

source. Preferred nitrogen source is urea, glutamate. Able to 
degrade oligosaccharides. Transports nitrate and phosphate. 

asnB, cysU, cysW

Devosia sp. Organotroph. Utilizes organic and inorganic sources of 

incorporation into organic compounds. Contains a large number 
of transporters of oligopeptides and simple organic matter, 

system.

glgX, nasC, nasABED, nrtABC, 

pstBS,  urtAE, ureaABC, urea 

Aminobacter sp. Organotroph. Mobile due to piles, hydrolyses polysaccharides, 
catechols, glycogen, urea, assimilates nitrate, phosphate, 

methylamines (serine pathway).

nasABED, nosZ, nrtABC, pstBS, 

cysU, cysW, urtABCE, ureABC, 
gmaS, mgsABC, mgdABCD, 

Paucibacter sp.
polysaccharides, a companion bacterium to cyanobacteria 
in nature and cultures, utilizes nitrate, phosphate, sulfate, 

amt, argH,  narGHI, nasABED, 
nrtABC, phoD,  pstBS, phnDEX, 

Bosea sp.
and photosystem II. Assimilates nitrate and phosphate.

amt, glgX, argH, bchM, chlM, 
bchO, bchX,Y,Z, pufM,L, 

nrtAC, nasDF, urtABC, pstBS, 
phnCIJKMPXY

Sphingomonas sp.

phosphates and phosphonates, produces alkaline phosphatase 
for phosphorus production from organic compounds.

amt, argH, mct, phoD, pstBS



235

Krasnopeev A.Yu. et al. / Limnology and Freshwater Biology 2023 (6): 229-243

alignments at tree-of-life scale using DIAMOND. Nature 
Methods 18: 366–368. DOI:

Callahan B., McMurdie P., Rosen M. et al. 2016. 
DADA2: High-resolution sample inference from Illumina 
amplicon data. Nature Methods 13: 581–583. DOI: 10.1038/
nmeth.3869

Chklovski A., Parks D.H., Woodcroft B.J. et al. 2022. 
CheckM2: a rapid, scalable and accurate tool for assessing 
microbial genome quality using machine learning. Nature 
Methods 20:1203–1212. DOI: 10.1101/2022.07.11.499243

Chun S.J., Cui Y., Ko S.R. et al. 2017. Acidovorax 
lacteus sp. nov., isolated from a culture of a bloom-forming 
cyanobacterium Microcystis sp. Antonie van Leeuwenhoek 
110: 1199–1205. DOI: 10.1007/s10482-017-0892-9

Cornet L., Bertrand A., Hanikenne M. et al. 2018. 
Metagenomic assembly of new subpolar Cyanobacteria 

Microbial Genomics 4:e000212. 1. DOI: 10.1099/
mgen.0.000212

years of SAMtools and BCFtools, GigaScience. 10:1-4. 
DOI:10.1093/gigascience/giab008

Drummond A.J., Rambaut A. 2007. BEAST: Bayesian 
evolutionary analysis by sampling trees. BMC Evolutionary 
Biology 7: 214. DOI: 10.1186/1471-2148-7-214

Evseev P., Tikhonova I., Krasnopeev A. et al. 2023. 
Tychonema sp. BBK16 characterisation: lifestyle, phylogeny 
and related phages. Viruses 15: 442. DOI:10.3390/v15020442

Ewels Ph., Magnusson M., Lundin S. et al. 2016. MultiQC: 
summarize analysis results for multiple tools and samples in 
a single report. Bioinformatics 32:3047–3048. DOI:10.1093/
bioinformatics/btw354

Garner R.E., Kraemer S.A., Onana V.E. et al. 2023. A 
genome catalogue of lake bacterial diversity and its drivers 
at continental scale. Nature Microbiology 8:1920–1934. 
DOI:10.1038/s41564-023-01435-6

Heng L., Durbin R. 2009. Fast and accurate short read 
alignment with Burrows–Wheeler transform, Bioinformatics 
25:1754–1760. DOI: 10.1093/bioinformatics/btp324

Hyatt D., Chen G.L., Locascio P.F. et al. 2010. Prodigal: 
prokaryotic gene recognition and translation initiation site 

Kanehisa M., Sato Y., Morishima K. 2016. BlastKOALA 
and GhostKOALA: KEGG Tools for functional characterization 
of genome and metagenome sequences. Molecular Biology 
428(4): 726-731. DOI:10.1016/j.jmb.2015.11.006

Kang D.D., Li F., Kirton E. et al. 2019. MetaBAT 2: 

genome reconstruction from metagenome assemblies. PeerJ 
26:7:e7359. DOI:10.7717/peerj.7359

McGrath J., Chin J., Quinn J. 2013. Organophosphonates 
revealed: new insights into the microbial metabolism 
of ancient molecules. Nature Microbiology 11:412–419. 
DOI:10.1038/nrmicro3011

Menzel P., Ng K., Krogh A. 2016. Fast and sensitive 

Communications 7:11257. DOI:10.1038/ncomms11257
Mikhailov I.S., Zakharova Y.R., Volokitina N.A. et al. 

2018. Bacteria associated with planktonic diatoms from Lake 
Baikal. Acta Biologica Sibirica, 4(4):89-94. DOI: 10.14258/
abs.v4.i4.4880

Nelson C., Giraldo-Silva A., Garcia-Pichel F. 2021. 

microbiome of the biocrust cyanobacterium Microcoleus 
vaginatus. ISME Journal 15: 282–292. DOI:10.1038/s41396-
020-00781-1

cyanobacteria Trichormus variabilis (Nostocales, 
Cyanobacteria). Cryobiology 98:87–95. DOI: 10.1016/j.
cryobiol.2020.12.003

Prjibelski A., Antipov D., Meleshko D. et al. 2020. Using 
SPAdes de novo assembler. Current protocols in bioinformatics 
70(1): 102. DOI:10.1002/cpbi.102

R Core Team. 2021. R: A language and environment for 
statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria. https://www.R-project.org/

Seemann T. 2013. Barrnap 0.9: rapid ribosomal RNA 
prediction.

Shaw C., Brooke C., Hawley E. et al. 2020. Phototrophic 

and potential value for fundamental and applied research. 
Frontiers in Microbiology 11: 572131. DOI:10.3389/
fmicb.2020.572131

Sievers F., Wilm A., Dineen D. et al. 2011. Fast, scalable 
generation of high-quality protein multiple sequence 
alignments using Clustal Omega. Molecular systems biology 
7: 539. DOI: 10.1038/msb.2011.75

Stasi R., Neves H.I., Spira B. 2019. Phosphate uptake by 
the phosphonate transport system PhnCDE. BMC Microbiology 
19:79. DOI:10.1186/s12866-019-1445-3

environmental adaptations of genus Devosia: insights into 

10.1038/
s41598-020-58163-8

Tan B.F., Te S.H., Boo C.Y. et al. 2016. Insights from 
the draft genome of the subsection V (Stigonematales) 
cyanobacterium Hapalosiphon sp. Strain MRB220 associated 
with 2-MIB production. Stand in Genomic Science 11: 58. 
DOI:10.1186/s40793-016-0175-5

Thorat V., Tiwarekar B., Kirdat K. et al. 2022. 
Hydrogenophaga crocea sp. nov. associated with cyanobacterial 
mat isolated from farmland mud. Archives of Microbiology 
204: 265. DOI:10.1007/s00203-022-02865-2

Tikhonova I.V., Kuzmin A.V., Sorokovikova E.G. et 
al. 2022. Microcystin-producing cyanobacteria Tychonema 

Development. 30: 415-423. DOI: 10.15372/CSD2022399
Woodhouse J.N., Ziegler J., Grossart H.-P. et al. 2018. 

Cyanobacterial community composition and bacteria–
bacteria interactions promote the stable occurrence of 
particle-associated bacteria. Frontiers in Microbiology 9:777. 
DOI:10.3389/fmicb.2018.00777

Zavarzin G.A. 1972. Hydrogen bacteria. In: Lithotrophic 
microorganisms. Moscow. pp. 54-99. (in Russian)



236

Limnology and Freshwater Biology 2023 (6): 229-243 DOI:10.31951/2658-3518-2023-A-6-229

Commons Attribution-NonCommercial 4.0.

Tychonema sp. BBK16 

Tychonema -
Hydrogenophaga, 

Sphingomonas, Paucibacter, Aminobacter, Devosia, Tahibacter, Bosea
-

-

Tychonema Hydrogenophaga
Sphingomonas

Bosea

Aminobacter -
Hydrogenophaga Paucibacter

Tychonema, Sphingomonas, Paucibacter

1. 

-

-

-
-

-
Nostoc

-

Rhodobacteriaceae, Comamonadaceae (Aguilar et al., 

-

-

-
in situ

-
-

(Tan et al., 2016).

krasnopeev@lin.irk.ru



237

-
Tychonema

Tychonema
-

Tychonema -
-

2. 

-

Tychonema -

-

-

-
-

https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/, 

-
-

-

-

-

Variants) (Callahan et al., 2016; R Core Team, 2021). 
-

-

-

-

-

et al., 2022).

-

-

-
-

-

-

-

-

-

-

-

-

-

-

3. 

sp. BBK16



238

-

Hydrogenophaga, Sphingomonas, Paucibacter, 
Pseudomonas, Aminobacter, Devosia, Tahibacter, Bosea, 
Methylophilus, Rhodopseudomonas, Ensifer, Tabrizicola, 
Acidovorax, Caulobacter, Rhodococcus
Iamia 

-

-

Tychonema sp. BBK16 

ASV001 Cyanobacteriota Cyanobacteria Tychonema 41016 66,125

ASV003 Pseudomonadota/Proteobacteria Betaproteobacteria Hydrogenophaga 10959 17,668

ASV005 Pseudomonadota/Proteobacteria Alphaproteobacteria Sphingomonas 5116 8,248

ASV012 Pseudomonadota/Proteobacteria Betaproteobacteria Paucibacter 1041 1,678

ASV009 Pseudomonadota/Proteobacteria Gammaproteobacteria Pseudomonas 840 1,354

ASV016 Pseudomonadota/Proteobacteria Alphaproteobacteria Aminobacter 789 1,272

ASV017 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 669 1,079

ASV004 Pseudomonadota/Proteobacteria Gammaproteobacteria Tahibacter 635 1,024

ASV020 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 433 0,698

ASV037 Pseudomonadota/Proteobacteria Alphaproteobacteria Devosia 147 0,237

ASV041 Pseudomonadota/Proteobacteria Alphaproteobacteria Bosea 81 0,131

ASV047 Actinobacteriota Actinobacteria Rhodococcus 71 0.114

ASV049 Pseudomonadota/Proteobacteria Gammaproteobacteria Methylophilus 60 0,097

ASV050 Pseudomonadota/Proteobacteria Alphaproteobacteria Rhodopseudomonas 58 0.094

ASV051 Pseudomonadota/Proteobacteria Alphaproteobacteria Ensifer 52 0,084

ASV056 Pseudomonadota/Proteobacteria Alphaproteobacteria Tabrizicola 36 0,058

ASV027 Actinobacteriota Actinobacteria Rhodococcus 14 0,023

ASV093 Pseudomonadota/Proteobacteria Gammaproteobacteria Acidovorax 3 0,005

ASV092 Pseudomonadota/Proteobacteria Alphaproteobacteria Caulobacter 3 0,005

ASV091 Actinobacteriota Acidimicrobiia Iamia 3 0,005

ASV095 Proteobacteria Gammaproteobacteria Acidovorax 2 0,003

Tychonema 

% % N50

bin.1 20,8 0,35 3434 1190380 0,63 1405 Rhodococcus

bin.2 7,19 0,01 149685 412532 0,6 443 Aminobacter

bin.3 99,3 0,09 214065 6110546 0,66 4716 Tahibacter

bin.4 99,15 2,42 108947 5876576 0,44 5150 Tychonema

bin.5 65,82 0,01 39311 2077122 0,69 1999 Hydrogenophaga

bin.6 84,19 2,56 14881 4250091 0,64 4320 Devosia

bin.8 97,44 1,83 134644 5591995 0,63 5427 Aminobacter

bin.9 100 0,26 214794 4356207 0,67 3973 Paucibacter

bin.10 84,96 3,7 10883 5032618 0,66 5129 Bosea

bin.11 99,76 8,07 90952 3846091 0,69 3710 Sphingomonas

bin.12 15,11 0,04 3530 797961 0,67 888 Stenotrophomonas



239

Tychonema sp. BBK16 (bin.4 — 99.15 / 2.42), 
Tahibacter sp. (bin.3 — 99.3 / 0.09), Aminobacter sp. 
(bin.8 — 97.44 / 1.83), Paucibacter sp. (bin.9 — 100 / 
0.26), Sphingomonas

Devosia, Bosea Hydrogenophaga.
-

-

-

-

-
-

0.03

16S_rRNA_NODE_1122

16S_rRNA_NODE_141_length_65976

16S_rRNA_NODE_153_length_59105

16S_rRNA_NODE_258_length_33478

16S_rRNA_NODE_454_length_4915

16S_rRNA_NODE_600_length_5758

16S_rRNA_NODE_94_length_89036

16S_rRNA_k119_11887

16S_rRNA_k119_12936

16S_rRNA_k119_1403

16S_rRNA_k119_1811

16S_rRNA_k119_28448

16S_rRNA_k119_31290

16S_rRNA_k119_3942

16S_rRNA_k119_4954

16S_rRNA_k119_5447

ASV001

ASV003

ASV004

ASV005

ASV009

ASV012

ASV016

ASV017

ASV020

ASV027

ASV037

ASV041

ASV047

ASV049

ASV050

ASV051

ASV056

ASV091

ASV092

ASV093
ASV095

AP018711_Sphingosinicella-microcystinivorans-B9-DNA

AY772089-Methylophilus-quaylei-strain-MT

CP013692-Paucibacter-sp.-KCTC-42545

CP014301-Bosea-sp.-PAMC-26642

CP015249-Dokdonella-koreensis-DS-123

CP016464-Bosea-sp.-RAC05
CP017147-Bosea-vaviloviae-strain-Vaf18

CP023067-Ensifer-sojae-CCBAU-05684

CP026747_Devosia-sp.-I507

CP045422-Devosia-beringensis-strain-S02

CP050948-Iamia-sp.-SCSIO-61187

EF473294-Aminobacter-aminovorans-strain-EM0364

GFURhizo_CP007597_Stenotrophomonas_rhizophila

H0ASpec3_JX949967_Dokdonella_sp._TMN-36

H6WRad12_MF101116_Acidovorax_radicis

H7OAtypi_AJ585992_Hydrogenophaga_atypica
H7OSpe75_KT756664_Hydrogenophaga_laconesensis

HW7Spe14_CP013692_Paucibacter_sp._KCTC_42545

IK6Anthy_FR869633_Aminobacter_anthyllidis

IK6Spe14_FJ907162_Aminobacter_sp._Sokolova

IOGAutu4_EF654084_Phormidium_autumnale_SAG_78.79

IUCLuck2_FXWK01000003_Devosia_lucknowensis
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J8OTenue_GQ324973_Tychonema_tenue_SAG_4.82

KF360053-Caulobacter-profundus-strain-DS48-6-3
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KR606034-Methylophilus-sp.-TWE2
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MF689017-Rhizobium-sp.-strain-D13

MH688815-Caulobacter-sp.-strain-S22

MH929644-Devosia-psychrophila-strain-0B12
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MN684254-Devosia-submarina-strain-MT_CA_E_9_27F.27F

MN715320-Pseudomonas-fluorescens-strain-KP7

MN969972_Tychonema_sp_BBK16

MT258873-Iamia-sp.-strain-SCSIO-61187

MT278152-Tabrizicola-sp.-strain-2R39

MT373615-Aminobacter-anthyllidis-strain-BaM-89

MT626825-Pseudomonas-gessardii-strain-SeaQual_P_B791/1

NR_117979-Tabrizicola-aquatica-strain-RCRI19

NR_165690-Ensifer-collicola-strain-Mol-12

NR_170430-Devosia-marina-strain-L53-10-65

OL773533-Rhodopseudomonas-sp.-strain-21YS11W-21

ON176163-Stenotrophomonas-rhizophila-strain-Vur

OP323136-Rhodococcus-erythropolis-strain-CEMTC_5277

OP787488-Paucibacter-sp.-strain-PLA-PC-4

OX341517_Aminobacter-niigataensis-strain-MD1

Rd4S1264_CP010797_Rhodococcus_sp._B7740

ZZZPol36_KP274054_Sphingoaurantiacus_polygranulatus

a a a16S_Metagenome ASVs references
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09102 Energy metabolism
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09122 Translation
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Short communication

staining of calcium carbonate particles 

Zelinskiy S.N., Danilovtseva E.N., Strelova M.S., Pal’shin V.A., Annenkov V.V.* 
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT.

substances. 

Keywords:

1. Introduction

structures in calcifying organisms allows us to measure 

(Ramesh et al., 2017; Tambutte et al., 2012). Various 

spectrum are used for this purpose (Liao et al., 2021; 
Tada et al., 2014). Calcein (Mount et al., 2004; 
Vidavsky et al., 2015) and alizarin red (González-
Pabón et al., 2021; Wannakajeepiboon et al., 2023) 
have found the greatest use among such dyes. Calcein 
is considered more reliable and widely used due to its 

alizarin red, thus calcein can be added directly to the 
environment of organisms (Serguienko et al., 2018). 

shells (Delvene et al., 2022; Spires et al., 2021) as well 
as in algae (Donaldson, 2020; Schoor et al., 2015; 

the blue region of the spectrum can be the solution for 
this problem. We recently developed dye QN2 based 
on coumarin to stain growing siliceous frustules of 

emission in the blue range of the spectrum with the 

silica. The ability of QN2 to enter siliceous structures 
is attributed the presence of amine groups capable 
interacting with silica. Calcium-based biominerals are 

al., 2006; Rao et al., 2015), so calcium-targeted dyes 
(alizarin red and calcein) contain several acidic groups.

The aim of this work is to synthesize a new 

its spectral properties and ability to stain in situ obtained 
calcium carbonate and phosphate.

2. Materials and methods
2.1. Chemical reagents

All solvents and reagents were purchased from 
Vekton JSC (St. Petersburg, Russia). Ethyl acetate was 
washed with a sodium bicarbonate solution, distilled 
water, dried over anhydrous calcium chloride followed 
by distillation. Dimethylformamide (DMF) was shaken 
for 30 minutes with anhydrous CuSO4
a Büchner funnel, distilled in vacuum and kept with 
3A molecular sieves. Triethylamine was dried with 
CaH2 and distilled. L-aspartic acid was kept over 
P4O10 in an evacuated desiccator for 48 hours before 

*Corresponding author.
E-mail address: annenkov@lin.irk.ru, annenkov@yahoo.com (V.V. Annenkov)

Received: December 03, 2023; Accepted: December 18, 2023;
Available online: December 20, 2023



245

Zelinskiy S.N. et al. / Limnology and Freshwater Biology 2023 (6): 244-252

and succinimidyl ester of 7-(diethylamino)coumarin-

(Berthelot et al., 2005).

2.2. Synthesis of N-[[7-(Diethylamino)-
2-oxo-2H-1-benzopyran-3-yl]carbonyl]-L-
aspartic acid (QA2)

acid, 74.8 mg (0.739 mmole) of triethylamine, 90.3 mg 
(0.252 mmole) of succinimidyl ester of 7-(diethylamino)

magnetically stirred under nitrogen atmosphere at 

hours. Then the volatiles were evaporated in vacuum 
of an oil rotary vane pump (35°C heating bath) and the 

through a cotton plug. The aqueous layer was separated, 

with ethyl acetate (2 mL × 3). The latter combined 
4, rotary 

evaporated and kept in vacuum of an oil rotary vane 
pump at 40°C for three hours to give a yellow-brown 
product. ESI-MS, found: [M+H]+ 377.1340, molecular 
formula C18H20N2O7 requires [M+H]+ 377.1343.

2.3. Synthesis of calcium carbonate and 
calcium phosphate in the presence of dyes

Stained calcium carbonate precipitates were 
obtained by coprecipitation using stock solutions of 
Na2CO3 (24 mM, pH = 9), CaCl2 (24 mM) and QA2 
(4 mM). The precipitates were formed in 10 ml glass 
vials at 25°C. Total solution volume was 4 ml. Solutions 
of sodium carbonate, dye and the required amount 

calcium chloride solution was added, while stirring. 

Ca2+, 6 mM for CO3
2-, 0.01 mM for dye. The vial was 

capped and left at room temperature. The precipitate 
that formed after 2 h was separated by centrifugation 
(1000 g, 10 min), washed with water (4°C) and studied 
with microscopy.

Stained calcium phosphate precipitates were 
obtained by coprecipitation using stock solutions of 

(NH4)2HPO4 (24 mmol, pH = 10) and CaCl2 (24 mmol) 
and QA2 (4 mM). The precipitates were generally 
formed in 10 ml glass vials at 25°C. Total solution 
volume was 4 ml. Solutions of diammonium hydrogen 
phosphate, dye and the required amount of water were 

solution was added, while stirring. Concentrations in 
2+, 3.6 mM for 

HPO4
2-, 0.01 mM for dye. The vial was capped and left 

at room temperature. The precipitate that formed after 
2 h was separated by centrifugation (1000 g, 10 min), 
washed with water (4°C) and studied with microscopy.

2.4. Instrumentation

HRMS analysis was performed on an Agilent 6210 

mass spectrometry) System. Sample was dissolved 

(2/1 (v/v)). Water and acetonitrile with 0.1% (v/v) 

A and B, respectively. The conditions for TOF MS were 
as follows: the mass range was m/z 60 to 500, and scan 
time was 1 s with an interscan delay of 0.1 s; mass 
spectra were recorded under electrospray ionization 
(ESI)+, V mode, centroid, normal dynamic range, 
capillary voltage 3500 V, desolvation temperature 325 

(CJSC Spectroscopy, Optics and Lasers – Modern 
Developments, Republic of Belarus, Minsk) in 10 mm 

with MOTIC AE-31T inverted microscope with a 

performed at 470 nm for green and yellow emission 
and 365 nm for blue emission.

3. Results and discussion

QA2 dye was prepared by the reaction of 
succinimidyl ester of 7-(diethylamino) coumarin-3-

spectra of the new dye (Fig. 2) contain three peaks at 

The shape of the emission spectra (Fig. 3) does not 

Fig.1. Synthesis of QA2 dye.
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QN2 (Annenkov et al., 2019).
Calcium carbonate obtained from the reaction 

of calcium chloride and sodium carbonate (Fig. 4) is 
characterized by particles of two forms: cubic crystals 
and aggregated small rounded particles. The cubic 
crystals and aggregates were calcite and vaterite, 
respectively. Vaterite is metastable form of calcium 
carbonate which transforms into calcite in aqueous 
media by dissolving and recrystallization (Ogino 
et al., 1987). Calcite particles show green and blue 

that small vaterite particles with high surface area 

dye is similar to that in aqueous medium. The dye is 
incorporated into calcite crystals at the transformation 

similar to emission in a non-aqueous medium, with 
a shift to the blue range. Precipitation of calcium 
phosphate in the presence of QA2 dye results in the 

weak blue emission (Fig. 5). Probably the dye in small 
calcium phosphate particles is not as isolated from 

in the blue range.

4. Conclusions

We synthesized a novel coumarin-based 

depends on the environment, it is enhanced in non-

Fig.4.
QA2. Scale bar represents 50 μm.

Fig.3.

nm, C – 425 nm, D – 410 nm, E – 400 nm, F – 385 nm, G – 374 

Fig.2. Absorbance spectra of 10 μM QA2 solutions in 
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the blue region of the spectrum. Small vaterite and 
calcium phosphate particles adsorb QA2 on the surface 

low surface area calcite crystals are stained in bulk 

carbonate may be useful for tracking calcium carbonate 
formation in living organisms in the presence of green 
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sponge Lubomirskia baicalensis 
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ABSTRACT. Lubomirskia baicalensis 

and poly(methyl methacrylate) nanoparticles were found to be able to penetrate into the sponge body 

This is a relatively high concentration, unthinkable in normal water bodies. On the other hand, the 

Keywords: siliceous sponge, primmorphs, nanoplastics, polystyrene, polyvinyl chloride, poly(methyl methacrylate)

1. Introduction

Plastic pollution is considered a formidable 
threat to humanity in this century. Nanoplastic is 

in its determination in the environment and living 
organisms. These small particles (less than 500 nm) 
are not visible under optical microscopy and can be 

compounds. Nanoplastics, especially particles smaller 
than 200 nm, are considered very dangerous due to their 
potential ability to penetrate living cells by endocytosis 
(Manzanares and Ceña, 2020). We recently estimated 
how much nanoplastic can be formed when commercial 
plastics such as polystyrene (PS), polyvinyl chloride 
(PVC), and poly(methyl methacrylate) (PMMA) are 
mechanically broken down (Annenkov et al., 2021). 
Nanoparticles were a minor fraction in this process 
compared to microplastics. Certainly, microplastics 
in water bodies can break down into smaller particles 
by photo- and chemodestruction, but the same factors 

since smaller particles are more active in any reactions. 
Thus, we estimated the actual amount of nanoplastics 
in water bodies to be many times lower than 0.01 mg/L.

nanoparticles. In a study of the heterotrophic 
Gymnodinium corollarium Sundström, 

Kremp et Daugbjerg (Annenkov et al., 2023), we 

concentration; moreover, these organisms can 
assimilate and degrade nanoparticles of plastic. On the 

even at low concentrations in the environment.

on sponges. Recently, it was found that microplastics of 

1-2 hours (Funch et al., 2023). Microplastic particles of 

to temperate zone sponge species (  
and Crella incrustans) (Baird, 2016). Nanoparticles of 
100-500 nm can penetrate the sponge (Willenz and Van 
de Vyver, 1982; Turon et al., 1997; Leys and Eerkes-

(no more than 4 h), and no information about the state 
of the sponge under the action of plastic was possible 
to obtain.

dyes that stain growing siliceous spicules (Annenkov 
et al., 2017; Annenkov et al., 2019; Danilovtseva et 
al., 2019). These dyes allow the growth of spicules 
in sponges and sponge primmorphs (3D cell culture) 
to be monitored and thus provide information on the 

plastic nanoparticles on the Baikal sponge Lubomirskia 
baicalensis (Pallas, 1773), including the whole organism 
and primmorphs.
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2. Materials and methods
2.1. Sponge samples and cultivation of 
primmorphs

out according to (Annenkov et al., 2014). Samples of 
L. baicalensis were collected near the settlement of 
Bolshiye Koty, in the southwestern part of Lake Baikal, 
at a depth of 10 meters. Sponge specimens (4-5 cm 
in length) were grown in 3 L aquariums at 3±1°C 
under air barbotage with daily 2/3 water changes. 
Luminescent lamps (color temperature 6500 K) were 
used for illumination of the aquariums in 12h/12h 
light/dark cycle.

Primmorphs were obtained similar to (Custodio 

particles and water were transferred into 50 mL conical 

shaken for 15 min on a rotary shaker. The suspension 

resulting cells were harvested by sedimentation (1 h, 
3 °C) and washed again with Baikalian water. The cell 
suspension was placed in 400 ml plastic containers with 
200 ml of Baikal water containing 0.002 % ampicillin. 
The containers were kept under the same conditions 
as the sponge samples when cultured. Every day for 
two weeks, 75% of the water was replaced with fresh 
water containing the antibiotic. After two weeks, the 
obtained primmorphs (1 mm or more in diameter) 
were transferred to new containers with water and 
antibiotic, and a 75% water change was performed 

Additives (plastic nanoparticles, dye) were added 
at each water change.

2.2. Chemical reagents

Bottled Baikalian water was used for sponge 
cultivation. The chemical composition of this water 
is described in (Suturin et al., 2002). NBD-N2 dye 
was obtained according to (Annenkov et al., 2010). 
Fluorescent nanoparticles were synthesized according 
our previous articles (Annenkov et al., 2021; Annenkov 
et al., 2023). Other chemicals were purchased from 
Sigma-Aldrich, Fisher or Acros Chemicals and used 
without further treatment.

2.3. Study of the primmorphs and sponge 
tissues

Primmorphs were placed on a coverslip, cut into 
2-4 pieces (depending on the size of the primmorph), 
each piece was transferred to a separate coverslip, 

designed to count the number of spicules per dry weight 
of the primmorph, two pre-weighed coverslips were 

microscopy, the sample was dried over anhydrous 
CaCl2 for two weeks and in vacuo to constant weight. 

four repetitions. Sponge samples for microscopy were 

with MOTIC AE-31T inverted microscope with a 

performed at 470 nm for green and yellow emission 
and 365 nm for blue emission.

3. Results and discussion

of nanoplastic (0.1 and 1 mg/L, Fig. 1). PS and PVC 
nanoparticles entered the sponge body at a concentration 
of 1 mg/L, with a tendency to concentrate into 10-20 
μm clusters similar to sponge cell size (Fig 1A). In the 
case of 0.1 mg/L, only single clusters of plastic were 

0.1 mg/L PS and PVC nanoparticles were added to the 
culture medium for two months. The sponges with 0.01 
mg/L nanoparticles looked healthy after two months, 
while the sponges with 0.1 mg/L plastic turned partially 

collapsed after two months.
It should be mentioned that L. baicalensis is a very 

harmful factors. In addition, the moment of death of a 

of self-organizing sponge cells, are a good model for 

Fig.1. The sponge L. baicalensis

represent 25 (A), 50(B) and 75 (C) μm.
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L. baicalensis primmorphs can 
live as spherical structures of 1-8 mm in size for up 
to nine months. Spicules are formed in primmorphs, 
and the death of a primmorph is easily detected by its 
destruction.

primmorphs of L. baicalensis. First (Fig. 2), PVC and PS 
nanoparticles were added at a concentration of 0.01-10 

month, we found a more than threefold reduction in the 
number of new spicules in the presence of plastic at any 

of 0.001 mg/L for three months. Sub-micrometer PS 
particles of 600 nm reduced spicule formation at a 
concentration of 0.001 mg/L. All three plastics were 

4. Conclusions

polyvinyl chloride, and poly(methyl methacrylate) 
nanoparticles can penetrate into the sponge body and 

starting from concentrations of 0.005-0.01 mg/L. 
This is a relatively high concentration, unthinkable 
in normal water bodies. On the other hand, three 

elucidate the fate of nanoplastics within sponges, the 

degradation, possibly involving sponge symbionts.
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Impact of climate change on occurrence 
and characteristics of coastal upwelling in 
Listvennichny Bay (Southern Baikal) from 
1941 to 2023 

Troitskaya E.S.1,2,*, Shimaraev M.N.1, Aslamov I.A.1 
1 Limnological Institute of the Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia
2 Irkutsk State University, Karl Marx Str., 1, Irkutsk, 664003, Russia

ABSTRACT. The paper presents the results of analysis about relationship between climate changes and 
coastal upwellings in Listvennichny Bay (Southern Baikal) from 1941 to 2023. A decrease in both full 
and partial upwellings has been shown since the late 1950s. In addition, an increase in the proportion 
of upwelling events in August compared to other months during 1970-2023 were found. It also showed 
tendencies for longer upwelling durations and greater temperature drops during upwelling after 1970 
compared to the previous period. Inferred from the analysis of the ERA5-Land data, it was determined 
that the cause of the observed changes was a global course of decreasing wind activity and a particular 
redistribution of the proportion of northerly and southwesterly winds in the Bay during the study 
period. Two cases of full and intermittent upwellings were described and compared. Possible ecological 

less frequent upwellings have been hypothesized. 

Keywords: Baikal, Listvennichny Bay, upwelling, water temperature, wind, climate change

1. Introduction

Upwelling is the organized upward movement of 
waters toward the surface of a water body. It is one of 

the distribution of physical and chemical parameters 
of water (temperature, salinity, density, chemical 
composition, pollutants etc.) as well as biological 

phyto- and zooplankton). It is known that upwelling 
can develop in the coastal and pelagic zones. Coastal 
upwelling in large lakes is quite well studied (e.g., 
Boyarinov and Petrov, 1991; Bell and Eadie, 1983; 
Corman et al., 2010; Plattner et al., 2006).

described by G. Yu. Vereshchagin about a hundred 
years ago (1927). He measured water temperature and 

waters, which corresponded to the values observed in 
the pelagic zones at 50-200 m depth. Later, upwellings 

using NOAA/AVHRR satellite imagery (Semovski 
et al., 2001). Katz and co-authors (2011) suggested 
that variability of currents is one of the factors 

quantitative assessments (water temperature decrease, 
duration and depth of upwelling development, vertical 
water velocities) of the coastal upwelling in the 
Southern Baikal have been obtained relatively recently 
(Shimaraev et al., 2012).

of upwelling on plankton distribution in Lake Baikal. 

in the Maloye More Strait and its adjacent areas of 
the lake after a strong NW storm on September 4-9, 
1951. The water surface temperature dropped from 
12-13°C to 7-7.5°C in the Maloye More Strait and to 
8-9°C near the eastern shore of Olkhon Island. After 
this upwelling, plankton “was very sparse and rather 
equally distributed in the upper 100-meter layer”. In 
August 1963 (Kozhov et al., 1970), a strong NW wind 
was over the Southern Baikal near the Bolshiye Koty 
settlement, in result the water surface temperature 
decreased to 5-6°C. The zooplankton biomass decreased 
to 1.2 g/m2 compared to the average annual value of 
40-50 g/m2. Further, E.L. Afanasyeva (1977) also 
showed that vertical water movements in the upwelling 
zone could transport nauplii of the copepod Epishura 
baikalensis from deep water layers to the surface. 
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Based on phytoplankton measurements and satellite 
SeaWiFS observations in 2001-2003, B. Heim et al. 
(2005) concluded that reductions in concentration of 
chlorophyll a along the eastern shore of the Northern 

studies at the testing site near Cape Elokhin (the western 
shore of the Northern Baikal) in August 1988 showed 
that the concentration of chlorophyll a could increase 

In the past several decades, Baikal, as well as the 

changes in the thermal and ice regimes. (Livingstone, 
1999; Magnuson et al., 2000; Shimaraev et al., 
2002; Todd and Mackay, 2003; Kouraev et al., 2007; 
Hampton et al., 2008; Shimaraev et al., 2018; Sharma 
et al., 2021). The under-ice period has been shortened 
by almost three weeks (Livingstone, 1999; Magnuson 
et al., 2000; Shimaraev et al., 2002). This resulted 

increase of water surface temperature. The transition 

later dates (Aslamov et al., 2024). Recent studies of 
water temperature in individual lake basins (Shimaraev 
et al., 2009) and water column heat content in the 
Southern Baikal (Troitskaya et al., 2022) indicate 

redistribution of heat content under climate change 

in Baikal, which are of particular importance for the 
littoral, which is the habitat of the largest number of 
hydrobionts.

The aim of this work was to quantify the 
characteristics of the coastal upwelling in Listvennichny 
Bay, and their correlation with the wind activity and 
climate change for the last 80 years.

2. Materials and methods

Water temperature data obtained in the period of 
1941-2023 at the pier of LIN SB RAS in the settlement of 
Listvyanka, located on the shore of Listvennichny Bay 
in the Southern Baikal (Fig. 1), were used to identify 
upwelling events and assess their characteristics. 
From 1941 to 2005, temperature was measured with 
a mercury thermometer (accuracy ±0.02°C) at 8, 14, 
and 20 h, from 2006 to the present time with electronic 
temperature sensors (accuracy ±0.002°C, measurement 
discreteness from 1 s to 2 min). The study analyzes only 

water is warmer than the deep layers and upwellings 
cause a sharp temperature drop, which makes them 
easier to identify. Daily average water temperatures 
were used to analyze the development of the coastal 
upwelling. The start and end dates of upwelling, its 
duration, and the value of the temperature decrease 
were determined.

Upwelling was considered in those cases when 
temperature dropped sharply by one or more degrees 
and it persisted for more than 3 days. The upwelling start 
date was taken as the day when the water temperature 
dropped. The date of its end was considered to be the 

Fig.1. Map of Listvennichny Bay and measurement 
locations (https://earth.google.com/web – accessed 
29.11.2023). The inset shows the location of Listvennichny 
Bay in the Southern Baikal.

day when the water surface temperature became close 

these dates determines the duration of upwelling. The 
value of water temperature decrease was calculated as 

upwelling and at the moment when it reached the 
minimum value during upwelling.

Depending on the depth from which the water 
rises to the surface of a water body, full and partial 
upwelling events are distinguished. Full upwelling is 
formed by subthermocline waters rising towards the 
surface, i.e. hypolimnion waters. The subthermocline 
waters does not reach the surface at partial upwelling. 

their characteristics and analyzed the conditions of 
their development.

To analyze wind conditions, we used daily data 
on wind speed and direction from 1954 to 2010 from 
the Angara River Head meteorological station and from 
2011 to the present time from an automatic weather 
station installed on the pier of LIN SB RAS (Listvyanka 
settlement). As the distance between them is about 4 
km and the morphometric conditions are similar, the 
wind data series are likely uniform. We determined the 
directionally stable wind with a speed of at least 3 m/s 
and a duration of at least 6 h observed during the day 
before the development of upwelling and on the day 
of its beginning. The average wind direction and speed 
at which the upwelling started to develop were then 
calculated. In 2011-2023, modern data enabled us to 

gusts.

3. Results

on Baikal’s ice-thermal regime (Livingstone, 1999; 
Magnuson et al., 2000; Shimaraev et al., 2002; Todd, 
Mackay, 2003; Kouraev et al., 2007; Hampton et al., 
2008; Shimaraev et al., 2018; Sharma et al., 2021), 
we divided the available water temperature over the 
observation period into two intervals: 1941-1969 and 
1970-2023. The period of 1941-1969 is characterized 
by a decrease in water surface temperature, while the 
period from 1970 to the present is characterized by its 
increase (Fig. 2). The value of the trends in 1941-1969 



263

Troitskaya E.S. et al. / Limnology and Freshwater Biology 2023 (6): 261-274

was –0.39°C/10 years (r = 0.38, p = 0.04), and it was 
+0.26°C/10 years (r = 0.38, p = 0.009) in 1970-2023.

and treated between May and October 1941-2023. Up to 
four upwelling events were recorded in each individual 
month. During the year, 1-3 upwelling events were 

upwelling events was 13 within one year (in 1943).
A total of 129 upwelling events (an average of 

4.5 events per year) were recorded for the period of 
1941 to 1969, and 157 upwelling events (an average of 
2.9 events per year) were detected from 1970 to 2023. 
Figure 4 shows the frequencies of upwelling events 
for selected months in two periods. Comparison of the 
two periods revealed a change in the distribution of 
upwellings by month: compared to the 1941-1969, 
1970-2023 shows a greater concentration of upwelling 
in August (from 38.0% to 46.5%), neighboring July 
and September showed minor changes in the number 
of upwellings, and in all other months the number of 

May, from 7.0% to 0.6% in June, and from 7% to 3% 
in October).

Figure 5 shows the frequency of upwelling 

periods. With the same average duration of upwellings 

1970 was revealed (Fig. 5). In the period of 1941-
1969, upwellings lasting 4-6 days were more frequent 
(57.7%), whereas in the period of 1970-2023, the 
duration of upwellings increased to 5-8 days (56.1%). 
The number of upwellings with durations of 10 days 
or more has increased one and a half times in recent 
decades (from 11.5% to 17.8%).

The magnitude of water temperature drop during 
upwelling has also changed. Thus, in 1941-1969 and 
1970-2023, the mean values were 4.2 and 5.3°C, and 

pattern of the frequency distribution of upwellings by 
temperature drops has also undergone a transformation 

(Fig. 6). While, in 1941-1969, 60% of upwellings were 
characterized by a 1-4°C temperature drop, in 1970-
2023, 61% of upwellings showed a temperature drop 
of 3-7°C.

Analyses of available wind data (since 1954) also 
enabled us to assess changes in wind characteristics. 
In 1954-1969 (Fig. 7), upwelling most often developed 
under N and SW winds (64% of events), and from 1970 
under W and SW winds (55% of events). The mean and 

a little and are 6 (12) m/s during 1954-1969 and 5 (14) 
m/s during 1970-2023.

from 1941 to 2023; of these, 29 occurred from 1941 
to 1969 and 13 occurred from 1970 to 2023. The 

occurred in August and September, respectively, while 
7 events were detected in October. Two full upwellings 
each were recorded in June and July, and one in May. 
The distribution of full upwelling by decades is shown 
in Fig. 8.

Fig.2. The average values of water temperature for the 

the Listvyanka settlement for 1941-2023 (solid blue line) and 
linear trends for 1941-1969 and 1970-2023 (dotted green 
lines).

Fig.3.
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Analysis of available wind data for 24 total 
upwelling events showed that full upwellings occurred 
most often (10 cases) with SW winds blowing at 4-7 
m/s. Four events of full upwellings were connected 
with W winds at wind speeds of 5-9 m/s.

4. Discussion

in Listvennichny Bay, ranked them by duration, 
water temperature drop and direction and speed of 
accompanying winds. Cases of full upwellings were 
processed individually. The resulting data were divided 
into two time periods corresponding to observed 
climatic trends.

Analyzing the morphometry of Listvennichny 
Bay, it can be concluded that nearshore upwellings can 

to the Ekman transfer of surface water under W-SW 
winds and formation of anticyclonic eddy in the bay. 

is a sinking of water in its center and a compensating 
rise of water at the periphery near the bay shores. 
The analyzed data of winds accompanying upwelling 

Analysis of upwelling distribution by years 
showed that until 1960 there was a gradual decrease 
in the number of upwellings per year. Then, until 2016 
their average number remained constant at the rate of 
about 2.5 upwellings per year, and in the last 8 years 
there was a certain increase (Fig. 3). Of particular 
interest was the narrowing of the frequency distribution 
of upwelling events by month and the concentration 
of upwellings in August in 1970-2023 (Fig. 4). A 
redistribution of upwellings toward longer duration 
and a larger temperature drop after 1970 compared to 
the previous period was also noted (Fig. 5, 6).

The number of full upwellings has decreased 
with each decade, from 12 in the 40s to only one in 
the 2010s. After 2020, no full upwellings have been 
observed yet.

To understand the possible reasons for these 
tendencies, it is necessary to analyze how the winds 
changed during these periods. It should be noted that 
wind speeds in recent decades have become noticeably 
lower than in the mid-40s-50s of the last century 
(Atlas ..., 1977). Comparison of average wind speeds 
for individual months in 1959-1968 and in 2000-2022 
revealed their decrease in June-August by 0.8-1.1 m/s, 
and by 1.1-2.0 m/s in September-November. Such 
changes are observed over most territory of Russia 
(Bulygina et al., 2013) and are probably caused by 
the rapid warming in the Arctic and a decrease in the 

mid-latitude atmospheric circulation and intensity of 
winds (Coumou et al., 2015).

Since the initial wind data were available only 
for the upwelling dates, we utilized the well-known 
reanalysis of the European Centre for Medium-Range 
Weather Forecasts, in its latest detailed release ERA5-
Land (Muñoz-Sabater et al., 2021), which aims to 
summarize the global meteorological monitoring 

Fig.4. The frequencies of upwelling events for selected 
months in 1941-1969 and 1970-2023.

Fig.5.
durations for 1941-1969 and 1970-2023.

Fig.6.
temperature decreases in 1941-1969 and 1970-2023.

Fig.7. The frequency of upwelling events (%) that 
developed under winds of a certain direction during two 
periods.
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network based on a four-dimensional variational 
assimilation system of retrospective data collected in 
the most complete database (with a grid spacing of 0.1 
degree and a temporal resolution of 1 h).

A homogeneous hourly series of winds in 
Listvyanka from 1950 to 2022 was sampled and 
obtained. Then a daily averaging was carried out, and 
the temporal variability of wind frequencies during 
summer months was plotted for 8 main directions with 
a step of 45 degrees, as well as the average vector and 
scalar velocities and wind stability were calculated. 
Since in recent years there has been an increase in the 
frequency of upwellings, it was decided to analyze this 
period separately.

The study of winds for July-September (when 
most of the upwellings occurs) showed that the average 
monthly wind speed gradually increases from July to 
September (2.2, 2.5 and 3 m/s, respectively), wind 
stability also rises (0.27, 0.33 and 0.52, respectively). 
At the same time, there is a reorganization of the main 
wind directions: in July, westerly winds prevail, in 
August the share of north-westerly winds increases 

At the same time, a gradual transformation of the wind 
rose for August was noted. If in the 50-60s of the last 
century, westerly winds accounted for 33.5% and 
north-westerly winds for 20.1% of the total number of 
winds, then in the last decade, due to climatic changes, 
the timing of wind reorganization was shifted, and, 
accordingly, the frequency of occurrence of these winds 
in August has changed: 28.6% and 29.4%, respectively.

main wind directions in August causing upwelling in 
Listvennichny Bay (Fig. 7) revealed a slight gradual 
increase in the proportion of northerly winds causing 

3% in the last decade). The frequency of southwesterly 
winds also slightly increased (from 2% in the 1950s to 
3.1% in the last decade), but dropped to 1.7% during 
the 1960-2010s, which is likely one of the reasons for 
the reduced amount of upwellings during this period 
(Fig. 3).

If one calculates the total frequency of N and 
SW winds in August for two periods: before 1969 
and since 1970, one can note that it increased from 
3.6% to 5%, respectively. The observed rise in the 
proportion of winds causing upwellings coincides with 
the growth in the number of recorded upwelling events 
in August 1970-2023 compared to the previous period 
(Fig. 4). The smaller number of upwellings in July are 

by minimum wind speeds for the whole summer-
autumn period and minimum wind stability. The share 
of upwellings in September is also less in spite of the 

winds (>0.5), and a reduced share of SW winds to 2% 
(compared to 4-5% in August).

The observed redistribution of upwellings towards 
longer duration and with a larger temperature drop in 
1970-2023 compared to the previous period (Figs. 5, 
6) has a common reason. This is directly related to the 

Fig.8. The number of full upwellings by decades.

increasing share of upwellings around August. August 
is characterized by the warmest water in the littoral, 
and, accordingly, the upwelling that occurs, with the 
same temperature of rising waters, will cause a greater 
temperature drop in August than in other months. And, 
accordingly, the incoming cold water, due to its high 
heat capacity, will need much more time to warm up to 
its initially high temperature values.

development of full upwellings can be judged by 
analyzing the meteorological data during the full 
upwelling on September 11-21, 2011, when the wind 
parameters were measured with high discreteness by an 
automatic weather station. Sustained winds of W-NW 
direction began in the evening of September 11 and 
lasted for three days. Wind speeds reached 17 m/s and 
averaged 8.7 m/s. Water temperature at the beginning 
of the upwelling was 10.6°C, dropped to 4.0°C by 

was 6.8°C on September 21. It should be noted that not 
only wind strength and duration, but also its stability 
is necessary for the full upwelling development. For 

observed western wind speeds (average speed of 
14 m/s, gusts up to 35 m/s), the water temperature 
dropped from 19.4°C to 4°C. However, since the wind 
decreased and increased again many times during 10 

15°C with a period of 12 to 24 hours were registered, 
forming a so-called intermittent upwelling. Despite the 
fact that water from hypolimnion was coming to the 
surface, the unstable winds did not allow large water 
masses to be involved in this movement, and the water 
was immediately replaced by warm surface water at 
the slightest wind attenuation. Therefore, we did not 
refer this case to a full upwelling.

The revealed regularities of changes in 

in Listvennichny Bay allow us to state the following 
suggestions. On the one hand, reduction in the number 

biogens transport from the hypolimnion to the littoral. 
On the other hand, a decrease in the frequency of 
upwellings should accompanied by an increase in 
the average surface temperature in the coastal zone 
during the summer season, which increases vertical 
density gradients in the upper layers and may cause 
eutrophication of littoral. As a consequence, the 
sharp growth spike of Spirogira algae in Listvennichny 
Bay observed in recent years (Kravtsova et al., 2012; 
Timoshkin et al., 2014; Timoshkin et al., 2018) may 
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anthropogenic pressure (and rich input of biogens with 
wastewaters) and climatic changes (Shimaraev and  
Troitskaya, 2018). The latter, in turn, have a twofold 

through greater warming due to higher air temperatures 

cooling) with the deep waters of Lake Baikal. Thus, 
more favorable physical and trophic conditions may be 
formed, for the development of algae not typical for the 
littoral of Baikal.

5. Conclusions

As a result of the presented work, we analyzed 
data on coastal water temperature and winds in 

upwellings, ranked them by duration, water temperature 
drops and direction and strength of accompanying 
winds. The obtained data were divided into two periods 
corresponding to the observed climatic trends.

It was found, that the main winds causing 
upwelling are from north and southwest directions, 

Analysis of upwellings distribution by years showed 
that until 1960 there was a gradual decrease in the 
number of upwellings per year. From 1960 until 2016 
the average number of events roughly constant at about 
2.5 upwellings per year, with a slight increase in the 

was recorded in 1943. The duration of upwellings 

Water temperature usually drops by about 5°C, with a 

An increase in the proportion of upwellings 
in August compared to other months during 1970-
2023 was found. A redistribution of upwelling events 
toward their longer duration and greater temperature 
drops after 1970 compared to the previous period 
was also revealed. The cause of these changes was the 
global course of decreasing wind activity associated 
with observed climatic changes, and a particular 
redistribution of the proportion of N and SW winds in 
the bay during the study period.

The number of full upwellings has decreased with 
each decade, from 12 in the 40s to just one in the 2010s. 
After 2020, no full upwellings have been observed yet. 
Two cases of full and intermittent upwellings were 
described and compared. Possible ecological impacts 

of increasing anthropogenic pressure and less frequent 
upwellings have been hypothesized.
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