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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
were identified for exceeding SanPiN standards. In 2021-2023, wastewater samples were taken after
the treatment facilities in the Slyudyanka and Severobaikalsk towns, low efficiency of disinfection and
inflow of opportunistic and pathogenic bacteria into Lake Baikal (bacterial pollution) were revealed.
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
years of existence, microorganisms can inhabit all eco-
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-
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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
determined, and work on identification of the species
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
experience.

Sanitary-bacteriological assessment of water
quality implies the determination of a set of sanitary
indicators — criteria reflecting the sanitary condition
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,
Bifidobacterium, Bacteroides, and Clostridium spp.,
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
the current use of specific standard and new indicators,
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-
entific direction, single works started in connection
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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
in the area of the BPPM wastewater influence were first
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
authors™ studies showed stable differences in the Baikal
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
standards for drinking water, recreational, and fishery
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
pelagic zones of the whole Lake Baikal up to maximum
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
throughout its water area, the staff of the Laboratory of
Aquatic Microbiology of LIN SB RAS conducted for the
first time the intentional long-term studies in different
seasons of the year between 1997 and 2000 (Drucker
and Panasyuk, 2002; Panasyuk and Drucker, 2002).
Water samples were taken along standard hydrological
transects at the central deep stations at different hori-
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
populations increased significantly at the locations
where untreated wastewater from different sources was
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, as specific indicators of fecal (untreated) water
inflow into the lake. Long-term studies have established
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-
prises, and tourist complexes, which do not have sys-
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
from water in the most anthropogenically influenced
areas of the lake. Other authors have also found repre-
sentatives of sanitary-bacteriological pollution — bacte-
ria of the Enterococcus genus in the water of different
areas of Lake Baikal (Kravchenko, 2009).

In addition to these microorganisms, toxic cya-
nobacteria that are harmful to humans were discov-
ered in Lake Baikal water for the first time in Russia
during that time (Tikhonova, 2006; Belykh et al., 2013;

166

Belykh et al., 2015). Different types and variants of
toxins and the genes that produce them were studied.
This new factor is crucial for the sanitary-bacteriolog-
ical monitoring of the Baikal water quality because
cyanobacterial blooms, which are currently the most
significant and recognizable effects of eutrophication
in water bodies worldwide, are already happening in
various regions of Lake Baikal. The concentrations of
microcystins and saxitoxins in samples of plankton and
benthos from the lake were determined, and the degree
of hazard of toxic cyanobacteria to human and animal
health was assessed. It is shown that “blooming” of
benthic cyanobacteria with the presence of toxin-pro-
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
including these bacteria in the official documentation
on microbiological monitoring of the Baikal water qual-
ity, these new research findings unquestionably merit a
proper evaluation.

In recent years, the Lake Baikal ecosystem has
been undergoing serious ecological changes. Signs
of eutrophication - intensive development of algae
non-specific for the littoral of the lake, mass mortal-
ity of sponges, and blooming of toxic cyanobacte-
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
homes. Questions arise: how effectively do septic tanks
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
developed a practice of conducting complex expedi-
tions throughout Lake Baikal, in which microbiologists
are constantly involved. It goes without saying that
expeditionary work throughout Lake Baikal has been
carried out before, but the complexity of the research
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-
eters to maximum depths, etc. To date, only Limnologi-
cal Institute has a research fleet equipped with the nec-
essary instruments for scientific limnological studies in
Lake Baikal. For this reason, sanitary-bacteriological
monitoring of the water quality of Lake Baikal and its
tributaries is carried out by the staff of the Laboratory
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-
tation (No RA.RU.21JIM02).

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-
cum-Baikal expeditions showed that FIB are constantly
present in the coastal part of the lake. Littoral zone of
the lake showed a significant amount of coliform bacte-
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,
exceedance of the regulated water quality standards of
the Russian Federation was observed throughout the
entire pelagic zone of Lake Baikal, as well as in most
of its major tributaries. In 2012 and 2015, an exceed-
ance of sanitary-bacteriological indicators of pelagic
waters was observed only in the southern part of the
lake (Fig. 1). In September 2016, the maximum share
of water samples with a low self-purification coefficient
was recorded both in the pelagic zone (60%) and in the
river mouths (62.5%).

In the waters of the estuaries of rivers flowing
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”
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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.

The results show notable exceedances of SanPiN
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
in 4-6 times). Six out of seven tributaries, the rivers
Pereemnaya, Snezhnaya, Solzan and Goryachiy Klyuch,
also had exceedance values, especially the Pokhabikha
(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
1.2.3685-21 and exceeded the following indicators
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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
samples of coastal sandy sediments from different areas
of Lake Baikal were characterized by different degrees
of contamination with sanitary-indicative bacteria and
enabled these areas to be classified into three groups
according to the degree of epidemiological hazard:
1. extremely dangerous — the Slyudyanka town;

2. dangerous — the Kultuk, Maksimikha, Kurbulik, and

Sakhyurta settlements, Aya and Zmeinaya bays;

. 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
bodies”, with single exceptions of samples for the num-
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
the lake was created. Sixty-two strains isolated from
biofilms and surface water samples were analyzed by
modern identification methods (molecular-genetic and
mass-spectrometry analyses) (Shtykova et al., 2018a;
Shtykova et al., 2020). A total of 18 genera and 21 spe-
cies of opportunistic bacteria were identified by this
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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
human and animal health were isolated from different
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
different water areas of the lake — in bays of Mukhor
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
Severobaikalsk towns, low efficiency of disinfec-
tion and inflow of opportunistic and pathogenic bac-



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

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,
and enterococci has increased, exceeding the require-
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-
cate that untreated or insufficiently treated wastewa-
ter flows into the rivers and the lake itself. According
to sanitary-microbiological analyses, the Slyudyanka
and Severobaikalsk wastewater treatment plants were
inefficient during the studied period. Wastewater from
the outlet pipes of the waste water treatment plants did
not meet the requirements of SanPiN 1.2.3685-21, the
number of coliform bacteria exceeded the normative
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-
firm that the waters of Lake Baikal are subjected to an
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
places of anthropogenic influence on the lake, which is
also confirmed by the results of chemical analysis of the
waters. The maximum number of sanitary-indicative
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
that under the influence of anthropogenic factors in
coastal zones, there is a shift of autochthonous micro-
biota towards allochthonous microbiota characterized
by high resistance to antibiotics. The introduction of
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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
km from Maritui, 3 — Maritui-Solzan, 4 — 3 km from Solzan,
5 — 3 km from Listvyanka, 6 — Listvyanka-Tankhoi, 7 — 3 km
from Tankhoi, 8 — Krasnyi Yar-Kharauz, 9 - Anga—Sukhaya,
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,
10 - Kurkut Bay, 11 - Burlyuk Cape, 12 — Chukotka Bay, 13
— Mandarkhan Bay, 14 — Zuun-Khagun Bay, 15 - Baruun-Kha-
gun Bay, 16 — Shida Bay, 17 — Ulirba Cape, 18 — Khuzhir-Nu-
gai Bay, 19 — Sarma, 20 — Mukhor Bay, 21 - Irkutskaya guba
Bay, 22 — Tutyrkhey Bay, 23 — Kharin-Irgi Bay, 24 — Khool
Bay, 25 — Khytyrhey Bay, 26 u 27 — Zagli Bay, 28 — Khuzhir,
29 - Elokhin Cape, 30 - Severobaikalsk, 31 — Frolikha Bay,
32 - Ayaya Bay, 33 — Khakusy Bay, 34 — Monakhovo, 35 -
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
waters may be reduced to such an extent that their use
becomes epidemiologically unsafe. This requires the
development of a water quality management strategy
for Lake Baikal.
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MCCAEAOBaHUMU A0 CUCTEMAaTHYECKHUX

e)XXeroapHbIX 3KCneAuLun

Hprokkep B.B., Cyciosa M.IO., HeGecnoix 10.P., Ilotanos C.A.,
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AHHOTALIUA. IIpoBeféH aHaIN3 caHUTapHO-0aKTepHOJIOTMYeCKOM OLleHKH KayecTBa BOAB! JINTOPAIN
U nesjaryuanyu odepa balikai 3a Bech nepuo MUKpPOOKOJIOTMYECKUX HCCIeJOBAHUI 5KOCUCTEMBL. Y CTa-
HOBJIEHO, YTO IIOAOOHBIE KCCJIe[JOBAaHKSA B MPOILJIOM BeKe ObLIM e€JUHUYHBIMU U TOJIBKO C KOHIIA ero
OHU CTaJIX IPOBOAUTLCA II0 BCEMy 03epy, a B HacTosllee BpeMsA HccieJoBaHUA IPOBOAATCA €XeroqHo B
BECeHHU, JIETHUM 11 OCEHHUH [IeproAbl 10 Bcell akBaTopum balikana U B yCTbeBBIX y4acTKaX KPYIHBIX
NpUTOKOB. OIleHEeHO KauecTBO BOJ O3epa, yCTaHOBJIEHBl HeOJIaromnoJiyuyHble paliOHBl B JIMTOPAJIbHON
YacTH 1O MpeBblieHn0 HopMaTtuBoB CaHIIuH. B 2021-2023 rr. oro6paHsl IpoObl CTOYHBIX BOJ IOCJIE
NIPOXOXKAEHNS OYMUCTHBIX coopyxeHuil B rr. CimonsHke u CeBepobalikajibCKe, yCTaHOBJIEHA HU3Kad
3G (PEeKTUBHOCTh 00e33apaXMBaHUsA U MOCTYILJIEHHE YCJIOBHO-NIATOI€HHBIX U NMAaTOreHHBIX OaKTepuil B
barikan (6akTepuasnipHOe 3arpssHeHue). IlpeayioxeHa cxemMa M NepUOJUYHOCTD NPOBeIEeHUsA CaHUTAap-
HO-0aKTepHoJIOrM4ecKoro MOHUTOPHHIA SKOCHUCTeMBI 03. barikai.

Kimoueguie citoga: o3epo Batikas, caHUTapHO-TIOKa3aTe IbHbIe GaKTEPUU, KAYeCTBO BOJBI, CXeMa CaHUTapPHO-
6aKTepHUOJIOrMYECKOT0 MOHUTOPUHTA

1. BBeapenue

[ToBepxHOCTHBIE BOJBI Hallell IIJIAaHETH: 03epa,
BOJOXpaHW/INIIA, peKy, Takxe KaK MOpsA U OKeaHH,
[IOABEpraloTcsi IMOCTOSHHOMY aHTPOIOIreHHOMY BO3-
pJerictBuio. He wusbexania 3Toro BJIMAHUA U 3KOCHU-
creMa o3epa batikas, BkitoueHHas B 1996 r. B Cruicok
00BEKTOB BCEMMPHOro npupoaHoro Hacienus HOHE-
CKO B cuty cBOeH YHUKAJIbHOCTUA M YUCTOTHI BOA. Bo
BCeM Mupe HaOJofjaeTcs yxyAlleHUe 5KOJIOTUYecKoro
COCTOAHMA IPECHBIX BOJOEMOB — OCHOBHBIX HCTOY-
HUKOB IIMTHEBOM BOJbI, YTO IIPUBOJUT K HapylIeHUIO
9BOJIIOIIMOHHO CJIOXKUBHIMXCA MHKPOOUOLIEHO30B U
Pa3BUTHIO B HUX yCJIOBHO-IIATOT€HHBIX U NMATOT€HHBIX
Gakrepuil. Biarogaps HEOOBIYHON KOHKYPEHTOCIIOCO0-
HOCTH, BEIpab0OTaHHOU 3a 3 MJIPA. JIeT CylLlecTBOBaHUA,
MMKPOOPraHU3MBbl MOI'YT IIOCEJIATHCA BO BCEX SKOJIOTU-
YeCKHUX HHUIIaX — OT IOJIAPHBIX PErMOHOB A0 MyCTHIHb.
Boma — oagHa u3 Haubosiee OJIAaTONPUATHBIX Cpef 06u-
TaHuA AJIA HUX, B BOJHBIX 3KOCHCTeMax MUKpoOOpra-
HU3MBI JOCTUTalOT BBICOKOM UHCJIEHHOCTH, ABJIAACH
onpeesAIIMI U HeOOXOAUMBIMU 3BE€HbAMU KPYro-
BOpOTa XMMHUYECKUX 3JIEMEHTOB, obeclieurBas pouecc
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HENPePBIBHOTO CO3AaHUsA U JeCTPYKIINU OpraHNYecKux
BeIlleCTB B pe3yJIbTaTe B3aUMOCBA3aHHOTO (QYHKI[MOHU-
pOBaHUs.

MukpobuoJiornueckre  HcCJIe[JOBaHUS  BOJBI
u rpyHTOB baiikana npoBofaTcsa yxe okoso 100 jet
(AcHuTtckuit u ap., 1927; Heuaesa u CanumoBckas-Po-
auHa, 1935; Kysneros, 1951; PomanoBa, 1958; u ap.).
B nocnenytomue roAsl ObUIM U3yUeHBl YUCJIEHHOCTh U
6romMacca OaKTEpHOIUJIAHKTOHA He TOJIbKO B IOKHOMN
yacTu O3epa, HO U IO Bcell akBaTopuu barlikarna, ux
MeXrofoBas JUHAMUKA U BepTUKAJbHOE paclpejesie-
HMe, YCTaHOBJIEHHI MKW B CE30HHOM Pa3BUTHUMU, CBA3U
C JWHAMUKON YHCJIEHHOCTHM U COCTaBOM (UTOIJIaH-
KTOHA, C M3MeHeHUsAMHU TeMIlepaTyphl BOJIbl, OIpeje-
JIEHO BpeMs reHepauuu OaKTepuii, HauaTa paboTa o
naeHTU(PUKAMNA BUIOBOTO COCTAaBa KYJIbTUBUPYEMBIX
MHUKpOOHBIX coobmecTB (KysnerjoB, 1957; Eroposa u
ap., 1952; Ponuna, 1954; Kpucc u Yebotapes, 1970).
B aTOT mepuo/i cTaHOBJIEHNS MUKpPOOWOJI0TUM Ha Baii-
KaJie TJIaBHYI POJIb CBITPAJId CIEIUaJIUCThI-MUKPO-
O1O0JIOTM M3 HAayYHO-HCCJIEJOBATEIbCKUX YUPEXIEeHUN
rr. MockBbl U JIeHMHIpajia, UCIOJIb3ysl CBOM 3HAHUA U
OIIBIT.

© ABtop(s1) 2023. DTa paboTa pacnpocTpaHs-
eTCs 0] MeXAyHapoJHOI iuneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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CanuTapHOo-0aKTepHroornyeckas OLieHKa Kaue-
CTBa BOABI ITOApasyMeBaeT oOllpefieJieHre COBOKYIIHO-
CTH CaHUTApHBIX [IOKazaTeslell — KpUTepHueB, OoTpaxa-
IOIIUX CaHUTApHOE COCTOSIHME HCCJIelyeMOro BOJHOIO
o0BbeKTa B COOTBETCTBUU C TpeOOBaHMAMM HOPMAaTHB-
HBIX JOKYMeHTOB. CaHWTapHBIMU MOKa3aTeJIAMU CJIy-
kat dekanpHble MHAUKaTOpHbIe 6akTepuu (OUB). OHu
HCIIOJIb3YIOTCA BO BCEM MUpe [AJ1A BBIABJIEHUA U NIpey-
npexjaeHusa (pexkaabHOro 3arpsA3HeHusA U CBA3AHHOIO C
HUM PHCKa [JIA 3[J0POBbs YeJIOBeKa B CBA3U C BEPOAT-
HBIM IIPHCYTCTBHEM IIaTOreHHBIX OaKTepril ¥ BUPYCOB.
@®UD BKJIIOYAIOT TaKue I'PYMIbl 6akTepuii, Kak o0mue
xonudopmHble b6aktepun (OKB), TepMoToJjiepaHTHBIE
xonudopmusle Oaktepun (TKB), ¢dekanpHble KoOJH-
dopwmuble 6akTepuu (fecal coliforms), E. coli, sHmepo-
Kokku, Bifidobacterium, Bacteroides, Clostridium spp.,
KOTOpBIE MIMPOKO PACIPOCTPaHEeHHI B eKauAX JIoAein
1 OOJIBIIMHCTBA JXHUBOTHBIX. VX YPOBHM B CTOYHBIX
BoJlax W (eKaJuAX CPaBHUTEJIBHO BBICOKU, MO3TOMY
OHU OOBIYHO OOHAPYXXKMBAITCA NPU HAJIMYUHU (PeKasib-
HOT'O 3arpsA3HeHUsA B NOBEPXHOCTHBIX BoAax. [loaTomy
[MOBEPXHOCTHBIE BOABI KOHTPOJIUPYIOTCSA C UCIIOJIb30Ba-
HUeM yuncyieHHocTr @OWB, 1A KOTOPHIX YCTaHOBJIEHBI
HOPMAaTHBHl 3aKOHOAATEJIbHBIMU JIOKYMEeHTaMM MJIA
OI[eHKU KauecTBa HCNoJib3yeMbIXx BoA. Ha osepe bBaii-
KaJl mofoOHble HcCJIeJOBaHMA KayecTBa BOABI OBLIN
HayvaThl 3HAYMTEJIBHO MTO3XKe.

2. MaTepuanbl 1 METOADI

ITocne peopranuszaiuu B 1961 r. BaiikaabCckoi
JIMMHOJIOTUYECKOM CTaHOMU B JIMMHOJIOTMYECKUI
nHetuTyT CO AH CCCP u cozpanus B 1972 rogy «j1abo-
paropuyd IpUKJIAJHON MUKPOOHOJIOTUMN», KOTOPYIO
Bo3rjiaBuja k.6.H. M.A. MeccuHeBa, eiile B 50-e rojibl
rccyiefioBaBiiasd Ha balikajle MUKpOOpPraHU3MBI I'PyH-
ToB o3epa (MeccuHeBa, 1957), ucciieqoBaHUA MUKPO-
OpraHusMoB o03. Balikayj cTaju IJIaHOBBIMM, CHUCTe-
MaTUYeCKUMU M KOMIUIEKCHBIMU. [IOCKOIBKY Iiesib
Halel paboThl — aHAIN3 NMPOBEAEHHbBIX MCCJIeJOBAaHUN
[I0 CaHUTapHO-0aKTEPHUOJIOTUYEeCKOMY MOHUTOPUHIY
KauecTBa BOZBI 03. Baiikasi 3a HpemplayIUi Mepuos
paboT u paspaboTKa CXeMBI ero JJil yHUKAJIbHOI'O OJIN-
rorpoHOro BojoemMa, Mbl He IPHUBOJUM CIIHCOK BCeX
MHUKpPOOHOJIOTNYecKnux paboT, TaKk Kak OH HMeeTcA
Ha caite JlumHosiornueckoro uHcrturyrta CO PAH, a
Takxe B MOHOrpadpuu-cBogke MHUKPOOHOJIOTMYECKUX
HCCJIeJOBAaHUN BOJIOEMOB M BOIOTOKOB bBarikaso-AH-
rapo-Enucerickoii ruipocucteMsl (BuHorpazosa u ap.,
2004).

[IpaButenscTBo P® B 2023 r. yTBepaAUJIO HOBOE
[ToctanoBnienne N 260 «[lojioxkeHHe 0 rocygapCTBeH-
HOM 5K0JIOT4eCKOM MOHUTOPUHI€ YHUKAJIbHOH 5KO0JI0-
TrMYecKol cucTeMbl o3epa balikas», B KOTOPOM yCTaHO-
BWJIO IOPAAOK OCYLIECTBJIEHUA ero, rae B 1. 8 «a» u 11
«e» 00513aJ10 IpeAoCTaBJIATh MHPpOopMaLuio «peaepaib-
HBIM TOCYJapCTBEHHBIM OI0JDKETHBIM YupeXxJeHUeM
«Cubupckoe oraesenne Pocculickoll akaeMun Hayk»
B YacTU Pe3yJIbTAaTOB HaO/IOAEHUI 3a COCTOSHUEM
o3epa batikan». [[i1 oLlleHKH IIPOBeIeHHBIX paHee 00b-
€MOB M 4YacTOThl MCCJIeJOBaHUI 10 CaHUTapHO-OaKTe-
PHOJIOTMYE€CKOMY MOHUTOPHUHTY dKOcHcTeMBbl Barikana,
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a Takxe JiJis 00CyXJIeHNs UCI0JIb30BaHNsA B HaCToOsALee
BpeMs KOHKPETHBIX CTAHJAPTHBIX U HOBBIX IOKa3are-
Jlell, MeTO/IOB HCCJIeJOBAaHMUI, CTAHI[UI oTOOpa mnpobd
BO/Ibl, BpEMEH roJla M 4YacTOThl OTOOpA UX, YTO He0OXO-
JAUMO [J1s1 pa3paboTKU U BHeIPeHUs B MPAKTUKY CXEMBbI
€caMoro MUKpOOHOJIOrNYecKoro MOHUTOPUHTA, MBI ITPO-
aHaJIM3MpPOBAI MMeIL[UIicA OMyOJIMKOBAHHBIN Mac-
CUB CaHUTAPHO-0AaKTEepUOJIOTUYECKUX MCCieJOBaHUN
o3epa.

3. Pe3synbTartbl M 06cy)xpeHue

Ananu3 pe3yJIbTaTOB IPOBEJEHHBIX CaHUTAap-
HO-0AKTepHOJIOTUYeCKUX  HccaefoBaHUM  bBailikasa
[I0Ka3aJl, YTO B 3TOM Hay4YHOM HallpaBJIeHUU eIUHUY-
Hble paboThl HAayajMCh B CBA3M CO CTPOUTEJIbCTBOM
BalikaibCcKoro IeJUII0JI03HO-OyMaXXHOro KoMmOuHaTa
(BLIBK) Tosbko B KOHIEe 60-X TO/I0B MPOILJIOrO CTOJIe-
TuA. BiepBele onrcaHue MUKPOOHBIX COOOIIECTB BOZBI
U 3arpsA3HEHHOTO TpyHTa B paliOHe BJIMAHUSA CTOUYHBIX
BoA BLIBK gano B 1970-1973 rr. B padortax I''A. 'omaHa
(1973). BmocnencTtBuu B 3TOM patioHe BBITIOJTHEHBI
paboTHI MO OIleHKe YHMCJIEHHOCTH aHa’pOOHBIX calpo-
dutoB, cynbdaTpeyKTOpOB, METaHOT€HOB, yCTaHOB-
JIEHBI CKOPOCTH pas3JiokeHusA OeJiKa, [1eJIJII0JIO3b, CyJIb-
darpenyxkium, o6pa3zoBaHuA MeTaHa, CAeJIaH MIPOTHO3
00 yXyAIleHN!U 3KOJIOTMYecKOoi 06CTaHOBKU MpU JaJib-
HermeM copoce cTouHbX Bof (Hamcapaes u ap., 1995;
3emMckas u ap., 1997).

KauectBo BOmbl FOxHOrO baiikana u, TJIaBHBIM
obpaszom, y noc. bos. KoTel u y r. Baiikajbcka ucciie-
JoBajii B OTOT IEpUOM Hay4Hble coTpygHuku HUU
buosiornn MpKyTCKOro rocyfapCTBEHHOIO YHUBEPCU-
tera (MakcuMmoBa u MakcuMoB, 1989). MHoroJjieTHUE
pe3yJIbTaThl MCCJIeJOBaHUIM 3TUX aBTOPOB IOKa3aiu
cTaOuIbHBIE pa3jiiuymsA KayecTBa OailKaJbCKOM BOIBI
BO BCe MEpUOABL: Ha CcTaHIuuU «1 KM oT Oepera» moc.
Bos. KoTbl, yianeHHO! OT NPOMBIIIJIEHHBIX U CeJIbCKO-
XO03AMCTBEHHBIX 30H, KA4eCTBO BOABI Ha BceX IJIyOrMHax
0OCTaBasIoCh BEICOKMM, B TO BpeMs Kak y I'. balikayibck B
paauyce o 10 kM Ha Bcex IuIyOMHax BOJA He COOTBET-
CTBOBajla CTaHJapTaM Ha MUTbeBYIO BOAY, peKpeanu-
OHHYIO U PBI00-X03AICTBEHHYI0 AesATeJIbHOCTb.

Ouenky kadecTBa Boj Bcero balikaia B JuTO-
pPaJIbHOU ero 4acTy U B [lejlaruajiy J0 MaKCUMaJIbHBIX
JIyOMH 1O CAaHUTApPHO-0AKTEPUOJIOTUYECKHM IIOKa3a-
TeJIAM HayvaJld UccjaeaoBaTh U gaau B 1993 r. HayuyHbIe
cotpyaHuku JlumHosornyeckoro uHcrturyra CO PAH
B.B. iptokkep, T.A. KoctopHoBa, O.A. Mosoxasas, B.A.
Adanacees (1993). beljio ycTaHOBJIEHO, UTO NeJjlaruaib
o3epa MMeeT BBICOKOE KauyecTBO BOJbI KaK Ha IOBepx-
HOCTH, TaK 1 Ha Bcex riyouHax. [IpubpexHble ke BOABI
y BCceX HaceJIeHHBIX IyHKTOB MUMeIOT HU3KOe KauecTBo,
BO MHOrux mnpobax Oputa oOHapyxeHa E. coli. OmHo-
BPEMEHHO CTaJjl IPOBOAUTLCA U MUKPOOMOJIOTHYECKUN
MOHUTOPUHT KPYNHBIX IPUTOKOB 03. balika, KOTOpHIi
[I0OKa3aJl HU3KO0e KayecTBO BOABI B yCTbEBBIX ydacTKax
pp. Cenenra, baprysus, boJ. I'osnoyctHas, Typka, T,
[TepeemHas, IToxaOuxa, mocrynalomnieil B 03epo B BeCeH-
Hul nepuoy ([piokkep u MacyjeHHUKOB, 1998).

B 1997-2000 rr. coTpyaHukaMu JabopaTtopuu
BogHON Mukpoouosiornu JIMH CO PAH Obuin Bnep-
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Bble IleJleHallpaBjieHHO IIpOBeJleHbl MHOTIOJIeTHHE
rccjleloBaHusA B pas3jidyHble Ce30HBI rojia IO BbIACHE-
HHUI0 MaclTaba pacnpocTpaHeHUus U HMAeHTU(pUKau
YCJIOBHO-TIATOTeHHBIX OakTepull B Bojie o3epa barikan
no Bcel ero akBatopuu ([piokkep u Ilanaciok, 2002;
[Manaciok u [iprokkep, 2002). IIpoOsl BOAB Havasu
oTOUpaTh MO CTAaHAAPTHBIM I'MAPOJIOTMYECKUM paspe-
3aM Ha LEeHTpaJbHBIX IJIyOMHHBIX CTaHLMAX IO pas-
JIMYHBIM TOPU30HTAM M Ha NPUOPEXHBIX CTAaHIUAX Y
3amajHoro U BOCTOYHOro Geperos: 1. . Maputyii — II.
Couszan; 2. m. JluctBaHka — n. Tauxoi; 3. M. Kaauis-
HBIN — 1. Mumuxa; 4. np. Xapay3 — M. Kpacasiii Ap; 5. p.
Awra - p. Cyxas; 6. p. bongakosa — nposi. OJIbXOHCKHE
BOpOTa; 7. M. YxaH — M. ToHkuii; 8. M. [ToKOHUKH — M.
Ymkanuii; 9. M. EnoxuH — n. Jasma; 10. M. KoTenbHuU-
KOBCKHI — M. AMHyHpakaH; 11. c. baiikaibckoe — M.
Typamnu; 12. M. 3aBopoTHBIN — p. CocHOBKa; 13. M. Kpe-
CTOBBIN — M. X000W; 14. p. Teia — p. HeMHsAHKa.

B pesysibTaTe npoBedeHHBIX MCCJIEJOBAaHUI B
JIUTOPAJIbHOM 30He o3epa ObLsIo BhiAesieHO 898 mitam-
MOB TIOTeHI[Ua/JbHO-IaTOreHHbIXx Oaktepuii (I1I1B),
ABJIAIOMINXCA peicTaBuTe MU 31 BHA, OTHOCAIINXCA
K cemelicTBy Enterobacteriacae n HepepMeHTUPYIOLIEN
rpynne 6akTtepuil. KojnuecTBo nM3yueHHBIX OakTepuii
3aKOHOMEPHO NOBBIIAJIOCH B BOJIe B JIeTHe-OCeHHUH
[epyoJ U yMeHbIIaJIoCh B 3UMHMeE MecAlbl. Pacnpene-
JIeHNe yCJIOBHO-ITATOTeHHBIX OakTepuli 10 BCel akBaTo-
puu o3epa ObLJIO HepaBHOMEPHOE - 3aKOHOMEPHO OTMe-
4yaJioch 3HaYMTEJIbHOE IOBBIIIEHNE UX YMCJIEHHOCTU B
MecTax cOpoca HeOUUI[eHHBIX CTOKOB pa3HO00pa3HOro
npouicxoxeHus. HanboJiblias 4ucJieHHOCTh U BUI0BOe
pasHooOpasue 3TOH IpymnIibl 6aKTepuil yCTaHOBJIEHH B
Bojie FOxxHoro Batikasa: moc. JIucTesaaka, nopt batikani,
r. Batikanbck; B CpenHem Batikane — bapry3uHckuil u
YuBBIPKYHCKUI 3anuBbl, fesbra p. CeseHru, Maisoe
mope; B CeBepHoMm DBaiikase — yuactok barikaio-A-
MypCKOW Marucrpajiy. B nenaruanu o3epa nsyueHHas
rpymnma 6akTepuil He 0OHapyXeHa M0 BCEN TOJIIIE BOIbI
Ha pa3JIN4HbIX yyacTKax (6osiee 30-Tu ctannuii). JloMu-
HUPYIOIUMH BHJAMH YCJIOBHO-IIATOI€HHBIX OaKTepul,
BbIJIeJIEHHBIMU U3 BOJ| JIMTOPAaJIbHOM 4YacTH 03epa,
obutu: Pseudomonas aeruginosa, Enterobacter cloacae,
Citrobacter freundii, Burkhalderia cepacia. YcnoBHO-a-
TOreHHble OaKTepuu, BblJleJleHHble U3 BoA 03. balikai,
006J71a1al0T MHOXXECTBEHHON aHTUOMOTHUKOPE3NCTEHT-
HOCTBIO, TeMOJIMTUYECKON aKTUBHOCTBIO K 3PUTPOLU-
TaM uYeJIoBeKa, CIIOCOOHOCTbI0O K KYyJIbTHBHPOBAHUIO
npu 37° C u, cjileoBaTeJbHO, HeCyT NMOTEeHLIUATbHYIO
SMMIeMHOJIOTHYEeCKYI0 OIIaCHOCTh AJIA 3[J0POBbs Hace-
nenus (Drucker and Panasyuk, 2006). ABTopamu 661710
IIpeJIJI0KeHO JONOJIHUTEJIBHO MCII0Ib30BaTh AJIA CAaHU-
TapHO-0aKTepHOJIOTNYeCKOro KOHTPOJIA KayecTBa BOJ
batikana oOHapy’keHHble IOTeHIMaJIbHO-IIaTOreHHbIe
OakTepuu, a Takke Oakrepum pomda Enterococcus: E.
faecium, E. avium, E. faecalis, E. mundtii, E. hirae, E.
durans, E. gallinarum, xak crernuduieckre NHIUKATOPHI
NIOCTYIJIEHUsA B 03epo (eKaybHBbIX (HEOUYMIeHHBIX)
BOoJ. MHOrojieTHUMH UCCIeJOBaHUAMHU OBLIIO YCTaHOB-
JIEHO, YTO OCHOBHBIMM HCTOYHUKaMU 3arps3HeHusA BOA
balikasa ABJIAIOTCA HeOUUIEHHblE X03ANCTBEHHO-OBbI-
TOBblEe CTOYHBIE BOJBI HACEJIEHHBIX IYHKTOB, PacIio-
JIOXeHHBIX Ha Oeperax o3epa, CeJIbCKOXO3AHCTBEHHBIX

174

[IpeupUATUHN, TypPUCTUYECKUX KOMILIEKCOB, KOTOPBIE
He UMeIT cucTeM o0e33apakuMBaHus, YTUIM3alUU U
BBIBO3a CTOYHBIX BOJ, a TaKXe yBeJINUMBalolascs 4uc-
JIEHHOCTb TYPUCTUYECKHUX KaTepOB, KOTOPLIe He UMel0T
eMKocTel J1J1A cOopa OBITOBBIX U IMOJCJIAHEBBIX BOJ.

B 2000-2009 rr. HaOJ/ogasach TeHAEHIHSA K
YBEJIMYEHUIO CAaHUTAapHO-0aKTepHOJIOTYecKUX IIOoKa-
3aresieil B BoJle B paiioHe cOpoca «oOe33apa’keHHBIX»
CTOYHBIX BOJ balikasbCKOro LeJUII0JIO3HO-OyMaskHOTO
xombuHaTa (Illetununa u fp., 2013). B cBA3u ¢ yxya-
IieHrueM CaHUTapHOM OOCTAHOBKM aBTOpaMH palbOTHI
OBLIIM IIPOBeAeHbl MCCIIeJOBAHMA 10 U3yYEeHHI0 pa3HOO-
Opa3usa U aHTUOMOTHUKOYCTOMYMBOCTU OaKTepul, Bhje-
JIHHBIX M3 BOJbl, B HauboJiee MOJBEPXEHHBIX aHTPO-
IIOTeHHOMY BJIMAHMIO palioHax o3sepa. [lpyrue aBTOpHI
Takke OOHapyXuBajd B BOJie Pa3JjIMYHBIX paliOHOB
Balikana mpefcraBuTesiell CaHUTApHO-OAKTEPHOJIOTU-
YecKoro sarpsi3HeHusa — OakTepuil poaa Enterococcus
(KpaBuenko, 2009).

Hapsagy c¢ 3TuMu MUKpoopraHn3MaMH, BIIepBBIE
B Poccum B Bozie o3epa batikan B 3TOT ke nepuof ObL1N
oOHapyXeHbl TOKCUYHBIE I[MaHOOAKTepHy, OIacHBIE
JJIA 4eJIoBeKa, Y KOTOPBIX C MCIOJIb30BaHMEM COBpe-
MEHHBIX MEeTOJOB UCCJIeOBaHUA OBLIN M3y4YeHB! pas-
Hble TUIBI M BapUaHTH TOKCUHOB, a TakKXe I'eHbl UX
cuaTe3a (TuxoHoBa, 2006; Besnbix 1 ap., 2013; Beabx
u 1p., 2015). 1A caHUTapHO-0AaKTEPUOJIOTUYECKOTO
MOHUWTOpUHIa KauyecTBa BOAbl B balikajie 5TOT HOBBIU
aCreKT OuYeHb CYyIIecTBeHEeH, TaK Kak IuaHobakTe-
puasibHBIEe IIBETEHUs B HaCTOsAllee BpeMs SABJIAITCA
CaMBIM 3HAYHUMBIM U XapaKTepHBIM CJIe[ICTBHEM 3BTPO-
(pupoBaHNUA BOAHBIX OOBEKTOB BO BCEM MHpe, a OHO
yKe MPOHCXOOUT B pasHbIX yacTax batikana. Ompepe-
JIeHBl KOHLIEHTpaIliy MHKPOLMCTUHOB U CAaKCUTOKCH-
HOB B npo0ax IJIAaHKTOHa 1 OeHToca o3epa U OlleHeHa
CTelleHb YyIPO3bl TOKCUYHBIX [[MaHOOAKTepHii 3J0POBbIO
yesjioBeKa M XKMUBOTHBIX. IlokazaHO, 4YTO «I[BeTeHUs»
OEHTOCHBIX ITMAaHOOAKTEPUI € HAJIMYUEM TOKCHHO-
IIpOAYLMPYIOIIMX BUAOB, HauaBlnecs Ha 03. balikan
B 2011 r., cefiuac IpPUHAIN XapaKTep 5KOJIOTNYECKOro
KpH3uca, M BO3MOXHO, CTajJM MPUYNHON MacCOBOU
rubesin 6atikanbckux ryook (Benwix u ap., 2017). Otu
HOBbIe pe3yJIbTaThl UCCIIeJOBAHUN HECOMHEHHO 3acly-
KHBAIOT COOTBETCTBYIOIIEH OLleHKU [JIA pelleHus
BOIIPOCA O BKJIIOYEHUH 3TUX OakTepuil B opuiinaibHbIE
JOKYMEHTHl 110 MHUKPOOHOJIOTHYeCKOMY MOHUTOPUHIY
KauecTBa BoJ barikaa.

B mocrnieqnue roasl skocucteMa o3epa batikan
IpeTepreBaeT cepbe3Hble 3KOJIOTUYeCKHe N3MeHEeHUs.
B npubpexHbIX yuyacTKaX HEKOTOPBIX palloHOB HabJIIo-
JaioTcsa MpU3HaKU 3BTPoPUKaAIUN — MHTEHCUBHOE pas-
BUTHE HeclelupUYecKux A JIMTOpalyd 03epa BOJO-
pocJieli, oTMe4eHBl MaccoBas rubesib ryOoK U I[BeTeHHne
TOKCHYHBIX [[aHoOGakTepuil (Timoshkin et al., 2016).
PactyT o0beMbl cOpoca B 03epO HeKauyeCTBEHHO OYU-
IIeHHBbIX 1 He OYMILEeHHBIX CTOYHBIX BOJ U3 HaceJIeHHBIX
IIyHKTOB, YyBeJINUMBaeTCA peKpealiOHHas Harpyska,
PEe3KO0 BO3POCJIO KOJIMYECTBO TYPUCTUYECKUX CYA0B, He
000pyIOBaHHBIX €MKOCTAMHU Ui cOopa XO3ANHCTBEH-
HO-OBITOBBIX U IOJICJIaHEBBIX BOJ. UMCJIEHHOCTh TYpU-
CTOB, IpHe3XawIMx Ha Baiikas Bo Bce Ce30HHBI roja,
BbIpOCJIa MHOTOKpaTHO. Tak, B 2019 r. nx 4ncio nocTu-
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rajo 2.2 myH. HenocpeacTBeHHO Ha mobepexbe o3epa
cJjioxuiochk 6osiee 40 30H peKpealluOHHOTO OCBOEHUH,
B KOTOPBIX COCpeJloTOYeHa OCHOBHasA 4acTb O0ObEKTOB
pasMelleHds TYpPUCTOB: TypOasbl, OCTUHHILBL, AOMa
oTbixa. Bo3HuKawT Bonpockl: kak 3pdeKkTuBHO pabo-
TalOT CEeNTHKU B 30HAX OTAbIXa TyPHCTOB, He HaHOCA
yiep6 skocucteMe baiikana? Kak gacto «Pocnpupof-
HaA30p» [poBepseT yTUJIN3aLUI0 X03:ANCTBEHHO-OBITO-
BBIX U NOJCJIAHEBBIX BOJ Ha TyPUCTHUYECKUX TeIJIOXO-
nax?

Hauunnas ¢ Havaia 2000 r. B JIMMHOJIOTMYECKOM
nHcetutyte CO PAH crioxuiach IpakTuKa IpoBeje-
HUA KOMIUIEKCHBIX BSKCIeAuIMH 1o BceMy baiikaiy,
B KOTOPBIX IIOCTOAHHO YYacCTBYHT MHMKPOOMOJIOTH.
KoneuHo, sxcneuIoHHBIe paboTH 110 BceMy baiikany
MPOBOJUJIMCh U paHbllle, HO KOMILJIEKCHOCTb KCCJIeJI0-
BaHUI OrpaHUYMBAJIaCh OTCYTCTBUEM HEOOXOAVMBIX
npubopoB [Ji OJHOBPEMEHHOro oT0Oopa 60JIBIIOro
KosyecTBa Mpob6 BOABI M T'PyHTa, OBICTPOTO HM3Mepe-
HUA abHMOTUYeCKUX MapaMeTpoB OO0 MaKCHMaJIbHBIX
riyouH u Ap. B Hacrosilee Bpems TOJIbKO JIMMHOJIO-
ruyecKuii MHCTUTYT MMeeT Ha Balikajie Hay4YHO-UCCIIe-
JoBaTenabcKuil GJI0T, 060pyJOBAHHBIN HEOOXOAUMBIMU
npubopamMu i IpOBeleHUs Hay4YHBIX JIMMHOJIOTH-
yecKux HcciefoBaHuil. [Io 3Toil mpuunHe caHUTap-
HO-0AKTepHOJIOTUYECKUI MOHUTOPUHI KadecTBa BOJ
bBalikana u ero NpUTOKOB NPOBOAUTCS COTPYAHUKAMU
JabopaTopuy BOOHONM MHKPOOMOJIOTUM WHCTUTYTA,
KOTOpBIE NMEIOT BCE€ HeOOXOAMMOe COBpeMeHHOoe 000-
pyAoOBaHUe, OTHebHble MOMeIeHUA JI NPOBeNeHNsA
CaHUTAPHO-0aKTepUOJIOTMYeCKOro MOHUTOPUHTA Kade-
cTBa BOABI 03. balikan KJjlacCM4YeCKMMM U COBpPEMeH-
HBIMM  MOJIEKYJIAPHO-OMOJIOTUYECKUMH  MeTOJaMU.
JlaGopaTopuss BOOHON MHKPOOHOJIOTUU aKKpegUuTO-
BaHa B HAIMOHAJIBHON cucteme Pocakkpemurarum (No
RA.RU.21JIM02).

CaHuTapHO-6aKTepUOJIOTNYeCKUl MOHUTOPUHT
kauecTBa Boj batikasa, mpoBeJieHHbIN B repuof 2010-
2023 rT. B €XeroJHbIX BeCEHHUX (BTOpas MOJIOBUHA
Mas-HavaJio UIoH:A), JIeTHUX (aBrycT) M OCEHHUX (BTO-
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pasi MoJIOBUHA CeHTAOPsA) KpyrobankaabCKUX dKCIeIN-
nuax nokasasi, yro OUb nocTosAHHO IPUCYTCTBYIOT B
npubpexxHON 4acTu o3epa. B nuropanu osepa 3HauU-
TeJIbHOEe KOJINYEeCTBO KOJIM(POPMHBIX OaKTepuil 1 dHTe-
POKOKKOB OBbLJIO JeTeKTUPOBAHO B I0XKHOM YacTH o3epa:
noc. JluctBanka, r. balikanbeck, noc. Kyntyk; B cpen-
Hell KOTJIOBHHE: B aKBaTOpUU NpoJMBOB Masioe Mope,
OJIbXOHCKME BOpOTa, AejbTa p. CesleHru; B ceBepHOU
yactu: r. CeBepobalikabck, rnoc. 3apeuHsiii, (IIITeikoBa
u ap., 2016, 20186; Cycnosa u ap., 2017; [ToanecHas
u 1p., 2022). B 2011 r. mpeBblllleHHe perjlaMeHTUpy-
eMBIX KauyecTBO BOA cTaHAapToB P® Habmoganu no
BCcel mesjiaruajy o3. baiikas, a Takxke B OOJIBIIMHCTBE
€ro KpyIHbIX NpUTOKOB. B 2012 u 2015 rr. npessiie-
HMEe CaHUTapHO-0aKTepHOJIOTHYeCKHX I[oKa3aTesein
rejlaruyecKrX BOJI OTMEYEHO TOJIBKO B I0XHOH 4YacTu
ozepa (Puc. 1). B centsa0pe 2016 r. 3adukcupoBaHa
MakcuMaJibHasA OOJIA MPoO BOABI ¢ HU3KUM K03hOUIu-
€HTOM CaMOOYHIleHUA KakK B nejaruaad — 60%, tak u
B YCThsAX peK — 62.5%.

B Boax ycTheB BIafamolyX B 03€p0 peK YNCJIeH-
HOCTh CaHHUTApHO-NOKA3aTeJIbHBIX Ipynn OakTepuil B
2010-2020 rr. (Puc. 2) B cpegHeM ObLjla Ha MOPANOK
BHIINle, YeM HX COJepXaHHe B mejaruanu: pp. ['oso-
ycTHasA, byryabgetika, Typka, Anra, BaprysuH, Cyxas,
nenvra Cenenru ([proxkkep u ap., 2022). Haubosiee
He6JIaronpUATHBIA NIepHOJl M0 KaueCTBY BOJ| yCTaHOB-
jeH B aBrycte 2011 r., mae — uroHe 2012 r., xorga
KOJINYeCTBO HECTAaHAAPTHHIX MP0o0 BOABI OBLIIO MaKCH-
MasibHBIM. B aBrycre 2010 r., mae — utoHe 2014 1. u
ceHTsAOpe 2017 r. BCe B3ATHIE peyHble IPOOLI COOTBET-
CTBOBAJIN «y[OBJIETBOPUTEJIBHEIM» [TIOKa3aTesIAM Kade-
CTBa NMOBEPXHOCTHBIX BOA.

B 2022-2023 rT. KpoMe CTaHAAPTHBIX KCCJIENO-
BaHUI MO CAaHUTAPHO-O0AKTEPHUOJIOTUYECKOMY MOHUTO-
PUHTY, HaMM ObUIM anpoOupOBaHbl JONOJIHUTEJIbHBIE
MeTO/bL: BbIsIBJIeHNe (eKaJIbHOro 3arpsA3HeHNs ¢ IOMO-
IIbI0 MapKepHBIX 30HAOB K OakTepusiMm (oOuTaTesisiM
KHIIIeyHHKa YeJloBeKa U XXKUBOTHBIX), a TakXe Ha ycTa-
HOBJIEHUE BUPYCHBIX coobiiecTB B Boge. Kpome Toro, B
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Puc.1. Ync/IeHHOCTh CaHUTAapHO-MUKPOOMOJIOTUYECKUX ITOKa3aTesiell B mejaruaiy o3. Baiikan no gaHHsiM 2010-2020 rr.
(u-UI0HB, a-aBrycT, C-CeHTAOPS). [IyHKTHUPHAA JINHUA — HOPMAaTHB.
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Puc.2. YncieHHOCTh CAHUTAPHO-MUKPOOMOJIOrNYecKUX MoKa3aTesiell B BoAax MprUToKoB 1o AaHHbeM 2010-2020 rr. KpacHas

JINHWUA — HOPMAaTHB.

2021 r. B ceTKy cTaHIuil 0TO0pa Mpob OBLIN BKIIOUEHBI
CTOYHbIe OYMIIleHHBIe BOAB! U3 OUUCTHBIX COOPY>KEHUH
rr. Cmogsanka u CeBepoOaiikajibCK, aHAINU3 KOTOPBIX
nposoauiau no CanlluH 1.2.3685-21 «['mrueHnuyeckue
HOpMaTuBH U TpeboBaHUA K obecrneueHuio Geszomac-
HocTu U (uin) 6e3BpeJHOCTU 1A YyesoBeka (GaKTopoB
cpeJibl obuTaHus». Takke 6b11H 0TOOpaHbl 10 06pasioB
IPyHTa B IpUOPEXHOI 30He Ha pa3JIMYHBIX y4acTKax.

B o6a ropa nocsie fHUX HccjieqoBaHui Ha 55 (170
npo6 BoAsl) u 59 (71 npobGa BoAbI) CTAHIMAX IO OCHOB-
HBIM CaHUTApHO-0AKTepHOJIOTUYECKUM IIoKa3aTeIsAM
pe3yJIbTaThl yKa3blBAalOT Ha 3HA4YMTeJIbHbIE IIpeBbIlIe-
HuA HopMaTuBoB CaHlIuH. Tak B 2023 1. 3TO palioOHBbIL:
rr. batikanbck, babymkuH, noc. JlucrBaHka, TaHxol U
B. T'onoycTHoe, Ilocosnbekuii cop, Oyx. Ilecuanas u As,
s3anuBbl Masioro mopsa: basapHas, Kypkyrtckas, Mas-
napxaH, Inpa, Xyxupckuii, UMBBIDKYHCKUI 3ajIUB:
KypOysmk, MoHaxoBo, ApaHratyil. HanOospimue npe-
BBIIIEHUS 3HAYEHUN 3THX OaKTepuil JeTeKTUPOBAHBI
B: I. BabymkuH (E. coli B 1.7 pa3a, SJHTepOKOKKHU B 20
pas), noc. JIucteaHka (E. coli B 4 pa3a, SHTEPOKOKKU B
4.7 pasa), B HuBbsIpKytickoM 3ajiuBe (E. coli B 5.2 pa3a,
SHTEPOKOKKU B 6.4 pa3a), B Majiom Mope (3HTepOKOKKH!
B 4-6 pa3). lllecTs U3 cemu NMpUTOKOB: pp. [lepeémHuas,
CHexHas, Cos3aH, ['opAYnil KJI0Y TakXke HMMeJU Ipe-
BBIIIAIOIINE 3HAYEHMs, 0co0eHHO — pp. [Toxabuxa (OKb
B 11 pa3s, E. coli B 58 pas, sHTEPOKOKKOB B 186 pa3s) u
Mepyauka (OKB B 1.2 pa3a, E. coli B 5 pa3, SHTEPOKOK-
KOB B 63 paza).

Crounble oumiileHHble Boabl KOC r. ChaioasHka
10 pe3yjbTaTaM aHaJIM30B He COOTBETCTBYIOT TpeboBa-
HuAM CanlIuH 1.2.3685-21 u npeBniniany NokasaTesu:
OKB B 4200 pas3, E. coli 8 17000 pa3, SJHTEPOKOKKU B
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3600 pas, uTO yKa3blBaeT Ha OTCYTCTBHE 3TAmoB 00e-
33apaxuBaHuA. [IogoOHBIe pe3yJsbTaThl OBUIM MOJIY-
YeHbl HAaMU U [10 CTOYHBIM OYUIIeHHBIM CTOYHBIM BoJaM
KOC r. CeBepobaiikasnbcka B 2022 r. Uccrienoanus 10
1po6 MpUOpPEeXXHOro MecyaHoro rpyHTa U3 PasJIMUHBIX
patioHoB Baiikajia XxapaKTepr30BaJlCh Pa3JIMYHOMU CTe-
IIeHbI0 3apaXeHHOCTH CAaHUTapHO-NOKa3aTeJIbHBIMU
0akTepusAMH M MO3BOJIMIN KJacCUPUIMpPOBATh 3TU
PaiioHHI 10 CTeNeHM 3MKUAeMUO0JIOTMYeCKON OIaCHOCTH
Ha TpU I'PYIIIBL:
1. upesBbYaiiHO onacHasA — I. CII0ASAHKa;

2. omacHaa - nn. Kynryk, Makcumunxa, KypOysuk,

CaxtopTa, OyxThl A 1 3MeHnHasd;

3. yMepeHHO omnacHas — r. batikanbck, nn. Xyxup, b

KoThi.

H3yyeHre MMOBEPXHOCTHOM BOBl B IeJlaruye-
CcKoOM 30He Baiikajia Kak B MpefblaAyIIve ToAbl, TaKk U
B 3TOT NEPHUO/I, TOJTHOCThIO COOTBETCTBYIOT HOPMAaTH-
paMm CanlIuH 1.2.3685-21 u MYK 4.2.1884-04 «CaHu-
TapHO-MUKPOOUOJJIOTUYECKUH ¥ CaHUTAPHO-TIapa3u-
TOJIOTUYECKUI aHaJIN3 BOABI MOBEPXHOCTHHBIX BOJIHBIX
00BEKTOB», 32 €IMHUYHBIMU HCKITIOUEHUSIMU MPOoO Ha
ynuciaeHHocts OKB B 2011-2012, 2015, 2019, 2021-
2022 rr.

Co3faHa KoJuleKIuA U3 172 KyJIbTUBHUPYEMBIX
YCJIOBHO-TIATOTEHHBIX INTAMMOB OaKTEpUH, BBIJI€JIEH-
HBIX 13 IJIAHKTOHA W SIWJINTOHA 03. baiikas, u3 ouu-
IIEHHBIX CTOYHBIX BOJ U MPUOPEXHBIX TPYHTOB O3epa.
C TOMOIIBI0 COBPEMEHHBIX METOJOB HeHTU(PUKAINN
(MOJIEKYJIAPHO-TEHETUYECKHUI U MacC-CIeKTPOMETPHU-
YyecKHWM aHaJIM3bl) HccaeaoBaiu 62 ITaMMa, BBIFE-
JIEHHBIX M3 MPUJOHHBIX U MOBEPXHOCTHHIX MPOO BOJIBI
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(IITeikoBa u 7p., 2018a; Shtykova et al., 2020). Bcero
9TUM MeToJoM upeHTUUUUpPoOBaHO 18 pomoB u 21
BUJ] YCJIOBHO-IATOTeHHBIX 6akTepuil. Cpeau HUX Ipef-
craButesu nopsinka Enterobacterales poma Yersinia,
Citrobacter, Escherichia, Hafnia, Leclercia, Enterobacter,
Lelliottia, Shigella, mopsimka Pseudomonadales poma
Pseudomonas, Acitrobacter, mnopsinka Bacillales poma
Bacillus, Exiguobacterium w Staphylococcus, cemeii-
ctBa Aeromonadaceae poa Aeromonas, cemel-
ctBa Enterococcaceae pona Enterococcus, cemem-
ctBa Aerococcaceae pon Aerococcus, cemelcTBa
Comamonadaceae  poa  Delfta u  ceMmeiicTBa
Xanthomonadaceae poj Stenotrophomonas.

OmnacHble AJiA 3[A0POBbA YeJOoBeKa U XKUBOTHBIX
BUABl YCJIOBHO-NIATOT€HHBIX OaKTepuil BBIEJIEHBl U3
Pa3HBIX MeCT JINTOPaJIbHOU 30HHI 03. Batika. Tak, 6ak-
Tepuu poja Aeromonas — caMble paclpoCTpaHeHHbIe,
obHapyxeHbl B Masom mMope B Oyx. baszapHas, B 3ai.
Xyxup-Haratickuii, B 3ai. Xyja, y noc. Xyxup, IHoc.
JIuctBanka, noc. B. Kotsl, moc. B. T'osioycTHOE, B OyX.
As. Bo MHorux sanuBax MaJyioro Mops BCTpevamnTcs
b6aktepuu pona Enterococcus. Iltammser E. coli Beife-
JIEHBI B Pa3HBIX aKBAaTOPUAX o3epa: B 3aJ1. Myxop u Xy,
y nioc. b. KoTsl, B palioHe YIkaHbHX OCTPOBOB. MBI yuu-
TBIBAJIU, YTO € 2022 r. COrJIaCHO HOBBIM M3MEHEHUAM B
CanlluH 1.2.3685-21, 6akTtepus E. coli 1 SHTEPOKOKKU
ABJIAIOTCA 00s3aTeJIbHBIMU TOKas3aTessAM{ [P CaHU-
TapHO-MHUKPOOHOJIOTUYECKO! OlfeHKe KauecTBa BOJHL.

B 2021-2023 rr. 6pIM B3ATH MPOOBI CTOYHBIX
BOJ] IIOCJIe MTPOXOXKAEHUA OYMCTHBIX COOPYXKEeHUH B IT.
Cmopsuke u CeBepofaiikajbCKe, yCTaHOBJIEHAa HHU3-
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1. Cosai

Puc.3. Cxema caHuUTapHO-0AKTEPHOJIOTUYECKOTO MOHU-
TopuHra o3epa batikas. Peunsie crannuu: 1 — T'osioycTHas,
2 - Byrynbpetika, 3 — Axra, 4 — Kyuynra, 5 - Capma, 6 —
Penb, 7 — Toia, 8 — Kuuepa, 9 — B. Anrapa, 10 — Tomnyna,
11 - baprysuH, 12 — Typka, 13 — Cenenra, 14 — MbicOBKa,
15 - IlepeemHasn, 16 — CHexHas, 17 — b. OcuHoBka, 18 — CoJi-
3aH, 19 - Cirogsaska, 20 — [Toxabuxa, 21 — Kynaryunas, 22 —
MepisaHka. Ilenarnveckue cranuu: 1 — 12 km ot 0. Kyaryk,
2 - 3 kM ot n. Mapuryii, 3 — n. Mapuryii-n. CossaH, 4 — 3

- TITATHYECKHE CTAHIMI
TIpHGPEIKHBIE CTAHIII
. Hepeesinan @ - TepMATbHBIE HCTOYHIKM

177

kasg 3¢pdeKkTUBHOCTh OoOe33apakMBaHUsA U TOCTYILIe-
HUe YCJIOBHO-IIATOI'€HHBIX U MAaTOTeHHBIX OakTepuil B
Barikan (Potapov et al., 2023). [IpoBefeHHbIE HUCCJIE-
JI0BaHUA YyBCTBUTEJIBHOCTA K aHTUOMOTHYECKUM
BemlecTBaMm y 70 mTaMMOB OaKTepuii, BblIeJIEHHBIX U3
BOJBL 1 y 17 IITaMMOB — U3 OYUILEHHBIX CTOYHBIX BOJ
KOC r. CmiogAaHKY, MOKa3aJiu aHTUOMOTHUKOPE3UCTEHT-
HOCTb KO BCEM UCHBITYeMBIM aHTUOMOTUYECKUM Bellle-
CTBaM ILIMPOKOrO CIeKTpa AeNCTBUA, HCIOJIb3yeMbIX
JUIA JledyeHUs MHQEeKINOHHBIX 3a00sieBaHui (IIeHUINII-
JIMHBL, LedaJoCIOpUHE], KapOaneHeMbl, MaKpOJIW[BL,
AMUHOIJIMKO3U/bl, TeTPalUKJINHB HUTpOQypaHb U

ap.).
4. 3aknoueHue

Ananus pe3yJsibTaTOB CAHUTapHO-0AKTEPHOJIOT Y-
YeCcKOro MOHUTOPHUHTIA 3a NMpeAbAyIUi U HACTOAMMN
BEK JOCTOBEPHO YyKa3bIBAIOT Ha CHIDKEHHEe KauecTBa
BoABl B IpuOpexHol vacTu Baiikaia, a Takxke B IpHU-
TOKax IOKHOM KOTJIOBUHBI €ro: YBeJIMYUJIOCh KOJIU-
yectB0 OKB, TKB ¥ S5HTEPOKOKKOB, MpeBhIIAIoLee
TpeboBaHua CanlluH 1.2.3685-21. B riy60oKoBOOHOM
4acTU o3epa OTMeuYeH BOCXOAAMIMU TpeH[ YMCJIEHHO-
CTU 3HTEPOKOKKOB 3a INocjiefHee AecATuierue. Ilosmy-
YyeHHBIe pe3yJIbTaThl yKa3bIBAIOT Ha IOCTyIJIEHHE B
peKr 1 caMO 03epO HEOUUIeHHBIX MJIM HeJOCTATOYHO
OYMIIIEHHBIX CTOYHBIX BOJ. KaHasn3anuoHHBIE OYUCT-
Hble coopyxeHus rr. CaoasHka u CeBepobaiikaibCK B
HccaeJOBaHHBIN epuof padoranu HeaPpHeKTUBHO, KaK
IOKa3aJu [aHHble CAaHUTapHO-MUKPOOMOJIOTMYECKUX

kM oT n. CossaH, 5 — 3 kM oT . JIucTBAHKA, 6 — n. JIucT-
BAHKa-II. TaHxoil, 7 — 3 kM oT 1. Tauxoii, 8 — M. KpacHsli
Ap-npot. Xapays, 9 — p. Aura-p. Cyxas, 10 — n. bosigakosa
— np. Massie OsibxoHCKHE BOpoTa, 11 — 3 kM oT M. YxaH, 12
— M. ¥YxaH-M. Toukui, 13 — 3 kM oT M. ToHKUI, 14 — 7 KM OT
M. Mxumeii, 15 — M. Xo6oii—-mM. KpectoBriil, 16 — Bapry3uH-
ckuil 3anuB, 17 —Axagemuueckuil xpebet, 18 — UuBBIpKyH-
ckui 3auB, 19 — cr. CosiHeuHasA-YIKaHbU OCTPoBa, 20 — M.
3aBopoTHBII-p. CocHOBKA, 21 — 3 kM oT M. EnoxuH, 22 — M.
Enoxun-n. {aBma, 23 — 3 kM ot 11. [{aBia, 24 — m. KotesibHU-
KOBCKUI-M. AMHYHAakKaH, 25 — 3 kM oT c. Balikanbckoe, 26
— c. Baiikansckoe-M. Typany, 27 — 3 km ot M. Typanu, 28 — p.
Teia—p. HemusaHka, 29 — 7 kM oT 1. HmxnHeanrapcek, 30 — M.
Apan-Mm. Xob6oii, 31 -IIposus Masnoe Mope, 32 — MaJibie OJib-
XOHcKUe BopoTa. beperosole crannun: 1 — . JIucresaHka, 2 —
n. b. Kotsl, 3 — 1. B. l'ostoycTHOe, 4 — 6yx. Ilecuanas, 5 — Oyx.
As, 6 — 3an. Tyralickuii, 7 — Oyx. bazapnas, 8 — Oyx. [llyuss,
9 - 0yx. Pagocts, 10 — 3a71. KypkyT, 11 — M. Bypuiok, 12 — 6yx.
YykoTka, 13 — Oyx. Mangapxas, 14 — 3an. 3yyH-XaryH, 15
- 3aJ1. bapyyn-XaryH, 16 — Oyx. llluga, 17 — M. Yaup0a, 18 —
3as. Xyxup-Hyratickuii, 19 — a. Capma, 20 - 3ai. Myxop, 21
—3aJ1. Upkytckas ry6a, 22 — 6yx. TyTeipxei, 23 — Oyx. Xapus-
Uprnu, 24 — 3an. Xynu, 25 — Oyx. XeITeIpxei, 26 u 27 — 3ai.
3arsum, 28 — n. Xyxup, 29 — m. Enoxun, 30 — r. CeBepobaii-
KaJbck, 31 — 6yx. @posmxa, 32 — 6yx. Asas, 33 — Oyx. XaKychl,
34 - n. MonaxoBo, 35 — n. KypOynuk, 36 — Oyx. 3menHas,
37 - 6yx. Ilemepka (Ymkanbu ocTpoBa), 38 — c. Makcumuxa,
39 — c. Typka, 40 — m. H. Duxanyk, 41 — [locoJyibckuii cop,
42 - r. BabyuikuH, 43 — 1. Tauxoi, 44 — c. Bergpuso, 45 — 1.
Barikasbeck, 46 — r. Cimogsanaka, 47 — . Kynryk. Cta"mnuu tep-
MaJIbHBIX NCTOYHUKOB: 1 — XaKychl, 2 — 3MENHBI.
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anaym3oB. CTOYHble BOABI M3 BHIMYyCKHBIX TPyO KOC
He cooTBeTcTBOBaJM TpeboBanuAM CanlluH 1.2.3685-
21, Koan4ecTBO KOJIU(POPMHBIX OaKTepuil MpeBHIIaio
HOpMaTuBHbBIe 3HadYeHusA. Co3gaHa KoJutekuusa u3 172
KyJIbTUBUPYEMBIX  YCJIOBHO-TIATOTeHHBIX OaKTepuil,
BBIJIEJIEHHBIX U3 BOMBI 03. BalikaJl, 13 OUUITIEHHBIX CTOY-
HBIX BOJ] U MPUOPEXHBIX 'PYHTOB 03epa.

B pesysbTaTe HpOBeleHHOIO aHajM3a MHOTO-
JIETHUX WCCJeOBAaHWI CaHUTAPHO-NOKa3aTeIbHbIX
MHKPOOpPraHmM3MoB Ha o03. bBaiikajy, Mbl mnpepjiaraem
«CxeMy CaHUTapHO-O0AKTEPHOJIOTMYECKOT0 MOHUTO-
punra» (Puc. 3), mo KOTOpoOH ompefesieHle KadecTBa
BOJl JIMTOpPAJIbHOU M IMeJjlarhajbHOU dYacTeil HeoOXo-
JVMO POBOAUTD BO BCe CE30HHBI rofa: 3UMHUH (MapT),
BeceHHU! (KOHel| Mas-HavaJlo UI0H:A), JIeTHUM (aBrycr),
oceHHUI (KOHeI] ceHTAOpsA-Havyaio okTAOps). s baii-
kaJia, cofepxartiero 20% Bceil IpecHOI BOJbI Ha 3eMJle,
0oJIbIIIOe TTPaKTUYECKOe 3HAaUeHNe B HaCTOosAIlee BpeMs
rJ100aJIbHOTO TOTEIJIEHUs Y YCUJIUBAIOIIEroCs: aHTPO-
MoreHHoro (OMOJIOTMYECKOTO M XMMUYECKOT0) BO3Iel-
CTBUsA MMeeT TpobJieMa COXpaHeHMs BOJbI BBICOKOTO
KauecTBa, peryJisipHOe MpOoBefeHre CaHUTapHO-OaKTe-
PUOJIOTUYECKOTO MOHHMTOPUHTa Oy[eT OmepaTuBHO U
JOCTOBEPHO TMOKa3bIBaTh TPEHABl TPO(PHOCTU €ro 3KO-
CHICTEMBI.
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ABSTRACT. Diatom valve morphogenesis occurs under the control of microtubules. It is known that
y-tubulin is an important component of the microtubule center, which controls the polymerization of
microtubules and provides their nucleation in the cell. In this work, using Aulacoseira islandica as an
example, a-tubulin was visualized during valve formation after cytokinesis and during interphase. It was
shown that inhibition of y-tubulin in 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 puM,
with a threefold decrease in the number of dividing cells. The small number of valves formed under
the influence of gatastatin suggests that y-tubulin activity is required both for the nucleation of
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: cytoskeleton, valve morphogenesis, gatastatin, y-tubulin

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.

The efforts of many researchers are aimed at
searching for genetic and cell mechanisms providing
species specific differences in diatom frustule symmetry
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
dynamic polymerization/depolymerization of a- and
B-tubulin (Mitchison and Kirschner, 1984; Caudron
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
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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
morphogenesis still occurred; thus, under the influence
of colchicine, the cells of centric Cyclotella cryptica and
Aulacoseiraislandica (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
microtubules disrupt under the colchicine influence
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
Center (MTOC). Diatoms have a specific acentriolar
MTOC with atypical features (De Martino et al.,
2009). There are variations in the MTOC morphology;
however, y-tubulin underlies all these structures
forming large complexes with other proteins (Zheng
et al., 1995; Oegema et al., 1999). These complexes
do not include a- or B-tubulins, and vy-tubulin is an
essential condition for microtubule nucleation. Earlier,
it was shown that diatom genomes contain a-, 3-, and
y-tubulins (De Martino et al., 2009; Aumeier, 2012;
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Findeisen et al., 2014). More detailed analysis allows to
identify structural features of the predicted amino acid
sequences of diatom vy-tubulin (Khabudaev et al., 2022),
but its significance for silica valve morphogenesis was
not shown.

Gatastatin is a recently synthesized anti-cancer
drug, which is able to bind with y-tubulin and block
microtubule nucleation without influencing a- and
B-tubulin (Hayakawa et al., 2012). The use of gatastatin
makes it possible to demonstrate the role of y-tubulin in
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
main purpose of this study was to study y-tubulin role
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)
at 4°C with natural light and a day-night cycle. The
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 Aulacoseiraislandica 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 uM) and in the
presence of PDMPO (Thermo Fisher Scientific, USA) to
visualize the forming silica frustules. All experiments
were carried out in triplicate. At the end of the
experiment, the cells were fixed with paraformaldehyde
(4% in the culture medium) for 2 hours. After fixation,
the cells were washed with phosphate buffer (0.1 M,
pH 7.0) and mounted on glass slides in Mowiol® 40-
88 (Sigma-Aldrich, Germany) for fluorescent and laser
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
without chloroplast fluorescence or PDMPO staining
were considered dead. Counting was made with an
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optical microscope Axiovert 200 equipped with a blue
filter for light with a wavelength of 546 nm.

2.4. Immunostaining and laser scanning
microscopy (LSM)

To localize a-tubulin, a previously proposed
modified protocol was used (Pasternak et al., 2015).
Cell cultures were fixed with a 2% paraformaldehyde
solution with the addition of 0.1% Triton X-100 in a
microtubule stabilizing buffer (MTSB - PIPES 0.1M,
EGTA 0.01M, MgSO,*7H,0 0.01M, KOH 0.1M, pH
7.0) for 30 min, washed with the same buffer, and
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.
of the chiken a-tubulin were used. Antibodies were
conjugated with Alexa488 (Alexa Fluor® 488 Anti-
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
with buffer, additionally stained with DAPI (10 pg/ml
for 10 min), and mounted on glass using Mowiol® 4-88
(Sigma-Aldrich, Germany).

The samples were examined using a laser scanning
microscope LSM 710 (Zeiss) equipped with a Plan-
Apochromat 63 % /1.40 Oil DIC M27 immersion lens
(Zeiss). Chloroplast autofluorescence was excited with
a 561 nm laser; emission was registered in the range of
650-723 nm. Alexa488 fluorescence was excited with
a 488 nm laser; emission was registered in the range
496-647 nm. DAPI fluorescence was excited with a
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
um). PDMPO fluorescence was excited by a laser with
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
um).

3. Results

Figure 1 shows electron microscopy of the
frustules of Aulacoseira islandica strain 3Mr553. The
strain studied was characterized by the formation of
valves of different lengths in sister cells (Fig. 1A). All
control valves have spatulate connecting spines and
ordered rows of areoles (Fig. 1B). The girdle bands
covering the valves from the beginning of formation
until the next division are sometimes so densely packed
on the valves that they remain there even after harsh
multi-stage chemical treatment (Fig. 1C).

In the cells of the studied strain, a-tubulin was
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.



Bedoshvili Ye.D. et al. / Limnology and Freshwater Biology 2023 (6): 180-189

2A). Microtubule strands are localized in A. islandica
in a thin layer of cytoplasm, and often a single optical
layer is sufficient to visualize them. During the early
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 formed during the experiment
and stained with PDMPO are presented in Figure 3.
During the experiment, the cells that formed the girdle
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 uM, while at gatastatin concentrations from
0.03 to 3 uM, the number of girdle bands remained
approximately the same, but less than in the control.

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 pM, the number
of formed valves and girdle bands was comparable
to control samples (Fig. 4). At concentrations of 3
and 10 pM, all found staining valves had changes in
morphology.

4. Discussion

Earlier, it was shown that diatom y-tubulin is
present in their microtubule center (Craticula cuspidata
— Aumeier, 2012). However, even in the large cells
of some diatom species, visualization of y-tubulin is
hampered by its small size. Of all the diatom tubulins,
v-tubulin was the least conserved (Khabudaev et al.,
2022), therefore poorly visualized by antibodies to
v-tubulin in other organisms. Despite the fact that the
main part of the microtubule center is y-tubulin and
proteins of the y-tubulin complex, the localization of
a-tubulin allows indirect detecting of the microtubule
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 difference is due to the small volume of cytoplasm in
A. islandica cells compared to the previously studied C.
granii.

Tubulins are highly conserved proteins, and the
diatom a-tubulin sequence fragment (426-450 a.a.)
is identical to the homologous sequence of chicken
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Fig.1. Fine structure of valves and girdle bands of
Aulacoseira islandica strain 3Mr553 (SEM). Scale: A — 5 um;
B,C-1 pm.

Fig.2. Visualization of a-tubulin at the early stage of
valve formation and in interphase in one optical section (A,
B) and 3D-reconstructions (A-1, B-1) in the cells of A. islandica
(LSM). Green - fluorescence of Alexa-488 after staining of
a-tubulin, blue - fluorescence of DAPI, red — autofluorescence
of chlorophyll. Scale bar: A, B - 10 pm; A-1, B-1 — 2 pm.

tubulin, from which the antibodies used were obtained.
Thus, although the a-tubulin sequence of 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
using electron microscopy; however, different stages
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.
Due to the short exposure time of gatastatin (48 hours),
most of the valves formed under its influence remain
hidden for examination using SEM. The use of intravital
fluorescent dyes and laser scanning microscopy enables
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to observe the developing valves as 3D-reconstructions.
This method allows to determine accurately the valves
formed specifically in the current experiment.

Previously it was shown that under the influence
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 ug/mlL, unlike gatastatin. The results of the
study show that the effect of gatastatin caused not so
much the formation of abnormal valves but rather a
stop in cell division, accompanied by an arrest of the
valve morphogenesis. Furthermore, under the influence
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
to y-tubulin, but also to a- and p-tubulin, although, the
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

Specific staining enabled to localize a-tubulin in
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.
Inhibition of y-tubulin using the specific inhibitor
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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AHHOTAIIUS. MopdoreHe3 CTBOPOK JUAaTOMOBBIX BOJOPOCJIEN IIPOMCXOJUT MO KOHTPOJIEM MUKPO-
Tpybouek. 3BeCTHO, YTO Y-TyOyJIMH BaXkKHBIH KOMIIOHEHT MUKPOTPYOOYKOBOI'O L[EHTPa, KOHTPOJIHUPY-
I0Ilero moJIMMepUsanuio MUKpOTPyOoUeK 1 obecreurBaloiero ux HyKJjealyio B KjleTke. B HacTosmein
pabote Ha mpuMepe Aulacoseira islandica 661 BU3yasu3UpoOBaH O-TyOyJIMH Npyu MOpGOreHe3e CTBOPKU
U BO BpeMs MHTep®asbl. BeIJIO IOKa3aHo, YTO MHTHOMpPOBaHUe y-TyOyJinHa B kiaeTkax A. islandica npu-
BOJAUT K GOPMUPOBAHUIO CTBOPOK C M3MEHEHHOU CTPYKTYOH U yBeJIM4YMBaeT rubesib KJIETOK B KyJIbType
IIpY KOHIleHTpaluy raractariuaa 3 u 10 MxM, pyu 5TOM KOJIMYECTBO AeJIAMNUXCA KJIEeTOK yMeHbIIaeTcs
B TpU pasa. Majioe KOJIMYEeCTBO CTBOPOK, COPMUPOBAHHBIX [OA BJIMSAHMEM raTracTaTHHA, IO3BOJIAET
NPeAI0JI0OXKHUTD, YTO aKTUBHOCTD Y-TyOyJIMHA TpeOyeTcsa Kak AJiA HykKjleallud MUKPOTPyOOYeK B KJIeTKe,
Tak M AJis Hayajga MopdoreHe3a cTBOpKH. [ToydeHHbIe pe3yJIbTaThl CIOCOOCTBYIOT IOHMMAHUIO POJIA
MHKPOTPYOOUYKOBOIO IeHTpa B MOp({oreHe3e CTBOPOK AUATOMOBBIX BOJOPOCJIEN.

Kimouegvie citoga: nurockesiet, MopboreHe3 CTBOPKH, raTacTaTHH, Y-TyOyJIUH

1. Beepenue

JluaToMoOBble BOAOPOCJIM — OJJHOKJIETOYHBIE
9YKapHoOTHl, NpUHAAJIexalue K rapcTBy Chromista
(Cavalier-Smith, 2018); mopdosorus ux KpeMHe3eM-
HBIX TAHIMpel ouyeHb pasHoo6pasHa (Round et al.,
1990). CucrtemaTrka guaToOMell OCHOBaHa Ha Mopdo-
JIOTUM TaHnupeil U GUIOTeHUM MapKepHBIX T'€HOB,
Taknux kak 18S rRNA u rbcL (Medlin and Kaczmarska,
2004; Theriot et al., 2010). x kpeMHe3eMHble MaH-
IUPU COCTOSIT U3 ABYX CTBOPOK U CHUCTEMBI B3aMMHO
MEPEKPHIBAIOIINXCA KOJIBIIEBBIX IOSCKOBHIX 0OOIKOB
(Pickett-Heaps et al., 1990). JleTaju MaHIUPsA CUHTE3U-
PYIOTCS [OCJIEJOBATEJIBHO B TeUeHNE KJIETOYHOTO I[HK-
JIa; TOCJIE MUTO3a HMPOUCXOAUT MOp(OreHe3 CTBOPKH,
a MOsACKOBBIe 000A4KM (HOPMUPYIOTCA Ha MNPOTAKEHUU
uHTepdassbl.

Vewnuss MHOTHX HCCJIeIoBaTesiell HallpaBJIeHBI
HA IOWCK TeHEeTUYeCKUX U KJIETOYHBIX MEeXaHHN3MOB,
00eCrneynBanIUX BUAOBbIE PA3JIMYUs CUMMETPUU U
CTpOeHUs MaHIpel AuaTomMen. I3BecTHO, 4TO MOpdo-
reHe3 CTBOPOK HaXOIUTCS IO KOHTPOJIEM ITUTOCKeIeTa
U POJIb MUKPOTPyOouek Haubosiee nsyveHa (Tesson and
Hildebrand, 2010; Bedoshvili and Likhoshway, 2021).
ITpaBubHOEe GYHKIMOHUPOBAHNE MUKPOTPYOOUYEK OC-
HOBAaHO Ha [UHAMUYECKOH IIOJINMepU3aIun/JenoJiu-
Mepuzanuu - u B-tybyuna (Mitchison and Kirschner,
1984; Caudron et al., 2005). IToka3aHo, yTo 06paboT-
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Ka KJIETOK JUAaTOMeN WHTHOUTOpaMH MUKPOTPYOOUYeK
IPUBOJUT K PA3JINYHBIM aHOMAJIUAM UX CTBOPOK (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). KosxunuH crocobeH OCTAHOBUTH [EJIEHUE
KJIETKH, OJTHAKO, /I HEKOTOPHIX BUJIOB OBLIIO MOKa3a-
HO, 4TO MOp(OreHe3 CTBOPKHU BCE PABHO MPOMCXOIUT.
Tak Mo BJAMAHUEM KOJIXUIMHA KJIETKU I[EHTPUYECKUX
nuatomeirt Cyclotella cryptica u Aulacoseira islandica
(Oey and Schnepf, 1970; Bedoshvili et al., 2018) dop-
MUPYIOT «JIaTepajibHbie» CTBOPKHU, MOP(OJIOTHA KOTO-
PBIX CXOAHA C HOPMAJIbHOM, OJJHAKO MX JIUIEBAS YaCTh
MpUXkaTa K 3peJIbiM MOsICKOBBIM oboakaMm. [Ipeamnosiara-
JIOCh, YTO Takasg MOP(OJIOTUs CTAHOBUTCS BO3MOXKHOM
MpY HapymeHur paboThl MUKPOTPYOOYEK IMOJ BJIH-
HHEM KOJIXUIIMHA B Hauyase muto3a (Bedoshvili et al.,
2018). [Tocsie 06pabOTKM KOJIXUIMHOM B KJIeTKax IMpo-
HUCXOAT HapylIeHUs B KapUOKWHE3e U LUTOKHHE3E,
YTO MPUBOIUT K GOPMHUPOBAHUIO JIATEPAJILHON CTBOP-
KU B KJIETKE C €JUHCTBEHHBIM fJPOM HeNpaBUJIbHON
¢GOpMBEL.

dopMUpPOBaHNE MHUKPOTPYOOUYEK (M UX HyKJiea-
I[Ms1) IPOUCXOMAAT B KJIETKE He CJIyYalHbIM 00pa3om, a
O/, KOHTPOJIEM CHEIMAJIM3NUPOBAHHOTO caiiTa B KJIET-
K€ — MUKPOTPYOOUYKOBOIO OPraHM3yIOI[ero IMeHTpa
(MTOL]). OuaTomMoBble BOJOPOCTH HMEIOT clienudu-
yeckuil aneHTpuoJisApHbli MTOIL] ¢ aTUNMUYHBIMU OCO-
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6enHoctsavu (De Martino et al., 2009). MopdoJiorus
MTOI] moxeT OBITh pa3HOOOPA3HOI, OAHAKO, B OCHO-
BE €ro CTPYKTYPHI JIEXUT Y-TyOyJIMH, (POPMUPYIOIIIA
KpyTHbIe KOMIUIEKCH ¢ apyrumu 6enkamu (Zheng et
al., 1995; Oegema et al., 1999). 3Tu KOMILJIEKCH He
BKJTIOYAIOT B cebd a- u B-TyOyJsivH, a IPUCYTCTBHE B
HUX Y-TyOyJINHA fBJAeTcs 00s3aTesIbHBIM YCJIOBUEM
UL HyKJleal[nu MUKpOTpyOouek. PaHee 6pLIO mOKa-
3aHO, YTO T'€HOM AUAaTOMel COJepPXHUT TeHHl -, - u
v-TyO6ysmmHOB (De Martino et al., 2009; Aumeier, 2012;
Findeisen et al., 2014). BoJiee meTajibHbII aHaJIN3 I10-
3BOJIIJI  MAEHTUDUIUPOBATh CTPYKTYPHBIE OCOOeH-
HOCTH TIpefiCKa3aHHBIX AMHUHOKMCJIOTHBIX [OCJIe[0-
BaTesJIbHOCTEN y-TyOyJIMHA AUATOMOBBIX BOJOPOCJEH
(Khabudaev et al., 2022), HO ero 3Ha4YeHue AJIA MOp-
(oreHesa KpeMHe3eMHBIX CTBOPOK He OBLIO MMOKAa3aHO.

laTtacraTH — HEJAaBHO CHUHTE3WPOBAHHBIA aH-
THUOITyXOJIEBBIN Ipenapar, CIOCOOHBIN CBA3BIBATHCA C
Y-TyOyJINTHOM U OJIOKUPOBATh HYKJIEALUI0 MHUKPOTPY-
0ouek, He OKa3bIBas CYIIECTBEHHOTO BJIUAHUA Ha O- U
B-ty6ysmmH (Hayakawa et al., 2012). Wcnosp3oBaHue
raracTaThHa IMO3BOJIAET IOKa3aTh POJIb y-TyOyJIMHA
B MopdoreHese CTBOPKU [IUATOMOBBIX BOJOPOCJIEH.
IMpecuoBonuass muaromes Aulacoseira islandica oxa-
3ajlach yAOOHON MoOJesbpi0 JJiA HCCJIeJOBaHUA Hapy-
meHuii Mop@dOJIOTUM CTBOPOK 6Jiarofjaps BBHICOKOMY
3aru0y CTBOPKHM U KPYIHBIM IOSCKOBBIM 00OIKaM.
OCHOBHOU 1eJIbI0 HacTOAI[ell pabOThl OBLIO HCCJIeN0-
BaHHe poJid y-TyOyJjiMHa B MopdoreHe3e CTBOPKHU A.
islandica.

2. MaTtepunanbl ¥ METOAbDI
2.1. KyabTuBMpOBaHUue

[MItamm Aulacoseira islandica Mr553 Gbls1 BhIfE-
JIeH 13 IPUPOJHON MOmyJiAnuu o3. balikan u KyabTu-
BupoBasicsi B cpege DM (Thompson et al., 1988) mpu
4°C, ecTeCTBEHHOM OCBEILleHUU U IUKJIAMU JeHb-HOYb.
[Tpolileiypy BBIFEIEHUS W KYJIbTUBUPOBAHUA TPOBO-
JUIM COTJIACHO OMyOJMKOBAaHHON paHee METOAUKE
(Zakharova et al., 2020).

2.2. CKHupYIOWAaA SNEKTPOHHaA
nmukpockonusa (C3M)

[MTanuupu o6pabaTeiBaj COrJIaCHO IIPOTOKO-
jy, onucanHomy paHee (Kharitonenko et al., 2015).
CycCrneH3uI0 OuMIIeHHBIX MaHIupeldl HaHOCUJIM Ha IIo-
KPOBHOE CTEeKJIO, BhICYyIIMBaId K pasMellanyd Ha CTO-
nuke aiaA COM ¢ noMOIIb0 JABYCTOPOHHEIr0 YIJjiepoA-
Horo ckoTtya (SPI Supplies, West Chester, USA). AHayu3
Mop(doJIoruy NpOBOAUIIY C UCIOJIb30BAaHUEM CKaHUPY-
tomiero 3siekTpoHHoro mukpockorna QUANTA 200 (FEI
Company, Hillsboro, USA).

2.3. O6paboTka ratTacTaTMUHOM

Kynptypy A. islandica wHKyOupoBasid B IpU-
CyTCTBUM raracratiHa B TedeHue 48 yacoB. KoHlleH-
Tpaluu raTtacraTUHa BBIOMpaIM COIJIACHO OIyOJIn-
KOBaHHBIM [JaHHBIM JINTEPATyphl U peKOMeHIalusaM
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npoussouTesis (10, 3, 0.3 u 0.03 mxM). Knetku un-
KyoupoBasiu B npucytctBuu PDMPO (Thermo Fisher
Scientific, USA) 1t Busyanusauuv GoOpMUPYIOIIUXCSA
KpeMHe3eMHBIX [TaHIupel. Bce sxcreprMeHTHl IPOBO-
JUIN B TpeX IOBTOPHOCTAX. IIo OKOHYAaHUU 3KCIepH-
MeHTa KJeTKu ¢ukcrupoBaiy napadopmaabaeruiom
(koHeuHas KOHIleHTpauus B cpefie — 4 %) B TeueHue 2
4acoB, IOCJIe 3TOro OTMbIBaIU (pochaTHbIM Gydepom
(0,1 M, pH 7) u MOHTHpOBaJIM Ha NPeAMETHOM CTeKJie
B cpesie Mowiol® 40-88 (Sigma-Aldrich, Germany) as
(sryopecrieHTHON U Jla3epHOU CKaHUPYIOLell MUKpPO-
CKOIINM.

Krnerku, QopmMmupyoomue [geranyd MNaHIUpA
(cTBOpPKU Ccpasy 1ocJie JieJleHusA WA N0sACKOBEE 000-
KU B TeueHue mHTepdassl) cuurtanu cpegu 100 ciy-
YailHO BCTPEeUYeHHBIX KJieToK. KyieTku 0e3 BHyTpeHHero
coflepXUMoro u (pJiyopecrieHIuN XJIOPOIJIACTOB WUJIU
PDMPO cuuranu B kauecTBe norudbmux. [ToacueT mnpo-
BOAWJIM Ha ONTHYECKOM MuKpockole Axiovert 200,
OCHAIlleHHOM CUHUM OUJIBTPOM AJiA CBeTa C JJIMHOMN
BOJIHBI 546 HM.

2.4. AMmmyHOOKpawiMBaHue U
CKaHMpyolan Aa3epHaa MUKPOCKONUA
(ACM)

Juia nokanusanum o-TyOyJIMHA HCIOJIb30BAJIN
MIPOTOKOJI, IPEeJIOXKEHHBIN paHee, ¢ MOAU(PUKANUAMU
(Pasternak et al., 2015). KjeTku B KyJIbType GUKCUPO-
Banu 2 % pactBopoM napadopmanbaeruaa ¢ gobansie-
HueMm 0,1% Triton X-100 B 6ydepe, cTabuIM3UPYyIOLEM
MukpoTpy6ouku (MTCB — PIPES 0,1M, EGTA 0,01M,
MgSO,*7H,0 0,01M, KOH 0,1M, pH 7) B Teuenue 20
MHH, OTMBIBaJIM TeM e OydepoM M mnepMeabHIN3U-
poBayii B pactBope 1% Triton X-100 u 10% DMSO B
teuerue 20 muH npu 37 °C. BjIoOKMpoBaHUe MPOBOIUIIA
B 2% pactBope BCA Ha MTCB. [114 lokanusanuu o-Ty-
OyJiHa MCIOJIb30BAaJI MOHOKJIOHAJIbHBIE aHTHTesa K
dparmeHTy O-TyOyJiMHA LbIIIeHKa 426-450 a.0., KOHbB-
forupoBaHHble ¢ Alexa488 (Alexa Fluor® 488 Anti-
alpha Tubulin antibody [DM1A] (ab195887), Abcam).
Kiietkn mHKyOMpOBaiyd C aHTUTEJaMU B pa3BefeHUU
1:200 B Teuenue 2 uy npu 37°C, mocje 4ero OTMbIBa-
au 6ydepom, JOMOJHUTENIbHO okpamuBaiu DAPI (10
MKT/MJI B TedeHre 10 MUH) ¥ MOHTHMPOBAJIX HA Mpe-
MeTHEbIe cTekiia B cpefie Mowiol® 4-88 (Sigma-Aldrich,
Germany).

[TpenapaTsl uccjieOBasl Ha Jla3epPHOM CKaHHUPY-
torieM Mukpockorie LSM 710 (Zeiss) ¢ ©UMMepCHOHHBIM
obvexTrBoM Plan-Apochromat 63 x /1.40 Oil DIC M27
(Zeiss). ABTOQJIyOpecIeHIIUI0 XJIOPOIJIACTOB BO30Y-
XAaJiy JIa3epoM C JJIMHOY BOJIHBI 561 HM; SMUCCHIO pe-
TACTpUPOBAIU B AuamnaszoHe 650-723 um. diyopeclieH-
uo Alexa488 Bo30yxaaiu ja3epoM ¢ AJTUHON BOJIHBI
488 HM; 5MUCCHUI0 PErUCTPUPOBAJIN B AuamnasoHe 496-
647 um. @ayopecueniuio DAPI Bo30Oyxaanu jazepoM
¢ JUIMHOM BOJIHBEI 405 HM; 3MHUCCHI0 PerUCTPUPOBaIN B
auanasoHe 410-492 uM. TpexMepHble PEKOHCTPYKLIUU
Ob11M ntoJtydeHsl U3 100 onTuyeckux cpe3oB (ToJIKMHA
1o ocu z 15-30 mxm). @yopecreHnuio PDMPO Bo30y-
KIaJIM Jla3epoM C AJINHOM BOJIHBI 405 HM, SMUCCUIO pe-
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TUCTpUPOBAJIU B Auana3oHe 441-587 HM. TpexmMepHbie
PEKOHCTPYKIMKU ObUIM MoJydeHH U3 100 onTuyecKkux
cpe3oB (ToJiIMHa 1Mo ocu Z 15-70 MxMm).

3. Pe3ynbTaTthbl

Ha Pucyske 1 npefcraBjieHa 3J1eKTPOHHasA MU-
Kpockomnus maHiupeil mramma A. islandica 3Mr553.
J1a nccyieqoBaHHOrO MTaMMa XapakTepHO GopMUpo-
BaHME CTBOPOK C Pa3HOI BHICOTOM 3aruba y cecTpuH-
ckux xyeTok (Puc. 1A). Bce cTBOpKU MMesH JionacTre-
BUAHBIE COeNVHUTEJIbHble IMIWNbl U YNOPsAJOYEeHHBIE
paasl apeos (Puc. 1B). IlosckoBble 000OAKU MOKpPBIBA-
Iole CTBOPKU OT Havasia GOpMHUPOBaHUA [0 CJIEAyIO-
1ero AejieHus B HEKOTOPBIX CJIydasax ObLIN yIIaKOBaHBI
HaCTOJIbKO IIJIOTHO, YTO OCTAaBaJIMCh Ha CTBOPKAaX Jlaxe
nocJjie MHOT'OCTaquMHON XxuMudeckon (Puc. 1B).

B kyeTkax ucciaeJoOBaHHOIO MTaMMa Q-TyOyJIMH
OBLI JIOKAJIN30BaH B UHTepdase M Ha paHHeN CTaauu
dopmupoBaHus crBopku (Puc. 2). JJig KJIETOK B UHTEP-
¢asze OBUIO XapaKTepHO 3Be3/1000pa3Hoe paclipejierie-
HUEe MUKPOTPYOOUeK, NX KPYIIHbIEe MyYKHU PACXOAUIINChH
OT LIeHTpa, IPMUXATOro K APy, U KOCBEHHO yKa3bIBaJIN
Ha pacroJiokeHre MUKpPOTpyOOoUYKoBOro meHrtpa (Puc.
2A). Tsoxu MUKpoTpy6ouek y A. islandica yokanuso-
BaJINCh B TOHKOM CJIO€ ITUTOILJIa3Mbl U YacTO JJIA UX
BU3yasn3anuy ObLJI0 JOCTATOYHO OJHOTO ONTUYECKOI0
ciiosA. Ha paHHux craguax MopdoreHesa CTBOPKH yma-
KOBKa MUKpPOTpyOOoueKk He ObljIa HAaCTOJIBKO IJIOTHOM,
yTOOBI OBITH BUAVMMOM, U KPYIHBIE TSKU MUKPOTPYOO-
yek He ObUTH OOHapyxeHbl (Puc. 2B).

TpexMepHble PeKOHCTPYKI[Y CTBOPOK U MOSICKO-
BBIX 00011KOB A. islandica, cbopMUpPOBaHHBIX BO BpeMs
9KCnepruMeHTa U okpameHHbXx PDMPO, npeficTaBjieHbl
Ha PucyHke 3. 3a Bpems dKCIepHMeHTa KJIETKU ObLIN
CIIOCOOHBI CMHTE3MpPOBATh OT OJHOIO [0 TpeX MOSACKO-
BBIX 0004KOB. Cpequ CTBOPOK, CHOPMHUPOBAHHBIX B
IIPUCYTCTBUU raTacTaTuHa, HabJroaanuch HapylleHuA
Mopdosorun. Ha PrucyHke 3 npeacTaBieHBl OCHOBHBIE
3aperucTprupoBaHHbIE AHOMAJIUM CTPOEHUsA: H3MeHe-
HUA B CTPOEHUM COeJUHUTEJIbHBIX IIWIOB (WU UX OT-
CYTCTBHE) U B PeAKUX CJIydyasx HapylleHue CTpHUaluu
(HeymiOpsiiOYEHHBIE PSAIBI APEOJT).

Jma uccienoBaHHOro mTaMMa OBLJIO XapakTep-
HO NPUCYTCTBUE B KyJIbType He MeHee 30 % nornOmmx
kitetok (Puc. 4). BoJIBIIMHCTBO KJIETOK aKTUBHO (op-
MMpPOBaJid CTBOPKU U MNOsACKOBBe obonku. IIpu Bcex
KOHIIeHTpal[iAaX raracTaThiHa KOJIMYecTBO MepTBBIX
KJIeTOK OBUIO BHIIIE, YeM B KOHTpoJie. Haubosiee HU3-
KHM OBLJIO KOJINYeCTBO c(OPMUPOBAHHBIX CTBOPOK IIPU
KOHIleHTpauusax ratacratuHa 3 u 10 MM, Torga Kak
npu kKoHneHTpauuu ot 0,03 o 3 MKM KOJIMYeCTBO MO-
SICKOBBIX 00OJIKOB OCTaBaJIOCh HUXe, YeM B KOHTpOJIe,
HO ObLJI0 TOuTU 0iHAKOBHIM (Puic. 4). [Ipu koHIleHTpa-
uuax 3 1 10 MM, Bce copMUpOBaHHEIE CTBOPKU MMe-
JIM U3MeHeHUs B MOp(OJIOTUH.

4. 06cyxpeHue

PaHee ObLIO IMOKAa3aHO, 4TO Y-TYOYJIMH y Oua-
TOMel MpeAcTaBJeH B UX MUKPOTPYOOUYKOOM I[EHTPE
(Craticula cuspidata — Aumeier, 2012). OgHako faxe
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Puc.1. ToHKasA CTpyKTypa CTBOPOK M HOACKOBBIX 000A-
kOB A. islandica mTamM 3Mr553 (COM). Maciita6: A — 5 MKM;
b, B - 1 MxM.

Puc.2. Busyanmzanusa o-TyOyJiMHA Ha paHHEN CTaauu
dopMupoBaHUA CTBOPKM M B UHTepda3e Ha ONTHYECKUX
cpesax (A, B) u TpexMepHbIX peKOHCTpykKuusax (A-1, B-1) B
kietkax A. islandica (JICM). 3eneHsniii — (yopecieHIus
Alexa-488 mocse okpaluBaHusA Q-TyOyJauHa, CUHUEN — (IIy-
opecreniuss DAPI, kpacHBII — aBTO(IyOpeCIeHI[Us XJIOPO-
¢una. Macwtat: A, b — 10 mxm; A-1, B-1 — 2 MKM.

B KPYIHBIX KJIeTKaX HEKOTOPHIX AuUaTOMel BU3yasn3-
1y y-TyOyJivHa 3aTpyJHeHa HeOOJIbIINMI pa3MepamMu
MHUKPOTPYOO0UKOBOro IleHTpa. M3 Bcex TyOyJIMHOB OU-
aTOMOBBIX BOJOpOCJeN y-TyOyJIMH HauMeHee KOHCep-
BatuBeH (Khabudaev et al., 2022), mo 3Toii mpu4nHe
€ro CJI0XKHO BU3yaJIM3HPOBaTh C IIOMOIIBI0 aHTUTEJ K
y-TyOyJIUHY Apyrux opraHusmoB. HecMmoTps Ha To, 4TO
riaBHasA yactb MTOL] mpencraBiieHa y-TyOyJIMHOM U
OesikaMy KOMILIeKca y-TyOyJiMHa, JIOKaJau3alus Q-Ty-
OyJinHa NO3BOJIAET KOCBEHHO OIpefesIUTh pacloJio-
xxenre MTOL] B kietkax A. islandica v moka3aTh CTe-
IleHb MOJIUMepu3alud MUKpPOTpyOouek. [[ig KpynHBIX
KJIETOK AMATOMOBBIX BOJOPOCJIEH, B TOM 4ucJe AJA
Coscinodiscus granii (Tesson and Hildebrand, 2010),
TSDKM MMKPOTPyOOuek ObLIM ONKCAaHBl paHee AJIA Kile-
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TOK, IpOXoAAMUX MopdoreHes CTBOPKY, a He JJid Ha-
xofAmuxca B uHrtepdase. BeposatHo, 310 oTinune 00-
YCJIOBJIEHO He0OIbIINM 00BeMOM LIUTOIJIa3MBl KJIETOK
A. islandica B cpaBHeHuu ¢ C. granii.

Kak yxe ynomuHasoch, TyOyJIMHBI BBICOKO KOH-
cepBaTuBHbBle OesIKH, W (PparMeHT NOcJIefoBaTesIbHO-
ctu a-TyoynuHa (426-450 a.o0.) UAEHTUYEH T'OMOJIO-
TUYHOH MOCJIeJ0BaTeJIbHOCTU O-TyOyJIMHA IIbINJIEHKA,
K KoTOopoMy ObLTH Tosty4yeHsl antutesna (Khabudaev et
al., 2022). Takum 06pa3oM HECMOTPs Ha TO, YTO MOCJIe-
JI0BaTeJIbHOCTh O-TyOysimHa A. islandica mosyyeHa He
Obl1a, HeT COMHEHUH B UAeHTU(UKALNH JIOKAJIN30BaH-
Horo 6enka (Puc. 2).

DJIEKTPOHHAsA MUKPOCKOIIMSA [I03BOJISET ONMCaTh
CTPYKTYPY 3peJIbIX CTBOPOK, OJHAKO, pPa3JIMYHbIE CTa-
aun MopdoreHesa CTBOPKH OCTAlOTCA B OCHOBHOM He-
JOCTYIHBIMU [JI1 UCCJIeIOBAHUA, Jake HeCMOTpsA Ha
OYMCTKY MaHIMpel OT OpraHUYecKoro BelecTBa, TaK
Kak (popMUpymoIrecs CTBOPKU 3aKPHITH MOSCKOBBIMU
o6oKkaMU Ha MPOTsKeHHe MopdoreHe3a 1 Bcero Kiie-
TOYHOTO I[UKJIA. M3-3a KpaTKOro BpeMeHU 3KCIIO3ULNHN
c ratactTaTUHOM (48 1) 60JIBIIMHCTBO CTBOPOK CHOPMU-
POBAHHBIX TI0]] €r0 BJIUAHNEM OCTAITCA CKPBITHIMU AJIA
uccesenoBaHusa ¢ nomoubo COM. Mcnosib3oBaHue npu-
KU3HEHHBIX KpacuTesjiell W JIa3epHOU CKaHUpPYIoIIein
MMKPOCKOIIMY N03BOJIAeT HAOII04aTh pa3BUBAOIIIECs
CTBODKU B BHU/JIe TPEXMEPHOU PEKOHCTPYKLUU. DTOT Me-
TOJ cHeJiaj BO3MOXHBIM TOYHO ONpPeAesIUTbh CTBOPKH,
(popmMupymomyecs UIMEHHO B TeKyllleM dKCIlepUMeHTe.

Panee 6bUIO IOKA3aHO, YTO IO BJIMAHUEM KOJI-
xuiuHa KjieTku A. islandica popMHUPYIOT CTBOPKU C
eIMHCTBEHHBIM I[eHTPOM CHMMeTPHUU B pe3yJjbTaTe Ha-
PYLIEHHOI'O IIUTOKUHe3a. B aToM cilydae mpoucxoauT
Mop@oreHe3 CTBOPKU, KOTOpas pacroJiaraeTcsa Kak I'-
raHTCKUH NOsICKOBBIN 00010k (Bedoshvili et al., 2018).
KonxuiH He BBI3BIBAJI BBICOKYI0 CMEPTHOCTb B KYJIb-
Type NpU BBICKOUX KOHIleHTpanuax (20 u 40 MKr/mi)
B OTJINYMe OT raracraThHa. Pe3ysibTaThl HacTOALIErO
UccJieqOBaHNA NoKa3aau, yTo d9¢d@eKT raTacTaThHa fAB-
JisieTcs IPUYMHON He CTOJIbKO (hOPMUPOBaHUsA CTBOPOK
¢ aHOMaJIbHON MOPGOJIOTHEH, CKOJIBKO OCTaHABJIMBAET
JeJjieHWe, nMpu 3TOM OJIOKUpyA MoOpdoreHe3 CTBODKU.
Takxe moj AelicTBUeM raTacTaTMHA He IIPOMCXOAUT
(opmMmupoBaHUe JiaTepaJibHBIX CTBOPOK, YTO MOJXeT
yKasblBaTb Ha HEBO3MOXXHOCTb MopdoreHe3a CTBOPKU
6e3 yuacTusi MUKpOTPYOOUKOBOTrO 1ieHTpa y A. islandica.

H3BecTHO, YTO raTacTaTHH CIIOCOOEH CBA3bIBATH-
CA He TOJIBKO C y-TyOYJIMHOM, HO TaKXe ¢ a- U [-TyOy-
JIMHOM, OAHAaKO, KOHCTaHTa AMCCOLKAIMH C IOC/IeAHNU-
MU Bbiie 6osiee, yem B 10 pa3 (Chinen et al., 2015).
BeposatHo, anomanuu MOpQOJIOTHY CTBOPOK CBA3aHBI
IJIaBHBIM 00pa3oM ¢ 3THUM, a Tak Kak (GopMHUpOBaHHe
COeIMHUTEIBHBIX IHUIMOB y A. islandica mpoucxoaut
Ha MpoTsKeHnH Bcero MopdoreHesa (Bedoshvili et al.,
2018), TO 3TU CTPYKTYyphl ABJIAIOTCA HauboJiee 4yB-
CTBUTEJIbHBIMU K Pa3JIMYHbIM BO3IEICTBUSAM.

5. 3aknouenue

Crnennduyeckoe OKpallMBaHHE IO3BOJIUJIO JIO-
KaJIn30BaTh o-TyOyJIMH B kKjeTKax A. islandica B Bpems
Mop@doreHesa CTBOpKU 1 B mHTepdase. LleHTp HyKIIe-
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KoH4iecTBO KI€TOK, %

0 mkM

0,03 mkM

3 MkM

10 mkM

Puc.3. CrBopku (cJieBa) U MOACKOBBIE 000aKHU (cripaBa)
A. islandica, cdopMupoBaHHbIE MO BJIUAHIEM ratacraTiuHa B
Pa3HBIX KOHIeHTpauusAax (ykasaHsl ciesa) (JICM, TpexmepHas
pexoHcTpyKnusA). Macmrab — 2 MKM.
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Puc.4. MopdoreHe3 CTBOPOK U INOSCKOBBIX 0060JKOB A.
islandica o BIUAHMEM raTacTaTHHA.

arnuyu MUKPOTPYOOUeK OB BU3YaJIM3UPOBAH PANIOM C
AnpoM. Muarubuposanue y-TyOyJiMHA C MOMOIIBIO ra-
TacTaTHHA BbI3BIBAJIO CHIKEHMHE KOJINYecTBa KJIETOK,
¢GopMUpYyIOLIMX CTBOPKM, YTO MpeArosiaraeT Heo0Xo-
AUMOCTb  (QYHKLUHOHUPYIOIEr0 MHKPOTPYOOUKOBOI'O
IleHTpa AJiA Havajia mopdoreHesa. Takum o0pasowm,
[IOJIyYyeHHble pe3yJIbTaThl MO3BOJIAIT PeII0JIOXKUTH,
YTO MHKPOTPYOOUKOBBIM I[eHTP BaXkHas CTPYKTypa He
TOJIBKO B KJIETOYHOM JieJIeHHH, HO U AJIA UHUIANUn
Mop@oreHe3a CTBOPKHU.
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ABSTRACT. Structural and functional peculiarities of the peripheral part of the olfactory analyzer in
fish are considered. The article is devoted to the characteristics of the main types of receptor cells: their
morphology, the peculiarities of their location in the olfactory epithelium, and functional specificity.
Some data on the threshold values of fish chemosensitivity to chemical agents, which have an important

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
of specific forms of animal behavior have not yet
yielded inambiguous results. In this regard, one of
the important problems is the search for morpho-
functional criteria for the sensitivity levels of receptor
cells in animals at different stages of their evolutionary
development. In particular, this concerns the adaptive
behavior of fish, which in the course of evolution have
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
the external environment. The data obtained in fish
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
of feeding, reproductive, social, and other complex
behaviors in fish (Kasumyan, 2004; Calvo-Ochoa
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and Byrd-Jacobs, 2019; Korsching, 2020; Bowers et
al., 2023; Oka, 2023). Similar to other vertebrates,
phylogenetically different fish have a sensory
section of the olfactory analyzer that is essentially a
pseudostratified neuroepithelium consisted of three
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
presence of specific antigenic determinants (markers)
(Bronshtein, 1977; Graziadei and Graziadei, 1979;
Schwob, 2002; Villamayor et al., 2021). The OE of fish
was described to contain five types of olfactory sensor
neurons (OSNSs): ciliated, microvillous, pear-shaped,
crypt, and kappe (Ahuja et al., 2014; Yoshihara, 2014;
Wakisaka et al., 2017).

Similar to other vertebrates, neurogenesis
in the OE of fish is maintained throughout life by
the proliferative activity of regional stem cells,
which produce various types of cells (Graziadei and
Graziadei, 1979; Demirler et al., 2020; Calvo-Ochoa
et al., 2021; Kocagoz et al., 2022). Model experiments
in fish and other animals show that various forms of
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
toxic or neurotrophic factors, after axon transection, or
as a result of bulbectomy (Graziadei et al., 1978; Carr
and Farbman, 1992; Frontera et al., 2016; Cervino et
al., 2017). It was found recently in fish that prolonged
exposure to a non-toxic mixture of amino acids and
peptides leads at first to local neurodegenerative
changes in the OE and then to the development of
compensatory neurogenesis processes (Klimenkov
et al., 2020). Mature OSNs in fish are monospecific

© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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and express only one type of receptors (Sato et al.,
2007). The axons of OSNs expressing a given olfactory
receptor converge on a few defined glomeruli within
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).

Different fish species have a representation
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
odorous substances is mediated in fish by a superfamily
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
(ORs) (Alioto and Ngai, 2006; Bayramli et al., 2017);
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
(Matsunami and Buck, 1997; Pfister and Rodriguez,
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 um. 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
cell narrows sharply to form an axon, which, together
with other axons of similar cells, forms part of the
unmyelinated olfactory nerve connecting receptor
cells to the OB of the forebrain. A dendrite extends
from the upper pole of the cell body; the diameter of
the dendrite is 1-3 um. 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; Rincén-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”,
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specific to amino acids. Hansen et al. (2003) conducted
a study in channel catfish to show that microvillous
neurons can respond to nucleotides and that amino
acid odorants activate both ciliated and microvillous
neurons, but via different signaling pathways.

Owing to the development of
immunocytochemistry methods, intravital visualization
of the functional activity of cells, and transcriptome
analysis, recently researchers began to identify new
morphological types of receptor neurons in fish. In
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.
For example, their proportion in trout and mackerel
is only 2% of the total number of neurons while that
of microvillous and ciliated neurons is 8 and 90%,
respectively (Schmachtenberg, 2006). In some fish
species, these cells are identified not only in adult
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
are characterized by an unusual way of expression,
i.e.,, “one cell type—one receptor”, where the same
receptor is expressed by the entire population of crypt
neurons (Ahuja et al., 2013). In order to determine the
functional specialization of these cells, attempts are
made to identify specific markers that do not occur in
other types of olfactory neurons. They were shown to
express the G proteins Gao and Gaq, adenylate cyclase
I, 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
cells in zebrafish (Bettini et al., 2016). To determine
the spectrum of odorous substances perceived by crypt
cells, studies are carried out to identify their odorant-
binding receptors. Crypt cells were shown to express
a single VIR receptor, i.e., V1R4, coupled to Gai;
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,
their bodies move to more superficial layers of the
epithelium (Hamdani and Dgving, 2007). The authors
believe that these observations demonstrate a direct
relationship between hormones circulating in the blood
and the perception of sex pheromones. To determine the
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,
it was found in crucian carp that the axons of second-
order neurons (forming synapses with crypt cells)
are connected to the olfactory cortex via the medial
tract, which transmits sensory information relevant to
reproduction (Hamdani and Dgving, 2007). Based on
these facts, the authors of the latter work assume that
crypt cells ensure selective perception of pheromonal
sex signals involved in the chemical communication in
fish during spawning. Recently, the patch clamp method
and intravital Ca?* ion imaging were used in a study
on mackerel and juvenile trout to show that different
subpopulations of crypt cells respond to amino acids,
bile acids, or pheromonal signals (Schmachtenberg,
2006; Vielma et al., 2008; Bazédes and Schmachtenberg,
2012). In adult trout specimens, the majority of crypt
cells responded only to reproductive pheromones,
suggesting that their response profile is largely
dependent on the sexual maturity and sex of a given
fish (Bazdes and Schmachtenberg, 2012). Moreover,
experiments in zebrafish with retrograde labeling of
cell crypts by injecting a fluorescent dye into the OB
showed that these cells send their axons to only one
OB glomerulus. This finding indicates the existence of
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
of zebrafish, other “crypt-like” cells were also
identified within the OE, which sent their axons to a
glomerulus that was different from other cell types
(Braubach et al., 2012; Ahuja et al., 2014), which is
contrary to the principle of convergence of axons in
one glomerulus (Mombaerts, 2006). It turned out that
these unusual cells, which were called kappe neurons
for their characteristic shape, express Ga s/olf proteins
and produce no specific markers typical of ciliated,
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
for actin filaments concentrated mainly in the apical
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
teleost fishes of the suborder 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
forming of a dense layer of actin microfilaments with
the central pore. It is assumed that the functional
receptors of odorants generate across this pore the first
intracellular signal from environmental water-soluble
odorants. At the final stage of morphogenesis, the
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
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correspond to specific stage of OSN development.

Recently, another small population of OSNs, pear-
shaped neurons, was described in the surface layers
of the OE in zebrafish (Wakisaka et al., 2017). These
neurons were shown to express the A2c receptor, which
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,
was recently reported to be found in the OE of zebrafish
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-um rod-shaped protrusion capable of moving.
These cells have no axons; however, it is assumed that
they can perform mechanosensory, chemosensory, or
multimodal functions.

3. Olfactory sensitivity of fish

The olfactory sensitivity of vertebrates, including
fish, depends on their age and physiological state as
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
olfactory sensitivity in fish to biologically relevant
signals, researchers apply both behavioral (Kasumyan
and Marusov, 2018; Wagner et al, 2023) and

5]

o))

a

Fig.1. Young (a, b) and mature (c) stages of olfactory
receptor cells morphological differentiation (by laser scanning
confocal microscopy) of Cottocomephorus inermis Jakowlew,
1890 (Cottoidei). (A) - The ellipsoidal nucleus with
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);
(b) - the hole of the pore is significantly expanded due to
actin microfilaments dissociation; (c) — mature cell containing
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.
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electrophysiological approaches (Valdés et al., 2015;
Sato and Sorensen, 2018). Fish demonstrate high
sensitivity to chemical agents that shape complex forms
of their feeding and reproductive behavior. For instance,
electrophysiological recordings from individual goldfish
OSNs revealed that cells are specialized to detect odors
associated with specific biological functions such as
feeding, reproduction, and aggregation (Sato and
Sorensen, 2018). It was also noted that information
about sex pheromones is transmitted by individual,
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®M (Sato and
Sorensen, 2018; Rolen et al., 2003). The sensitivity
threshold to polyamine (feeding stimulants) is 10%M
(Rolen et al., 2003). The minimum concentration of
the male sex pheromone androstenedione is 10'M
(Sorensen et al., 2005). The sensitivity threshold to the
sex pheromone prostsglandin 2a is 10°M (Sorensen et
al., 1988). An even lower threshold of 10''M was found
for putative aggregation cues (Li et al., 1995) (bile acid
mixture) (Sato and Sorensen, 2018).

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
profile of their interaction with the G protein-coupled
receptors.

4. Conclusion

The analysis of works devoted to the study
of adaptive properties of the olfactory system of fish
demonstrates the multivariate features structural
development of their olfactory epithelium. This is
especially true of the representation of certain types
of resceptor cells specific to molecular receptors, the
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
reseption in fish and mammals (Saraiva et al., 2015;
Calvo-Ochoa et al.,, 2019) shows that fish can also
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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1. BBeaenue

B Hacrosmee BpeMs OJHOH U3 aKTyasIbHBIX
npobseM HelpoOHOJIOTUU sBJIsieTCsl u3yveHue QyH-
JaMeHTAJIbHBIX MeXaHM3MOB aJalTUBHOIO (PyHKIMO-
HUPOBaHUs 0O0HATEJIPHOTO aHAIN3ATOPa Y KUBOTHBIX
u yesoBeka (Smith and Bhatnagar, 2019; Dan et al.,
2021; Zhu et al., 2021). B mepByi0 ouepeib, 3TH BO-
MIPOCHI KacamTcsA pacmupoBKU MEXaHU3MOB, KOTOPHIE
00eCreynBaT IMPOLECCH XeMOopeleniuy Ha YpOBHe
nepudepryeckoro oTJesa OOOHATEJBHON CHCTEMBI.
TTONBITKY BBISABUTH KOPPEJIAIMH MEXAY CTPYKTYPOH
PEleNTOPHBIX HEHPOHOB, MX YYBCTBUTEJBHOCTBIO U
peasnu3anuell KOHKpeTHBIX (opM NOBeleHUs XHUBOT-
HBIX He JJaJId [T0Ka OJTHO3HAYHBIX Pe3yJIbTaTOB. B cBA3M
C 9THUM, OJIHON W3 BaXHBIX NMPOOGJIEM SfBJIAETCA IOKCK
MOpdo-OYHKI[MOHATIBHEIX KpUTEpHUeB YPOBHEH YyB-
CTBUTEJIPHOCTU PELeNTOPHBIX KJIETOK Y >XHUBOTHBIX,
HaXOJIAMMXCA HA Pa3HBIX CTYNEHAX UX 9BOJIOLOHHO-
ro pa3BUTHA. B yacTHOCTH, 5TO KacaeTcs afalTHBHOTO
moBe/leHUsl peIb, KOTOPBIE B XOJle 3BOJIIOIUN OCBOWJIN
pasjiMuHble BOJHbBIE TOPU30HTH U XapaKTepU3yIOTCA
BBICOKOH IIACTMYHOCTBI0 MX XEeMOCEHCOPHOTO ara-
para (Korsching, 2020; Calvo-Ochoa et al., 2021). B
9TOM IUIaHe OfHa U3 KJII0OYEBBIX 33/]au COCTOUT B U3Y-
YeHUU TUTIOB PEIeNTOPHBIX KJIETOK, UX MOJIEKYIAPHBIX
PELenTOPOB ¥ MEeXaHU3MOB TPAHCIYKIIMU XUMUYECKUX
CUTHAJIOB BHeIIHel cpefbl. JlaHHbIe, MOJIyYeHHbIe Ha
pBI6ax, MOTYT UMETh BaXXHOe 3HAUeHUe I MOHUMAa-
HUS CTPYKTYPHO-(PYHKIMOHAJIBHON OpraHu3anuu |
9BOJIIOI[UY MEeXaHU3MOB, 00eCIeUnBAIOIINX OOOHATE -
HOe BOCIIPUATHUE.
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Anpec e-mail: iklimen@mail.ru (W.B. KinuMeHKOB)
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2. PyHKUMOHaAbHaA cnieuaru3aums
060HATEAbHBIX peLenTOPHbIX KAeTOK

OOGoHsAHNE BBHINOJHAET BeAyIy0 POJIb B OPraHu-
3al[iy THUIIEBOr0, PENPOyKTUBHOTO, COIMAJIBHOTO U
JPYTrux cJOXHBIX ¢hopM noBefeHus y poid (Kasumyan,
2004; Calvo-Ochoa and Byrd-Jacobs, 2019; Korsching,
2020; Bowers et al., 2023; Oka, 2023). ¥ ¢wuioreHe-
TUYECKHU PA3HBIX PbI0, KaK U y JPYrUX MO3BOHOYHBIX,
CEHCOPHBII OT/IeJT 0JIbPAaKTOPHOTO aHAIM3ATOPA IIPe-
cTaBJisieT coOOM ICeBAOMHOIOCJIONHBIN HelposmuTe-
JINIA, COCTOAMMUN U3 KJIETOK TpeX TUIIOB: pelenTop-
HBIX, OTIOPHBIX M 6a3asbHbIX. [IPUHAAIEXKHOCTD KJIETOK
K OmIpedesIeHHOMY THIy OIpeJessAeTcA M0 MeCTy WX
PaCIIOJIOKEHUST B TOJIIE OOOHATEJIBHOTO JIUTEJHA
(03), mopdosornueckuM OCOOEHHOCTSAM M HaJIN4HUI0
TeX WIM WHBIX ClenuduuecKuxX aHTUTeHHBIX OeTep-
MuHaHT (MapkepoB) (Bronshtein, 1977; Graziadei and
Graziadei, 1979; Schwob, 2002; Brann and Firestein,
2014; Doty, 2015; Glezer and Malnic, 2019; Villamayor
et al., 2021). B O3 pwi6 onucaHo MHATh THUIOB OOOHSA-
TeJbHBIX CeHCOpHBIX HelpoHOB (OCH): XryTHKOBEIE,
MUKPOBUWUIAPHbIE, TPYyIIEBUOHBIE, KPUNT U KaIlle
Heriponsl (Hansen et al., 1999; Ahuja et al., 2014,
Yoshihara, 2014; Wakisaka et al., 2017).

Kak u y Apyrux no3BoHOYHBIX, HeliporeHe3 B 0D
pHIO TOJIepXKUBAETCS HA MPOTSXKEHUHW BCEH XKU3HU 3a
cueT MposmdpepaTUBHON aKTUBHOCTU PerruoHaJIbHBIX
CTBOJIOBBIX KJIETOK, ITPOUW3BOMANINX PA3JIMYHBIE THIIBI
kJteTok (Graziadei and Graziadei, 1979; Demirler et al.,
2020; Calvo-Ochoa et al., 2021; Kocagoz et al., 2022).
MoiesTbHBIE 3KCIIEPUMEHTHI, TIPOBEJIEHHbIE Ha phIOax
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Commons Attribution-NonCommercial 4.0.
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U JIPYTUX JXWUBOTHBIX, MOKAa3bIBAIOT, YTO pa3INYHBIE
(hopMBI CEHCOPHOM JEeNMpUBAIMM MOTYT CYIIECTBEHHO
aKTHBHUPOBATh €CTECTBEHHYIO CKOPOCTh HeWpOoreHe3sa,
CBOVICTBEHHYI0 WMHTAKTHBIM XHBOTHBIM. PaHee ObLjIO
MMOKA3aHO, YTO aKTHBAIUA MPOIIECCOB HEHpOreHe3a B
OO MoxeT ObITh BbI3BaHA WHTpPAHA3aJIbHBIM BBeJeHU-
€M TOKCUYECKHX WJIM HeUpOTpodUUecKux (PakTopOB,
repepe3Koil akCOHOB WJIU B pe3yJibTare OyJIbOIKTO-
mum (Graziadei et al., 1978; Carr and Farbman, 1992;
Frontera et al., 2016; Cervino et al., 2017). HegaBHo Ha
peI0ax YCTAHOBJIEHO, YTO MPOIOJIKUTEIPHOE BO3EH-
CTBHE HETOKCUYHOHN CMeCH aMHHOKHCJIOT W MEeNTHI0B
BHayvajie BeJleT K JIOKAJIbHBIM HeHpoJereHepaTHBHBIM
n3MeHeHUsAM B O3 U Aajiee pasBUTUIO KOMIIEHCATOP-
HBIX IpoueccoB HeliporeHe3a (Klimenkov et al., 2020).
3pensle OCH pupi6O MOHOCHELU(GUYHBI U 3KCIPECCUpy-
10T TOJIBKO OJIUH TUIl 0O0HATEbHBIX perienTopos (OP)
(Sato et al., 2007). HelipoHsl, 5KcIIpeccupyomiye JaH-
HbIll OP, 00beJUHAIOT CBOU aKCOHBI B HECKOJIBKO OIlpe-
JeJIEHHBIX KJIyOOYKOB BHYTPU OOOHSATEJIBHOMN JIYKOBU-
ubl (OJI). 3to dopmupyeT TOomorpaduveckyr KapTy
06paboTK 060HATEIBHBIX CUTHAJIOB B MO3ry (Friedrich
and Korsching, 1997; Shao et al., 2017; Imamura et al.,
2020).

Y pa3HbIX BUJOB PHIO MPeACTaBIEHO OT HECKOJIb-
KUX JEeCATKOB 0 Oosiee ThICAYN (PYHKIIMOHAIBHO aK-
TUBHBIX T'€HOB, KOIUPYVIOINX pelenTOpHbIEe OeJiKu
(Saraiva and Korsching, 2007; Alioto and Ngai, 2006;
Calvo-Ochoa et al., 2019; Policarpo et al., 2022). 06-
HapyXeHMe TMaxy4yux BeIlecTB y PhIO omocpeayercs Cy-
IepceMerCTBOM PeIeNTOPOB, CBA3AHHBIX ¢ G-0esKoM
(Korsching, 2009; Calvo-Ochoa et al., 2019; Policarpo
et al., 2022). Pa3iM4ai0T TPU TUMA PELIENTOPOB: OOOHS-
TesibHBIe perienTopsl (Alioto and Ngai, 2006; Bayramli
et al., 2017), pelienTopsl, aCCOIMUPOBAHHBIE C BOCIPU-
arueMm cienoB amuHoB (TAARs) (Michel et al., 2003;
Saraiva and Korsching, 2007; Dieris et al., 2021;
Dewan, 2021) u BoMmepoHasasbHble penienTopsl (V1R,
V2R), KOTOpble, Kak IpeAroJaraeTcsa, MOryT CBA3bIBATh
depomonn (Matsunami and Buck, 1997; Pfister and
Rodriguez, 2005; Kowatschew and Korsching, 2022;
Kowatschew et al., 2022).

CaMy10 MHOTOYMCJIEHHYIO TPYIIY PeIEenTOPHBIX
KJIETOK 00pa3yloT >XT'yTHUKOBBIE YW MUKDPOBUJLISPHBIE
OCH. Onu sABAIOTCS OUMOJISAPHBIMU HeHpOHaMU, Teja
KOTOpBIX HaxoAaArcA B Toume O3. KileTku nMeroT Be-
peTeHOBUAHYI0 (HOPMY C IOMEepeYHbIM AUuaMeTpoM 5-8
MKM. B mpusiepHOli 30He JIOKAJIM3YIOTCA KaHAJIbI I'pa-
HYJIAPHOI'O 3HOIUIa3MaTUYeCKOr0 PETUKYJIyMa, arlia-
par TojbaXu, MUTOXOHADPWUH, MYJIbTHUBE3UKYJISIPHBIE
TeJiblla, CBOOOAHBIE PO3ETKH PUOOCOM U JIpyTrUe Opra-
HeJUThl. TeJl0 HYXXKHEH 4YacTU KJIETKH, Pe3KO CYXasch,
o6pa3yeT aKCOH, KOTOPHIM B COBOKYITHOCTU C JIPYTUMU
aKCOHAMM aHAJIOTUYHBIX KJIETOK BXOJUT B COCTaB He-
MUEJTM3UPOBAHHOTO OOOHATEIFHOTO HEPBA, CBA3BIBAIO-
miero perenTopHele kietku ¢ OJI nepeanero mosra. OT
BEPXHETO TOJII0CA TeJIa KJIETKU OTXOAUT AEHAPUT, AU-
aMeTp KOToporo cocrasjseT 1-3 MkM. B ruromniasme
JeHApuTa OOBIYHO pacnoJiaralTcs pparMeHTHl IJ1agKo-
ro dHJOIJIa3MaTHYECKOTO PETUKYJIyMa, MUTOXOHAPUHN
Y MUKPOTPYOOUKHU. ATMKAJIbHBIHI YYaCTOK peleNTOPHBIX
KJIETOK MOXET MMETh BBIPOCTHI ABYX Pa3HOBUIHOCTEN
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— XT'YTUKU WM MUKPOBUJLIBI, HE UMeIoIIie MUKPOTY-
OyssApHOro annapara. [lo 3ToMy Ipu3HaKy uUX Moapas-
JeJIAI0T Ha XTCYTUKOBBIE U MUKPOBUJLJIAPHBIE peller-
TopHBIe KJIeTku (Yamamoto, 1982; Zeiske et al., 1992;
Belanger et al., 2003; Lazzari et al., 2007; Hansen and
Zielinski, 2005; Pintos et al., 2020; Rincén-Camacho et
al., 2022; Bettini et al., 2023). XrytukoBsile OCH wnc-
MOJTIB3YIOT CUTHAJIbHBIA Kacka Golf/ageHnmaTiukiasa
AA aKTUBALMU LUKJIMYECKUX HYKJIeOTHU/-ymnpasJise-
Mbix (CNG) kaHasioB, MukpoBuisApHele OCH ncnosb-
3y10T Gq/docdonumnazy C Bmecte ¢ TRPC2 (Speca et al.,
1999; Hansen et al., 2003; Sato et al., 2005). C nomMo-
IIbI0 3J1EKTPOO0JIb(AKTOrpaMMBbl TOKA3aHO, YTO XIYTU-
kxoBele OCH (xkOCH) pearupyioT Ha >XHpHbIe KHCJIOTHI,
a MUKPOBWLIApHbIe KieTku (MOCH) 4yBCTBUTEIBHBI K
amuHokuciaoraM (Thommesen, 1983). [Toxoxue peak-
UM MUKPOBWIJIAPHBIX HEHPOHOB HAa aMUHOKHCJIOTHI
OBLIM 3aperucTPUpOBaHBI U B Apyrux paborax (Speca
et al., 1999; Lipschitz and Michel, 2002). [To MHeHUO
Sato K., Suzuki N. (Sato and Suzuki, 2001), ocHoBaH-
HOMY Ha MU3y4eHUHM OOOHAHHUA y pafyXHOU dopenu,
KOCH sABJAI0OTCA «yHHUBepcaJucTaMu», KOTOpbIE pea-
THUPYIOT HA MIMPOKUI CIIEKTp 3allaxoB, BKJ04as ¢epo-
MOHBI, Torga kak MOCH ABIAIOTCA «CIeluaiuCcTaMu»,
crneruUYHBIMU /11 aMHUHOKUCJIOT. B uncciemoBaHuu
(Hansen et al., 2003) Ha kaHaJbHBIX COMUKAX IOKa3a-
HO, YTO HYKJIEOTU/BI JeUCTBYIOT HaA MUKPOBUJLJISIPHBIE,
a AaMUHOKMCJIOTH Ha XT'YTUKOBBIE I MUKPOBUJLISPHBIE
KJIETKHU, HO Yyepe3 pa3Hble CUTHAJIbHbIE My TH.

B cBsA3u Cc pa3BUTHEM METOJIOB UMMYHOIIUTOXU-
MUY, TPWKU3HEHHOU BU3yau3aruu (QyHKIMOHAIb-
HOUW aKTHMBHOCTHU KJIETOK U aHaJin3a TPaHCKPUIITOMA
B IOcJeJHee BpeMs y PBIO CTajud BHIEJATb HOBBHIE
MOpGOJIOTUYecKre THUIbl pelleNTOPHBIX KieToK. Kpo-
Me yXe YHOMAHYTBIX XI'YTUKOBBIX U MHKPOBUJLISD-
HBIX HEPOHOB HeJaBHO OblyIa OOHaApyXXeHa ele oJHa
PA3HOBUIHOCTh YYBCTBUTEJIbHBIX 3JIEMEHTOB — KDUIIT
kietku (Hansen and Zeiske, 1998; Hansen and Finger,
2000; Ferrando et al., 2010; Ahuja et al., 2014; Lazzari
et al., 2022). JlaHHBIN THUI KJIETOK IMPEJCTABJIAET CO-
00l caMyl HEMHOTOYMCJIEHHYI0 TPYIIIY PperenTop-
HBIX HelpoHOB. Hampumep, y ¢openu u ckymopuu
Ha UX JI0JII0 IPUXOAUTCA TOJIBKO 2 % KJIETOK OT 00-
IIero 4ucja HeUpOHOB, TOTAAa KaK MUKPOBUJUIAPHBIE
U KTyTUKOBBIE COCTABJIAIT 8 U 90 % COOTBETCTBEHHO
(Schmachtenberg, 2006). ¥ HEKOTOPBIX BUIOB PHIO 3TH
KJIETKU BBIABJIAIOTCA HE TOJIBKO YV B3POCJIBIX 0co0el, HO
u Ha 2-3 cyTku nx passutua (Camacho et al., 2010).
Ot1inunuTesbHass OCOOEHHOCTh KPUNT KJIETOK COCTOUT
B TOM, YTO UX TeJia paclojliaraloTcsA B caMOM BepXHEM
cioe O3 U uMelT cpepudecKyr WUy I'PYLIEBHAHYIO
¢popmy. OOGBIYHO OHM TOJIHOCTBIO OKPYKEHBI TeJlaMu
OIHOU WJIU ABYX ONOPHBIX KJIETOK, C KOTOPBIMU OHU
(GopMUPYIOT JIOKaJIbHBIE IJIOTHBIE KOHTAaKTHI, obecre-
YrBalollie yCTOMYMBOCTh KJIETOK K MeXaHUYeCKUM Ha-
npsokeHuAM (Schmachtenberg, 2006). Cuutaercs, 4to
KPUIIT KJIETKU He MMEeIOT BbIpakeHHbIX JeH/PUTOB, a
UX pelLleNTOPhIN y4acTOK CHa0XeH Kak XI'yTUKaMU, Tak
u mukpoBwiamu. (Hansen and Finger, 2000). Kpunt
KJIETKU XapaKTepU3yIoTCs HeOOBIYHBIM CIIOCOOOM 3KC-
rpeccur — «OAWH TUN KJIETOK — OJUH PerenTop»,
IpuYeM OAWH U TOT Xe PerenTop 3KCIpeccUupyeTcs
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BCel nmonyJiAnuen KpunT HelipoHoB (Ahuja et al., 2013).
UtoO0s! onpefenTh GyHKIMOHAJIBHYIO ClIel[aIu3aluio
9TUX KJIETOK, IIpeIIPUHHUMAIOTCA MONBITKU BBIABUTH B
HUX crnenuduyeckre MapKephl, He BCTpeuvalolmuecs B
Jpyrux Tunax OOOHATeJbHBIX HelpoHOB. [lokazaHo,
YTO OHM dKcrpeccupyoT G-6enku Gao u Goq, ageHu-
natuukiasy I, rauanbHBIT MapkepHbIH 6emok S-100
u TrkA-ir. Tem He MeHee, OTMeYaeTCs, YTO TU OeJIKU
MOTYT OBITh IpeJicTaBJIeHbl He BO BCeX KPUMNT KJIeTKax
(Hansen et al., 2003; 2004; Catania et al., 2003; Vielma
et al., 2008). [To3xe, B KaueCcTBe HAAEXKHOIO MOJIEKY-
JIIPHOTO MapkKepa KpUINT KJIETOK y JaHUO 3apeKOMeH-
JoBajia cebs THpO3MHOBasA MpoTenHKHHa3za A (Bettini
et al., 2016). [na ompefnesieHUsA ClieKTpa 3araxOBBIX
Bell[eCTB, BOCIIPMHUMaeMbIX KpUNT KJIeTKaMy, B HaCTO-
Allee BpeMs BeAyTcs pabOTHl MO MAeHTUOUKALNUN UX
OZOPaHT-CBA3BIBAKIINX pelenTopoB. I[lokazaHo, 4YTO
KPUNT KJIETKU 3KCIPECCUPYIOT eAUHCTBEHHBIN pellen-
top Tuna V1R, V1R4, cBazanHbili ¢ Gai, U XOTA UX JIU-
raH/ibl HEM3BECTHBI, OBLJIO BBICKA3aHO IPEATIOJIOXeHNeE,
YTO 3T peleNTOpPHl pearupywT Ha pepomonsl (Ahuja
et al., 2013). B IIUTOXUMHYECKUX UCCJIEJOBAHUSIX, ITPO-
BeJIeHHBIX Ha KapacsAx, yCTaHOBJIEHO, YTO JIOKAJIN3aIuA
YYBCTBUTEJIbHBIX K (PepOMOHAM KPUIT KJIETOK B pa3Hoe
BpeMs rojia CyllecTBeHHO U3MeHsAeTCs, IpuieM, JIeETOM
— IpU Ilepexojie K HepecTy — UX TeJja IlepeMeljaTcs
K 6oJlee MOBEPXHOCTHHIM cjiosM asnutenus (Hamdani
and Dgving, 2007). Kak mojiaraioT aBTOpbI, 3T Ha0JIi0-
JeHus OeMOHCTPUPYIOT HalM4ue MpsAMOU B3anMOCBA-
31 MeXAy LUPKYJIUPYIUMMU B KPOBU T'OPMOHaMHU U
BOCIPHUATHEM OJIOBBIX (hepOMOHOB. J{Jif oripeiesieHuA
CIeKTpa OAOPAHTHOM YyBCTBUTEJIBHOCTU KPUIT KJIETOK
[IpeJICTaBJIAIT UHTepecC NCCAeNOBaHUA 110 BBIABIEHUIO
HEMPOHHBIX MPOEKIUIN 3TUX KJIETOK B I[€HTPAJIbHBIX
CTpyKTypax Mosra. Tak, ycTaHOBJIEHO, YTO y Kapacs
aKCOHBI HEIPOHOB BTOPOro nopsaka (obpasymoue cu-
HAIChl C KPUIIT KJIETKAMU) CBS3aHBI ¢ OOOHATETbHOU
KOpPOH 4Yepe3 MequasibHBIN TPAKT, KOTOPHIN IepeaaeT
CEHCOPHYI0 MH(OPMAIUIO, CBA3AHHYI0 C Pa3MHOXeHU-
eMm (Hamdani and Dgving, 2007). Ha ocHOBaHWU 3TUX
¢axkToB aBTOpH mMoOcjefHel paboThl MPeAIosaramT,
YTO KPUNT KJIeTKH o0OecleYrBaloT CeJIeKTHBHOe BOC-
[pUATHE MO0JIOBBIX (epOMOHAIbHBIX CUTHAJIOB, y4a-
CTBYIOIIMX B XMMHUYECKOHM KOMMYHMKALIUU pHI0 BO Bpe-
Ms HepecTa. HefaBHO ¢ moMornbio Metoa Patch Clamp
Y MPUXU3HEHHON BU3yasu3anuu uoHoB Ca* ymasochk
1oKa3aTh, YTO y CKyMOpHUU U Mojoau popeau pasinyg-
Hble CyOnonyJiAlUY KPUNT KJIETOK pearupyloT Ha aMu-
HOKMCJIOTHI, XeJTYHble KHCJIOTHL, 100 (hepoMOHaIbHbIE
curHasibl (Schmachtenberg, 2006; Vielma et al., 2008;
Bazdes and Schmachtenberg, 2012). IIpu aTom y 3pe-
JIBIX 0ocobeil (opes GOJIBIIMHCTBO KPUMT KJIETOK OT-
BeyaJI0 TOJIbKO Ha pelnpoAyKTHBHBIE (PEPOMOHEI, 4TO
TOBOPHUT O TOM, YTO NPOMUJIb UX OTBETOB CYILIECTBEHHO
3aBUCHUT OT TIOJIOBOH 3peJIOCTU U moJia peiobl (Bazdes
and Schmachtenberg, 2012). Kpome Toro, skcrepu-
MEHThl Ha JaHWO C peTpOrpajHbBIM MedeHHeM KpHIIT
KJIETOK IIyTeM MHbeKIMHU (PJIyOpeclieHTHOTO KpacuTeJis
B OJI nmokasayiu, 4YTO AaHHbIe KJIETKU IIOCBUIAIOT CBOU
aKCOHBI TOJIBKO B OJIUH KJIybouek OJI. DTo cBUAETEb-
CTBYeT O CyIleCTBOBAaHMHU CIleaJIM3UPOBAaHHON «Me-
YeHON JIMHHU», 00beqUHAIIEeN 3amaxoBble CUTHaJIBI
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OT BCceX Npe/ICTaBJIeHHBIX B SIIUTEJINN KPUNT KJIETOK B
oxuHoi riomepyJie OJI (Ahuja et al., 2013).

B xone m3yueHus osibpakTOpHOro anmnapara Ja-
HHO B npefesaax O ObuIM NASHTUDUIUPOBAHEI TaKXe
JIpyTue «KpUNT-NoJ00HbIe» KJIETKH, KOTOpble IOChLIA-
JI CBOM aKCOHBI B OTJIMYHBIN OT JPYTUX TUIIOB KJIETOK
kiy6ouek (Braubach et al., 2012; Ahuja et al., 2014),
YTO He COOTBETCTBYeT NPUHIUILY CXOAUMOCTU aKCOHOB
B ojgHOU riiomepyyie (Mombaerts, 2006). Oxa3aJocs,
YTO 3TH HeOOBIYHBlE KJIeTKM, Ha3BaHHbIe M3-3a HUX Xa-
pakTepHOI GopMbl “Kamnrne” HelipoHaMU, SKCIIPeCCUpy-
10T Ga s/olf 6esku 1 He MPOU3BOAAT clelPUIeCcKUX
MapKepoB, CBOWCTBEHHBIX [JI XXI'YTMKOBBIX, MUKPO-
BWUIAPHBIX M KpPHUIT KJeTOK. VIMMyHOXuMHuyeckoe
OKpalllVBaHUe KaIle KJIETOK He BBIABUJIO Y HUX TyOy-
JINHA, BCJIEACTBHE Yero o MHEHHI0 HeKOTOPBIX aBTO-
pOB OHU He cojiepxaT pecHuuek (Ahuja et al., 2014).
B aToi1 e paboTe oOHapyXeHO MO3UTHMBHOE OKpallu-
BaHUEe Ha aKTUHOBBIE (DUIIAMEHTHI, COCPEIOTOYEHHBIE
[JIaBHBIM 00pa3oM B anuKaJbHOM OTJejie KJIeTKH.
B cBA3M ¢ TeMm, YTO aKTUH ABJIAETCA BaXXHBIM KOMIIO-
HEHTOM MUWKPOBUJLJI, aBTOPHI CKJIOHAITCA K TOMY, 4TO
Kammne KJIeTKH cofepXaT TOJIbKO MUKPOBUJLUIAPHBIE
oTpoctku. [lo HameMy MHEHHI0, Hy’)KHO C OCTOPOXHO-
CTBI0 OTHOCUTHCA K UCIOJIb30BAHUIO aKTHHA B KayecTBe
MapKepa KpUNT KJIeTOK, TaK Kak [o34Hee OH OBl 00-
HapyXeH y KOCTUCTHIX pbib omoTpsaaa Cottoidei B neH-
JpUTax U B TepMUHAJIAX Y MoJiofeix OCH Ha KOpOTKOM
oTpe3Ke BpeMeHM B IIpollecce UX MUTpally U BCTpa-
uBaHus B noBepxHocTh 0D (Klimenkov et al., 2018).
B wacTHOCTH, yCTaHOBJIEHO, YTO 110 Mepe pa3BUTHUA B
anuKaJbHOM OTJeJie peLleITOPHBIX KJIETOK obpa3yeTcs
IIJIOTHBIN CJI0H aKTUHOBBIX MUKPOGMUIaMeHTOB, BHYTPU
kotoporo dopmupyerca nopa. [Ipeamnosaraercs, 4to
(yHKIMOHA/IbHBIE PeLlelTOPhl OJI0PAaHTOB I'eHePUPYIOT
yepe3 3Ty [OPY HepBblll BHYTPUKJIETOYHBIN CUTHAJI OT
BOJOPacTBOPUMBIX OJOPAHTOB OKpY’Kalollleil Cpefsl.
Ha 3zaxsounTesibHON cTaguu MopdoreHesa IpuMeM-
OpaHHBIN CJIOW aKTHMHA MCYe3aeT U COXPAHAETCS JIUIIb
B MeCTax IJIOTHBIX COeVHeHN! C COCeJHUMU ONOPHEI-
Mu kietkamu (Puc. 1). Takum ob6pa3om, 5TH AaHHBIE
[IOKA3bIBAIOT, YTO MOJINMepH3alyis aKkTUHA MOXeT OBITh
BPEMEHHOH U OTPaXaTh ONpefieJIEHHbIN 3Tal Pa3BUTHA
OCH.

HepnaBHO B moBepXHOCTHBIX cjioAx OO paHuo
ObUIa omuicaHa elle oAHA HeOoJIbIIAA MOMYJIALUA Hell-
poHOB — rpylenonobHeie kjietku (Wakisaka et al.,
2017). [Toka3aHo, YTO 3TU HEHPOHBI IKCIIPECCUPYIOT pe-
nentop A2c, KOTOPHIN MPeACTaBJIeH Y HU3MINX BOJIHBIX
OpraHusMoB U obeclieynBaeT BOCIPUATHE afeHO3MHa
(Kowatschew and Korsching, 2021). I'eH, KOAUPYIOIIUI
3TOT pelienTop, He OOHapyXeH y NO3BOHOYHBIX, Bely-
IIMX Ha3eMHbIN 06pa3 xu3Hu. HeraBHO coodianoch 06
elfe OJHOU Pa3sHOBUAHOCTU KJIETOK, OOHAPY>XeHHOU B
OD JIMYMHOK JJaHNO — 060oHATe IbHbIEe nasiouku (Cheung
et al., 2021). Teyia 3TUX KJIETOK PACIOJIOXKEHHI B BEPX-
HUX OTJeJIaxX dIIUTeJNsA, IpUuYeM, UX aluKaJIbHBIN yda-
CTOK COAEPXHUT CHOCOOHBIN K ABMXXEHUIO MaJIOYKOBUA-
HBIH BBICTYN JJIMHOU 5-10 MKM. Y JaHHBIX KJIETOK He
oOHapyXeHBl aKCOHBI, TEM He MeHee, IIpeAToJiaraeTcs,
YTO OHHU MOT'YT BHIINOJIHATH MEXaHOCEHCOPHBIE, XeMO-
CeHCOpHBIE WJIM MYJIbMOJAJIbHbIE QYHKITUH.
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3. O6oHATEeAbHAA YYBCTBUTEABHOCTD Y Pbi6

OOoHATelPHAA YYBCTBUTEJBHOCTh IIO3BOHOY-
HBIX, BKJII0YasA pbI0, 3aBUCUT OT UX BO3pacTa, GU3no0JI0-
ruyeckoro coctosHus u skosioruu (Keller-Costa et al.,
2014; Wakisaka et al., 2017; Doyle and Meeks, 2018; Li
et al., 2023; Wagner et al., 2023).

Juia ompeiesieHUsA pa3jIMYHbBIX MapaMeTpPOB OJIb-
(paKTOpHOTr0 BOCHPUATHUA phibamMu OMOJIOTUYECKU 3Ha-
YUMBIX CUTHAJIOB MCIOJIB3YIOTCS KaK IOBefeHuYecKue
(Kasumyan and Marusov, 2018; Wagner et al., 2023),
TaKk U dJiekTpodusuosiornyeckue moaxodn (Valdés
et al., 2015; Sato and Sorensen, 2018). PriObI JJeMOH-
CTPUPYIOT BBICOKYI0 YYBCTBUTEJIBHOCTh K XUMUYECKUM
areHTam, KOTOpble MpeAonpeAesissioT CJI0XHbIe HOPMBI
UX MHUIIEBOTO U PeNpOoAyKTUBHOIO MoBeAeHusA. B vact-
HOCTH, 3JIEKTpOHU3UOJIOrhueckas 3amuch OT OTHAesIb-
Heix OCH 30Js10TOr0 Kapacs MoKa3blBaeT, YTO KJIeTKU
crelyaJiIn3upoBaHbl HA OOHAPY’KeHUH 3allaXx0B, CBA3aH-
HBIX C KOHKpPeTHBIMH OHOJIOTHYeCKMMHU (QYHKIHAMU,
BKJIIOYAs NMTaHUeE, pasMHOXXeHHe U arperanuio (Sato
and Sorensen, 2018). IIpu 3TOM, OTMeYaeTCsA, YTO UH-
(opmarysa o moJIOBHIX (HepOMOHAX IepeaeTcs OTAeb-
HBIMU y3KO HacTpoeHHbBIMU OCH, B TO BpeMm Kak aMu-
HOKHCJIOTHI U pyrye CUTHAJIBl NTUTaHuA (T0JIMaMUHBI,
HYKJIEOTHUBI), O-BUIUMOMY, PACIO3HAITCA OOJIBIINM
kosnuectBoM OCH (Sato and Sorensen, 2018). ITopor
oOHapyXeHUsl OTAEJbHBIX L aMUHOKUCIOT (ajlaHuH,
apruHUH, TJIYTAMUHOBAs KHCJIOTA, METHOHUH), OT-
HOCAIMMXCA K paclnpocTpaHeHHBIM muieBbiM (Hara,
2006; Rolen et al., 2003) ctumysiam, cocrasisier 108M
(Sato and Sorensen, 2018; Rolen et al., 2003). ITopor
YYBCTBUTEJIBHOCTH K TMOJIMaMHHAM (MUIEeBBIE CTHMY-
JIBI) HaXOJUTCA Ha TakoM e ypoBHe — 10°M (Rolen
et al., 2003). MuHUMAaJIbHAsA KOHIIEHTPAIKA MYXCKOTO
1oJioBoro ¢pepoMoHa, aHAPOCTEHAMOHA COOTBETCTBY-
er10'M (Sorensen et al., 2005). TTopor BoOCIpHUATHA
10JI0BOTO (pepoMOHa IpocTarjaHauHa 2a paseH 10°M
(Sorensen et al., 1988). Eiie 60J1ee HU3KUI MOPOT OOHA-
PYXeH [Uis mpeAnojiaraeMoro curHasa arperanuu (Li
et al., 1995) (cMmech xemuHbIX Kucjior) — 101'M (Sato
and Sorensen, 2018).

B mocsteHME TOMBI UCTIOJIB3YIOTCA TAKXE METO-
Bl COBMECTHOT'O WCIIOJIb30BAHUS CAWT-HAIPABJIEHHOTO
MyTareHe3a U MOJIEKYJIIPHOTO MOJIeJIMPOBAHNUS B3au-
MOJENCTBUS OOOHATEJBHBIX PELEeNTOPOB C IMOTEHIH-
anpHbIMU offopadTamu (de March et al., 2018; Cong et
al., 2019). 3To gaeT BO3MOXHOCThb UIEHTUDUITMPOBATD
TUN JINTAHIOB U AUHAMUKY WX B3aUMOJIENCTBUSA C pe-
LlenTopaMy, CBA3aHHBIMU ¢ G GeJIKOM.

4. 3aknoueHue

Anamu3z  paboT, TOCBALIEHHBIX  H3YYEeHUIO
aJaliTUBHBIX CBOMCTB OOOHATEJIbHON CHUCTEeMBI PBhIO,
JIeMOHCTPUPYET  MHOTOBAapUAHTHBIE  OCOOEHHOCTHU
CTPYKTYPHOTO pa3BUTUA UX OOOHATEJBHOIO 3IIHTe-
. OcobeHHO 3TO KacaeTcs IMpeICTaBUTEIbCTBA TeX
WJIM MHBIX TUIIOB PeI[eNTOPHBIX KJIETOK, CHerbUYHBIX
[0 MOJIEKYJIIPHBIM pellenTopaM, KJiaccy BOCIIPUHU-
MaeMBIX OJIOPAHTOB U MYTAM HMX TPAHCAYKIUU. JTO
BaXXHO HE TOJIBKO C IMO3UIUM H3yYeHHs MeXaHU3MOB
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Puc.1l. Pannue (a, 6) u 3penas (B) craguu mopdoio-
rudeckonl  auddepeHIPOBKY  OOOHATEJIBHBIX — PErenTop-
HBIX KJIETOK (0 JaHHBIM KOH(OKAJIbHON MUKPOCKOIUH) Y
Cottocomephorus inermis Jakowlew, 1890 (Cottoidei). (A) —
BHYTPU MOJIOJION KJIETKH pacIoJiaraeTcs BHITAHYTOE Ao,
MUTOXOHJIPUU U LIMPOKUH cJI0H npuMeMbpaHHoro F-akTuHa.
B Tosme akTMHOBBIX MUKPOGWUIAMEHTOB TepMHHasb JeH-
JIpUTa COAEPXKUT NOPY, KOTOpasd OTKPHIBAETCA B IIUTOILJIA3MY.
BriesieH u yBesnmueH (parMeHT BepUIMHBI C MOPOH (Kpac-
HBIM OTMeYeH y4acTOK MeMOpaHbl HaJ Hopoi); (6) — mpocBeT
IIOpHI CYIIeCTBEHHO pacUIMpeH BCJeACTBUE Pa3bOpKU aKTU-
HOBBIX MUKpOG®UIaMeHTOB; (B) — 3peJias kjeTka: F-akTuH co-
JIepXXUTCS TOJIBKO B 00JIACTH IJIOTHBIX KOHTAKTOB (IIOKa3aHO
durypHoit ckoOKol) ¢ coceqHUMU KyieTkamu. O603HaYeHUs:
1 — nopa; 2 — F-aktuH; 3 — MUTOXOHAPUY; 4 — AAPO; 5 — MO-
BEpXHOCTHasi MeMOpaHa; 6 — y4acTOK IIOBEPXHOCTHOH MeM-
GpaHbl HaJ| TOPOIL.

OZOPaHT-3aBUCUMOI0 IOBeAeHUs T'MAPOOHOHTOB, YTO
rMeeT OOJIBIIIOE CaMOCTOATEJIbHOE 3HaueHHe. DBOJIIO-
I[MOHHOE CXOCTBO MOJIEKYJIAPHBIX 1 KJIETOYHBIX MeXa-
HU3MOB OOOHATEJILHOU PeleNUi y PhI0 U MJIEKONUTA-
fomux (Saraiva et al., 2015; Calvo-Ochoa et al., 2019)
[IOKa3bIBaeT, YTO PHIOBI MOTYT HCIIOJIb30BAThCA TaKXe
B KayecTBe MoJesu AJjiA n3yuyeHusa QyHAaMeHTaJIbHbIX
MeXaHN3MOB (PyHKI[MOHUPOBAHUA 0OOHATEIbHOTO aHa-
Jm3aTopa y 4ejioBeKa B HOpMe U IpU pa3sBUTUM Hel-
pojlereHepaTUBHbIX 3a00JIeBaHUM, TeueHNe KOTOPBIX
COIIPOBOXJaeTcsl aHOCMUel.
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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
Angara River, the Lake Baikal outlet. Surface water temperature was 10.1-18.4 °C in the southern basin
of Lake Baikal and 14.9-20.0 °C was in Irkutsk Reservoir, pH values were similar both in the lake and
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
high-rank taxa such as Chrysophyta (36), Chlorophyta (30), Bacillariophyta (22), Cyanobacteria (11),
Cryptophyta (2), Dinophyta (2), and Haptophyta (1). Species composition of summer phytoplankton
communities of the Irkutsk Reservoir and the southern basin of Lake Baikal were different, however the
community composition in terms of high-level phylotypes was very similar. At the same time, a large
number of small-cell cyanobacteria were identified in the lake. A high species richness of Chrysophyta,
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
influence. Therefore, monitoring of its condition is very
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
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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
main part of the dominant phytoplankton complex
remained the same, and still depended on Baikal
waters, however richness increased at the expense of
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.

© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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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
increased, and biomass rarely exceeded 1 g/m3. As
a rule, species of the genus Dinobryon Ehrenberg,
Asterionella formosa Hassall, Chroomonas acuta
Utermohl, Stephanodiscus minutulus (Kiitzing) Cleve
& Moller, 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,
Russia). Water temperature, redox potential (Eh) and
pH were measured with a pH-410 field device (Aquilon,
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).

Exploratory analysis of community composition
was performed using R package vegan v.2.5-6
(Oksanen et al., 2022). For exploratory analyses,
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
collinearity. Pearson correlation coefficients and their
p-values were computed for each pair of explanatory
variables using R packages rcorr and Hmisc. The
correlation matrix was visualized with R package rcorr
using hierarchical clustering to group variables. Next,
data on biomass and abundance of phytoplankton
were excluded from the analysis, and environmental
variables were centered and scaled to have zero means
and standard deviations of one. This standardized
environmental matrix was used for the constrained
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.
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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
August, surface water temperature was 10.1-18.4 °C in
the lake and 14.9-20.0 °C in the reservoir (3.6-5.0 °C
and 6.0-12.7 °C in June, respectively). In August, pH
values were similar both in the lake and the reservoir,
8.09-8.44 and 7.96-8.28, respectively, in contrast with
June when water was higher in the reservoir (8.0 mo
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
Reservoir in total 104 species from 7 high-rank taxa
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
phytoplankton in South Baikal varied significantly
from 190x10% to 2779 x10° cells/L and 26 to 427
mg/m?®, 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 sp. u Microcystis sp.,
therefore, the total biomass did not exceed 107 X 103
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 x10° to 310x10° cells/L and 41 to 140 mg/m?,
respectively (Fig. 3).

Lake Baikal

L]
f&) Burdu;\}uz\kov%
\

\,
Irkutsk Reservoir 1 \\

South Baikal

Fig.1. Sampling scheme.
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Table 1. Sampling sites and environmental parameters in August 2023.

St. No.| Station Name Date, Coordinates Max S, Eh |Depth,| Water pH
dd.mm.yy N/E depth, m | m m T, °C
South Baikal
1 12 km from Kultuk | 17.08.23 51 ° 40.578°/ 1252 6.5 | -65,9 17.3 8.25
103 ° 52.309° 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°/ 1337 7.5 | -66,0 16.9 8.33
104 ° 13.222° 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°/ 1243 5.5 | -72,6 17.5 8.40
104 ° 13.715° 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 ° 31.4287/ 350 5.0 | -68,2 18.4 8.44
104 ° 14.417° 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- 18.08.23 51 ° 36.402°/ 1120 6.5 | -19,5 16.0 8.26
Snezhnaya River 104 ° 44.147° 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 ° 35.4407/ 1402 8.5 | -86,9 18.0 8.40
105 ° 06.968" 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- 18.08.23 51 °46.731°/ 1424 4.5 | -58,4 17.7 8.37
Mishikha 105 ° 22.528" 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, Coordinates Max S, Eh |Depth,| Water pH
dd.mm.yy N/E depth, m | m m T, °C
8 Listvyanka-Tankhoi | 18.08.23 51 ° 42.262°/ 700 6.5 | -39,5 0 17.4 8.29
105 ° 00.720° 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 18.08.23 51 ° 49.033°/ 1434 9.0 | -46,5 10.1 8.09
Listvyanka 104 ° 54.616° 8.2 8.09
10 5.8 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°/ 155 4.5 | -43,6 14.9 7.96
104 ° 59.451° 5 10.5 7.96
10 8.5 7.96
11 Kurma Bay 19.08.23 52°06.8457/ 9.7 3.0 | -58,6 0 18.7 8.12
104 °45.926° 5 18.0 8.93
12 center against 19.08.23 52°10.874°/ 17 3.5 | -58,2 0 17.7 8.16
Kurma Bay 104 °47.935° 5 17.4 8.29
10 14.9 8.19
13 Elovy Bay 19.08.23 52 °09.906°/ 10 2.5 | -47,4 0 18.5 7.98
104 °29.172° 5 16.4 8.03
14 |center against Elovy| 19.08.23 52 °14.548°/ 25 3.5 | -65,5 0 20.0 8.27
Bay 104 °45.243° 5 18.5 8.42
10 16.0 8.22
15 center against 20.08.23 52°21.5117/ 27 3.5 | -55,8 0 18.0 8.13
Ershovsky Bay 104 °37.550" 17.3 8.20
10 16.4 8.13
16 Ershovsky Bay 20.08.23 52°20.8517/ 16 3.0 | -53,0 18.9 8.28
104 °34.439° 17.9 8.08
10 16.6 7.93
17 head water 20.08.23 52 °23.478°/ 25 3.5 | -56,1 18.6 8.16
104 °33.722° 17.6 8.95
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
of this species. Species whose abundance exceeded 10, 50, 100 X 10° 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
1213145167 ]18|9]10]11|12]13|14|15]16(17

Cyanobacteria

Anabaena sp.

Aphanothece sp.

Cyanodictyon sp.

Cyanodictyon planctonicum B.A. Mayer

Dolichospermum flos-aquae (Bornet &
Flahault) P. Wacklin, L. Hoffmann &
Komarek

Dolichospermum lemmermannii (Richter) P.
Wacklin, L. Hoffmann & J. Komarek

Dolichospermum scheremetieviae (Elenkin)
Wacklin, L. Hoffmann & Komérek

Limnococcus limneticus (Lemmermann) +
Komarkova, Jezberova, O. Koméarek &
Zapomelova

Microeystis sp.

Microcystis pulverea (H.C.Wood) Forti +

Pseudanabaena galeata Bocher + +

Cryptophyta

Komma caudata (L. Geitler) D.R.A. Hill + |1+ + |+ ]+ +

Rhodomonas pusilla (Bachmann) + | + + + +
Javornicky

Dinophyta

Ceratium hirundinella (O.F. Miiller) + + |+ | + + + |+
Dujardin

Glenodinium sp. + + | + + | + +

Haptophyta

Chrysochromulina parva Lackey +

Chrysophyta

Chrysosphaerella coronacircumspina Wujek | + | + | + | + + + |+ ]+ + ]|+ + |+ + ]+
& Kristiansen

Chrysosphaerella brevispina Korshikov +

Dinobryon bavaricum Imhof W+ A

Dinobryon crenulatum West & G.S. West | +

Dinobryon cylindricum O.E. Imhof

+ |+ |+ |+

Dinobryon cylindricum var. palustre
Lemmermann

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

Dinobryon korshikovii Matvienko ex + | + + | + + + [+ |+ + |+ |+ |+
Kapustin

Dinobryon pediforme (Lemmermann) + + |+ + ]+
Steinecke

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

Dinobryon sociale var. americanum + |+ |+ |+ |+ ]+ FH]FH] ]+ + [+ |+
(Brunnthaler) Bachmann

Dinobryon stipitatum Stein + + + | +
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Species South Baikal Irkutsk Reservoir
112|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 crassisquama (Asmund) Fott

+ o+ [+ |+ [+
+

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. + +
Miiller) Simonsen

Aulacoseira islandica (O. Miiller) Simonsen + + |+ + ]+

Aulacoseira ambigua (Grunow) Simonsen + +

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

+ |+ [+ |+

Cyclostephanos makarovae (S.I. Genkal) K. | + | + + + + |+ |+ ]+ + |+ | +
Schultz

Discostella pseudostelligera (Hustedt) Houk + + | + + |+ |+ |+ |+ +
& Klee

+

Fragilaria capucina Desmaziéres + |+ |+ + |+ + |+

Fragilaria crotonensis Kitton +

Fragilaria radians (Kiitzing) D.M.Williams + | + + |+ + |+ + ]+ + |+ |+ +]+]+
& Round

Hannaea baicalensis Genkal, Popovskaya & + + + | +
Kulikovskiy
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Species South Baikal Irkutsk Reservoir
314|567 |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 (Kiitzing) Cleve &| + | + + +
Moller

Thalassiosira pseudonana Hasle & Heimdal + +

Ulnaria acus (Kiitzing) Aboal +

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

Chlorophyta

Ankistrodesmus arcuatus Korshikov

Chlamydomonas sp.

Chlorella vulgaris Beijerinck

Coenococcus planctonicus Korshikov

Coenocystis sp. + + + 1+ 1+ +

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 Nageli +

Elakatothrix genevensis (Reverdin) Hindédk | + + + |+ |+ + | + + |1+ + |+ +

Franceia ovalis (Francé) Lemmermann +
Kirchneriella lunaris (Kirchner) Mobius - + + |+ +
Koliella longiseta (Vischer) Hindak + + + | + + + | +
Koliella variabilis (Nygaard) Hind4k + |+ |+ |+ |+ |+ ]+ A+
Lagerheimia genevensis (Chodat) Chodat + + [+ ]+ + +

Monoraphidium circinale (Nygaard) + |+ ]+
Nygaard

Monoraphidium contortum (Thuret) + |+ + |+ |+ +]+]+ + |+ |+ ]+ + | +
Komérkové-Legnerova

Monoraphidium griffithii (Berkeley)
Komérkové-Legnerova

Monoraphidium minutum (Nageli)
Komérkové-Legnerova

Mychonastes homosphaera (Skuja) Kalina &
Puncochédrové

Pseudopediastrum aff. integrum (Négeli) M.
Jena & C.Bock

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

South Baikal

Irkutsk Reservoir

4

5

6 11112(13(14|15]|16|17

Scenedesmus sp.

+

+

Scenedesmus ecornis (Ehrenberg) Chodat

Scenedesmus obtusus Meyen

Sphaerocystis sp.

Tetraédron minimum (A. Braun) Hansgirg

Tetraédron trigonum f. gracile (Reinsch) De
Toni

Total 453237 |48

35

3944 (31|21 50 48 | 47 | 55 | 46

Note:
Approximate concentration, X 10° cells/L

|10 |50
+ | +
+

3.3. Phytoplankton species composition
of South Baikal

Cyanobacteria
Chrysophyta
Bacillariophyta

Chlorophyta

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 % 10° cells/L at St. 1),
Microcystis sp. (833 x 102 cells/L at St. 1), Cyanodictyon
sp. (768x10° cells/L at St. 1) and Dolichospermum
lemmermannii (25 x 103 cells/L at St. 1). As for large-cell
chrysophycean species, Dinobryon bavaricum (109 x 10®
cells/L at St. 4), Dinobryon cylindricum var. palustre
(54 % 10® cells/L at St. 3), Dinobryon sociale (80 x 103
cells/L at St. 6), Dinobryon sociale var. americanum
(93x10® cells/L at St. 3), Dinobryon cylindricum
(27 x 103 cells/L at St. 3) (Figs 4, 5) played a prominent
role. Among Chlorophyta, three species, Ankistrodesmus
arcuatus (42x10° cells/L. at St. 4), Monoraphidium
griffithii (30x10° cells/L at St. 7) and Mychonastes
homosphaera (42 x10° cells/L at St. 4) prevailed both
in abundance and biomass (Figs 4, 5). Bacillariophyta
had a low abundance (less than 10 x 10° cells/L).

Warm-water  diatom  Asterionella  formosa
(12108 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

103 cells /L

" % %
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Fig.2. Relative abundance of high-rank phytoplankton
taxa based on number of their species and intraspecies in
South Baikal (A) and Irkutsk Reservoir (B) in August 2023.
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Fig.3. Distribution of phytoplankton abundance and
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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 flos-aquae; 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 um; 2, 12, 14-17 — 10 pum; 5-7, 11,13, 18 - 5 ym; 8-10 — 2 pm.
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species and intraspecies, as in lake, with prevalence of
silica-scaled chrysophytes (22 species). Cyanobacteria
such as Cyanodictyon planctonicum (42x10° cells/L
at St. 12), Microcystis sp. (20 x10° cells/L at St. 12),
Dolichospermum lemmermannii (25%10° cells/L at St.
14), green algae such as Chlorella vulgaris (59 x10°
cells/L at St. 14), Koliella longiseta (41 x 10° cells/L at
St. 10) and Monoraphidium griffithii (15x10° cells/L
at St. 14) were the most abundant as well as in Lake
Baikal. The abundance of large-cell species significantly
decreased, only Dinobryon sociale (24x10° cells/L at
St. 10) and Dinobryon sociale var. americanum (16 x 102
cells/L at St. 10) was dominant. Among Bacillariophyta,
Asterionella formosa (10x10° cells/L. at St. 14),
Aulacoseira granulata var. angustissima (11 x 103 cells/L
at St. 15) and Nitzschia graciliformis (13 X 10° 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 x 10° 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)x 1032
cells/L in the bays due to their shallowness. The total
abundance and biomass varied between 242 x 10° and
321 x10°% cells/L, 41 and 140 mg/m? 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
species were identified, and in Elovy Bay (St. 13), there
were 29 (Fig. 2, Table 2). Cyanobacteria Cyanodictyon
planctonicum (22-68) x10° cells/L. and chlorophyte
Chlorella vulgaris (16-48)x10° cells/L) prevailed
in all three bays. The dominating species included
diatoms Nitzschia graciliformis (up to 29 x 10® cells/L),
Aulacoseira granulata var. angustissima (up to 23 x 103
cells/L) and small centric species (up 28 X 10° 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
clearly split into two groups as revealed by exploratory
analysis (Fig. 6). Importantly, similar patterns were
obtained using all three types of community composition
data: species abundance, species biomass and presence/
absence matrices (Fig. 6A-C). Explanatory power was
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
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in similar direction. Explanatory power of the models
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
2023, the community composition revealed significant
differences between South Baikal and Irkutsk Reservoir
(Fig. 6A-C). The main indicator of this effect was
revealed to be such simple hydrophysical parameter as
water transparency, that was significantly decreased at
Irkutsk Reservoir station. The only intriguing difference
between the results of exploratory analyses of the June
and August phytoplankton assemblages was the shift
of the Burduguz community to the group of Irkutsk
Reservoir samples (Firspva et al., 2023). This effect
can be explained by the move of the Baikal/Reservoir
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 x 103 cells/L. Whereas, in
the second half of August and early September 1985,
the number of Dolichospermum lemmermannii cells
reached 7.2 x 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
(Figure 3), but its numbers decreased significantly
compared to June.

The dominant species of summer phytoplankton
identified in our study were similar to previous
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
taxa) in South Baikal, including taxa not described here
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
chrysophytes changed in regard to the vernal complex
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
of common taxa, the total abundance and biomass of
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.
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BuAOBOM COCTaB, YUCAEHHOCTb U
6uomacca neTHero GUTONNAAHKTOHA I0)XKHOM
KOTAOBHHbBI 03. Bankan u UpkyTcKoro
BOAOXPaHUAULIA

®dupcosa A.*, l'amaubann 0., beccygosa A., Muxausos U., Tutosa JI.,
MapueHnkosB A., XunxaHosa [l., Haaumosa M., Bysesuu B., JIuxomBsau E.

JlumHostoeuueckuti uHcmumym Cubupckozo omoesieHus Poccutickoil akademuu Hayk, yi. Yaan-Bamopckas, 3, Hpkymck, 664033, Poccus

AHHOTAIIHAA. ®OuTOIUIaHKTOH B BOAHBIX DKOCHCTEMAax MMeeT 0oJiee BBHICOKOE BHUAOBOE OOraTcTBO
JIeTOM, KOorjja TemIlepaTypa BOJBI BbIlle, YeM B ApYyrue ce30Hbl rojga. OxapakTepu3oBaHO COOOIIle-
CTBO (UTOILUIAHKTOHA C IOMOINBI0 MUKPOCKOIHMHU U ONIpefesieHbl MapamMeTphl BOAH (TeMIlepatypa,
pH, mpo3pavyHOCTh) B I0)KHOW KOTJIOBUHE 03epa barikan u MpkyTckom BofgoxpaHuauiie. Temneparypa
MMOBEPXHOCTHHIX BOJ| B I0KHOM KOTJIOBUHE o3epa batikan cocrasiisna 10,1-18,4 °C, B UpkyTCcKOM BOAO-
xpanwmmiie 14,9-20,0 °C. 3HaueHus pH Kak B 03epe, Tak U B BOJAOXpaHUJIUIIE ObLTA cXoAHBIMU (8,09-
8,44 u 7,96-8,28 coOTBETCTBEHHO), a MPO3PAYHOCTh BOAHI MO AucKy Cekku cocraBiana 4,5-9,0 M B
o3epe u 2,5-4,5 M B BogoxpaHuuiie. CoobiiecTBo GUTOIJIAHKTOHA BKI0Yao 104 Buga u3 7 TakKCOHOB
BBICOKOT'0 paHra, tTakux kak Chrysophyta (36), Chlorophyta (30), Bacillariophyta (22), Cyanobacteria
(11), Cryptophyta (2), Dinophyta (2) u Haptophyta (1). BugoBoii cocTaB JIeTHHUX cOO0IecTB PuTO-
IUIaHKTOHA MPKyTCKOTr0 BOAOXPaHWJIMIIA U F0)KHOM KOTJIOBHHBI 03. Baiikay pa3udasics, OJHAaKO COCTaB
coobmiecTB 0 GUJIOTHUIIAM BBICOKOTO yPOBHA OBLI BeCcbMa CXOAHBIM. Tak, B 03epe BBIABJIIEHO OoJjiee
BBICOKAs YMCJIEHHOCTh MEJIKOKJIETOUHBIX HHaHoOakTepuii. OOHapyXeHO BBICOKOE BHUAOBOE OOTraTCTBO
Chrysophyta, pomga Dinobryon (11 BUOOB) U KPeMHHCTHIX YellyHuYaThix xpu3oduroBbix (22). Cocras
JOMUHHPYIOIIUX BUJIOB I0)KHOM KOTJIOBUHBI 03. Barikas 1 MpKyTCKOro BOJIOXPaHUJIUINA CTaJl HIMPE 0
CPaBHEHUIO C OMyOJIMKOBAaHHBIMU paHee JaHHBIMU U BKJIouni Cyanodictyon planctonicum, Cyanodictyon
sp., Microcystis sp., Dinobryonsociale, Dinobryonsociale var. americanum, Chlorella vulgaris u Mychonastes
homosphaera.

Kimoueguie citosa: o3epo Baiikas, UpKyTcke BOJIOXpaHUIINIIE, GUTOIIAHKTOH

1. BBeAe““e HCCJ’[C}Z[OBaHI/IH CI)I/ITOHJ'[aHKTOHa IMPpOBOAWJINCh B PEKe

Anrapa po oOpaszoBaHusa HpKyTCKOro BOAOXpaHU-
guma (Acaunkuii, 1926), Tak u mocje (BacuibeBa u
KoxoBa, 1960; BacuibeBa u KoxoBa, 1963; KoxoBa,
1964; BopobbeBa, 1981; 1985; 1995; Popovskaya et
al., 2012). DTy uccjeqOBaHUSA IIOKAa3aik, YTO JOMMU-
HUDYIOIIUH CcOCTaB (PUTOIJIAHKTOHA VMIPKYTCKOTO
BOJIOXPAaHUJIMINA 3aBUCUT OT (PUTOILUIAHKTOHA O3epa
Batikan. HemaBHume wuccjefjoBaHus, NPOBEJEHHBIE B
uioHe 2023 r. (Firsova et al., 2023; Bessudova et al.,
2023b), mokaszaJii, 4TO ¢ MOMEHTA CO3JaHHs BOJOEeMa
MPOU30IILII0 HEKOTOPOE yBeJnWYeHre BUAOBOTO Oorat-
cTBa ¢uTronsaHkToHa. OCHOBHasA 4acTh JOMUHUPYIO-
mero Komiuiekca GUTOMJIAHKTOHA OCTaJIach IpexHen

®DUTOIMJIAHKTOH SABJISIETCS OCHOBOU IIUIIEBOM
CeTH BOAHBIX DKOCHCTEM UM YyBCTBUTEJIBHBIM MH/IUKA-
TOpPOM H3MEHEHHI OKpyxalolleill cpedsl. B mpoijecce
(GopmMupoBaHUsA BOJOXPAaHWJIUINA TPOUCXOIAT H3Me-
HEHUs1 B COCTaBe (PUTOIJIAHKTOHHOT'O COOOIIecTBa
(Illyp, 2009; Kopuesa, 2015; Nogueira et al., 2010;
MuwuxaiioB, 2020). BogoxpaHuUIuIle, pacrioJioXeHHOe
B YepTe TOpOjla, HAXOJIWTCA IOJ AHTPOIOTE€HHBIM
BO3/IEHICTBUEM, TIO3TOMY OYEHb BaXXHO CJIEUTH 32 €ro
cocrosiHvieM. IIoBbIIEHNE TEMITEPATyPHl BOJIBI B BOIO-
XpaHWJINIAX BHI3BIBAET YBeJIMUEHHE Pa3HOoOpa3us
OoJiee TemsIOJIOOMBEIX BUAOB (PUTOIJIAHKTOHA, B TOM

ypcie 3a CcYeT I[MaHOOaKTepUil U 3eJIEeHBIX MHKPOBO-
nopocJieni (Bopobbesa, 1995; ITonoBckass 1 ®uUpCoBa,
2005; Illyp, 2009; Popovskaya et al., 2012; KopHeBa,
2015; MuxaisioB, 2020; Obertegger et al., 2022).

*ABTOp [IJIs1 IEPENVCKU.
Anpec e-mail: adfir71 @yandex.ru (A.l. ®upcoBa)

IHocmynuna: 02 nexabpsa 2023; IIpunama: 12 gexabpsa 2023;
Onyb6stukogaua online: 18 nexabps 2023
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1 IO-IIPeXXHeMY 3aBrceJia OT OalikaJabCKUX BOJI, OHAKO
0oraTCcTBO yBeJIMUYMUJIOCH 3a cueT Apyrux BuaoB. Kpome
TOr0, IpY aHasause npod, OTOOpaHHBIX B UioHe 2023 T.
(Firsova et al., 2023) 6bLJIO TOKA3aHO, YTO MO COCTaBY
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coobimiecTBa GUTOIJIAHKTOHA [IeJIATCA Ha JiBe I'PYIIIHL.
B omHy u3 rpynn BXOOAT Bce Oaiikajibckue coobie-
cTBa u npoba Bypayry3 VpkyTckoro BOIOXpaHUIUIIA.
Bo BTOpy0 rpyniy nomnagaloT Bce OCTajJbHbE IPOOBI
HpkyTtckoro Bomoxpanwiauiia. HpKyTckoe BoAoxpa-
HWINIlE OTJIMYaJoCh HAauOOJIBIINM Ppa3HOOOpa3ueM
Chrysophyta mo cpaBHeHHIO ¢ APYrMMU BOJOeMaMU
Anrapckoro Kkackaga, IIOCKOJIBKY OHO HauboJiee
xosoqHOe U MeHee TpodHoe (BopobbeBa, 1995).
JleroM TeMnepaTypa B BoJjOeMe COCTaBJIsAjIa B CpeAHEM
8,3-16,2 °C, BumoBoe pa3HOOOpasue yBeJInunBaJioCh,
6ruomacca peako mpepbimasia 1 r/m3 Kak mpasuiio,
B 3TOT Nepuoj NOMUHHpOBAaJM BUAHK popaa Dinobryon
Ehrenberg, Asterionella formosa Hassall, Chroomonas
acuta Utermohl, Stephanodiscus minutulus (Kiitzing)
Cleve & Moller, Nitzschia graciliformis Lange-Bertalot &
Simonsen. Bo BTOpoIi 0OJIOBUHE aBrycTa HabJII0aJI0Ch
WHTeHCUBHOe pasButue Anabaena lemmermannii P.G.
Richter (Bopo6GreBa, 1995; Popovskaya et al., 2012).

Llesp paboTH — ONpejiesieHre BUIOBOTO COCTaBa,
CTPYKTYPBI, YMCJIEHHOCTU U OMOMACCH JIeTHETO GUTO-
m1aHkToHa HOxHOI KOTJIOBUHH 03. bBaiikan u HUpkyT-
CKOTO BOJIOXpaHUJINIIIA.

2. MeToAb!

[Ipo6s1 6b11H 0TOOpans! 17-20 aBrycra 2023 1. C
OopTa Hay4YHO-UCCJIeoBaTeIbcKoro cyaHa «[lamaHuH»
Ha 9 cTaHUUAX B I0XHOU KOTJIOBUHBI 03. Dbafikan
(FOxwupii1 batikai) u Ha 8 craHOUAX VPKyTCKOTO BOMO-
XpaHWININA, BKI0Yasa 3aguBbl (Puc.1, Tabauma 1), Ha
TeX e CTaHIUAX, 4YTO U B uioHe 2023 r. (dupcosa u Ap.,
2023). TIpo3payHOCTh BOHI (S) U3MeEPSUIN C TIOMOIIBIO
aucka Cekku. [IpoGel BoApl oTOHpaniu GaToMeTpoM
HuckuHa emkocthbio 5 1 («BojbsTa», MockBa, Poccus).
Temnepatypy, OBII u pH BoAbnl HM3MepAIN NOJIEBBIM
npubopom pH-410 («AxBusioH», MockBa, Poccus) Ha
Kax ol riay6uHe oToopa npob. 3aTeM Npoobl ¢ Kax0H
TJIyOWHBI yCPeOHAIU U GUTOIIAHKTOH U3yvaJid MEeTO-
JaM¥ CBETOBOU M CKAaHUPYIOI[EN 3JIEKTPOHHON MHKPO-
ckomuy, Kak ommcaHo panHee (Firsova et al.,, 2023,
Bessudova et al., 2023b).

[TonckoBBI aHAJIM3 COCTaBa COOOIIECTB MPOBO-
WA C WUCIOJIb30BaHMEM sI3bIKa IPOTPAMMHPOBAHUSA
R u maketa vegan v.2.5-6 (Oksanen et al., 2022). s
Pa3BeOYHOr0 aHaIM3a JaHHbIe O YUCJIEHHOCTU BHU/IOB
u 6uomacce (PUTOIUIAHKTOHA ObLIN TPeoOpa30BaHBI
¢ mowmonrsio nponenypbl XesumHrepa (Legendre and
Gallagher, 2001). ®axTOpsl OKpYXXaloIleil Cpeabl U
CyMMapHBbIe 3HaueHNs 0MIOMAaCChl M YUCJIEHHOCTU GUTO-
IUTAaHKTOHA OBUIM IpOaHAJIM3UPOBaHBl Ha IpeaMeT
KOJUIMHEApHOCTH. KoadPprnmeHTh KoppeJsanun
[MupcoHa U uX p-3HaUeHUs OBUIM pacCUMTAHBI AJIA
Kax ol mapsl 0ObACHAIOINX [TepeMeHHBIX C UCII0JIb30-
BaHueM mnakeToB R rcorr u Hmisc. Koppensiuonnymo
MaTpully BU3yaIM3upoBajy ¢ MoMolbio makera Reorr ¢
HCIOJIb30BaHUEM HepapXruuyecKol KjlacTepusanuu AJisd
rpyNNUpPOBKU NlepeMeHHBIX. 3aTeM JIaHHbIe 0 OroMacce
U YHUCJIEHHOCTH (PUTOIJIAHKTOHA OBLIM MCKJIIOYEHBI U3
aHajM3a, a IepeMeHHBble OKpYy’Xamwllel cpefbl ObLIN
LIEHTPUPOBAHBI M MacCIITAaOUPOBAHBI TaK, YTOOB UMETh
HyJIeBOe cpefHee 3HaYeHUWE U CTAHAAPTHOE OTKJIO-
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HeHUe, paBHOe eJUHHUIle. JTa CTAaHJAPTHU3WPOBAHHAsA
MaTpulla OKpYyXalollell cpedbl HCIOJIb30Bajlach MAJiA
OrpaHUYeHHOW OpJIMHALNU YHCJIEHHOCTU U GHoMacChl
BUJI0B GUTOIJIAHKTOHA MyTeM aHasIn3a U30BITOYHOCTU
(RDA). HaHHBlE O NPUCYTCTBUM/OTCYTCTBUU BUIOB
TaKke aHaJIM3MpPOBAIU C IOMOIBI0 OI'PAaHUYEHHOTO
aHasnuza cootBetcTBUsA (CCA). [Iy1a co3maHua MoAesiu
OBLIM IPOTECTUPOBAHBI MTOAXO/IbI KaK MPsMOro oTbopa,
Tak 1M OOpaTHOTO MCKJIIOUeHUs OOBACHAIIINX Iepe-
MEeHHBIX.

3. Pe3ynbTatbl
3.1. MapameTpbl BOAHOW CpeAbl

B asrycte 2023 r. skoJiornyeckue napameTpsl
IOxnHoro balikaa m MpKyTCKOro BOJOXpaHHUJININA
u3MmeHmanch (Tabsuia 1) oTHocuTesbHO MIOHA 2023
r. (Firsova et al., 2023). Tak, B aBrycre Temieparypa
MMOBEPXHOCTHHBIX BoA coctaBysiia 10,1-18,4 °C B o3epe
u 14,9-20,0 °C B Bogoxpauuiuie (3,6-5,0 °C u 6,0-12,7
°C B HIOHE COOTBETCTBEHHO). B aBrycre 3Hauenus pH
KakK B 03epe, TaK U B BOJIOXpPAaHUJIUIIE OBLJIN CXOAHBIMU
- 8,09-8,44 u 7,96-8,28 cooTBeTCTBEHHO, B OTJIMYHE
OT UIOHA, Koraa 3HaueHus pH BoAbl B BOOOXPaHUJIUIIE
6sutH BhIIE (8,0-8,7), uem B o3epe (7,0-8,0). IIpo3pau-
HoCTb BoZbI Mo auicky Cekku B KOkHOM Batikase cyiie-
CTBEHHO CHHU3WIach B aBrycre (4,5-9,0 m) mo cpas-
HeHuio ¢ uioHem (10-22 M), TO Xe camMoe OTMEYEeHO
u B Upkyrckom Bomoxpauwiuile (3,0-5,0 M B uioHe,
2,5-4,5 m B aBrycre).

3.2. O6wan xapaKTepucTUKa AeTHero
duTONAAHKTOHA

B HOxnom DBatikase u VIpKyTCKOM BOAOXpaHU-
Jmuiie Hamu oOHapyxeHo Bcero 104 Buaa u3 7 OTAesI0B
(Puc.2, Tabauna 2). HauboJipiliee BUIOBOe 60raTCTBO
nmMenn Chrysophyta (36 Bumos) u Chlorophyta (30) mo
cpaBHeHuIo ¢ Bacillariophyta (22), Cyanobacteria (11),
Cryptophyta (2), Dinophyta (2) u Haptophyta (1).

OOm@asa 4YuciIeHHOCTh U Ouomacca ¢GUTOIIaH-
kToHa lOxHoro bBalikana cyujecTBeHHO BapbUpOBaId
ot 190%x10°% no 2779 % 10° xi1./1 u ot 26 g0 427 mr/
Mm% coorBercTBeHHO (Puc.3). HaubGoJsiplmias 4YmcjIeH-
HOCTh OoTMeueHa Ha cT. 1 (12 km ot Kynaryka) 3a cuer
I[BETEHUs TPEX MEJIKOKJIETOYHBIX BUAOB: Cyanodictyon

Ozepo Baiikax
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Ta6suna 1. Mecra or6opa npo6 1 nmapaMeTpsl OKpyXaroIeil cpesl B aBrycre 2023.

Ne |Ha3BaHue cTaHIMH Jara Koopaunatel |MakcumasnbHasa| S, OBII | I'mybuHna, M | T Boasl, | pH
N/E riiybuna, m °C
M
FOxHbI#1 Batikan
1 12 xm ot Kynaryka | 17.08.23 51 ° 40.5787/ 1252 6.5 | -65,9 17.3 8.25
103 ° 52.309° 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 ot Mapurys 17.08.23 51 ° 45.546°/ 1337 7.5 | -66,0 16.9 8.33
104 ° 13.222° 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 Mapurtyii-CozaH 17.08.23 51 ° 38.7107/ 1243 5.5 | -72,6 17.5 8.40
104 ° 13.715° 16.6 8.49
10 10.3 8.85
15 6.1 8.83
20 5.0 8.25
25 4.4 8.16
4 3 kM ot CosizaHa 17.08.23 51 °31.428°/ 350 5.0 | -68,2 18.4 8.44
104 ° 14.417° 18.0 8.4
10 17.3 8.36
15 14.4 8.30
20 12.1 8.44
25 9.6 8.37
5 Msic TOJCTHIN-P. 18.08.23 51 ° 36.402°/ 1120 6.5 | -19,5 16.0 8.26
CHexHas 104 ° 44.147° 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 ot TaHxos 18.08.23 51 ° 35.440°/ 1402 8.5 | -86,9 18.0 8.40
105 ° 06.968° 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 Msic KaauibHbIN- 18.08.23 51 °46.731°/ 1424 4.5 | -58,4 17.7 8.37
Mumyxa 105 ° 22.528° 16.0 8.49
10 12.5 8.34
15 6.5 8.10
20 5.7 8.00
25 5.2 8.03
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No |Ha3BaHue cTaHIUH Jara Koopaunatel |MakcumasipHas| S, OBII | I'mybuHna, M | T Boasl, | pH
N/E riybusa, m °’C
M
8 |JluctBsauka-Tauxoii| 18.08.23 51 °42.262°/ 700 6.5 | -39,5 17.4 8.29
105 ° 00.720° 171 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 ot JluctBauku | 18.08.23 51 ° 49.033°/ 1434 9.0 | -46,5 10.1 8.09
104 ° 54.616° 8.2 8.09
10 5.8 8.06
15 4.8 8.00
20 4.6 7.93
25 4.5 7.97
VIpKyTCKOe BOJOXpaHUJIUIIE
10 Bypayrys 19.08.23 52°04.105°/ 155 4.5 | -43,6 14.9 7.96
104 ° 59.451° 10.5 796
10 8.5 7.96
11 3aiuB Kypma 19.08.23 52°06.845°/ 9.7 3.0 | -58,6 18.7 8.12
104 ° 45.926”° 18.0 8.23
12 LIEHTP HallpOTUB 19.08.23 52°10.874°/ 17 3.5 | -58,2 17.7 8.16
3aJIMBa 104 © 47.935° 17.4 8.29
10 14.9 8.19
13 3auB Ey1oBBIH 19.08.23 52°09.906°/ 10 2.5 | -47,4 18.5 7.98
104 ° 29.172° 16.4 8.03
14 LIeHTp HaIllpOTUB 19.08.23 52°14.548°/ 25 3.5 | -65,5 20.0 8.27
3asmBa EyoBBII 104 ° 45.243" 185 8.49
10 16.0 8.22
15 I[eHTP HallpOTUB 20.08.23 52°21.5117/ 27 3.5 | -55,8 18.0 8.13
3asnvBa EproBckui 104 ° 37.550° 17.3 8.20
10 16.4 8.13
16 | 3anuB Epmosckuii | 20.08.23 52°20.8517/ 16 3.0 | -53,0 18.9 8.28
104 ° 34.439° 17.9 8.08
10 16.6 7.93
17 BepxXHUH 6bed 20.08.23 52 °23.478°/ 25 3.5 | -56,1 18.6 8.16
104 © 33.722° 17.6 8.95
10 15.8 8.07
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Ta6auna 2. Pacripeniesienne BuioB ¢urormnankroHa B I0xxHoM Batikasie u MpkyTckoM BojoxpaHuvile B aBrycre 2023 r.
«+» — Haynuuue 3Toro BuAa. COOTBETCTBYIOIIMMU LBETaMU BBbIEJICHBl BUbI, YNCJIEHHOCTh KOTOPHIX npesbinana 10, 50, 100
ThIC. KJI/J1. 'pajjanus 1{BeTa TeMHee 10 Mepe yBejnueHus HoMmepa. Ha3Banus craHiuil Ha Pucynke 1.

TaKkCOHBI I0xub1i balikai HpKyTCcKOe BOAOXPAHUJINIIE

1123|4567 ]8(9|10|11(12]13|14(15]|16(17

Cyanobacteria

Anabaena sp.

Aphanothece sp.

Cyanodictyon sp.

Cyanodictyon planctonicum B.A. Mayer

Dolichospermum flos-aquae (Bornet &
Flahault) P.Wacklin, L.Hoffmann &
Komérek

Dolichospermum lemmermannii (Richter) P.
Wacklin, L. Hoffmann & J.Komarek

Dolichospermum scheremetieviae
(Elenkin) Wacklin, L. Hoffmann &
Komérek

Limnococcus limneticus (Lemmermann) +
Komarkové, Jezberova, O.Koméarek &
Zapomelova

Microcysis sp.

Microcystis pulverea (H.C.Wood) Forti +

Pseudanabaena galeata Bocher + +

Cryptophyta
Komma caudata (L. Geitler) D.R.A. Hill + 1+ + |+ ]|+ +

Rhodomonas pusilla (Bachmann) + | + + + +
Javornicky

Dinophyta

Ceratium hirundinella (O.F. Miiller) + + |+ | + + + | +
Dujardin

Glenodinium sp. + + | + + | + +

Haptophyta

Chrysochromulina parva Lackey +

Chrysophyta

Chrysosphaerella coronacircumspina Wujek | + | + [ + | + + + |+ + |+ + + |+ [+ |+
& Kristiansen

Chrysosphaerella brevispina Korshikov +

Dinobryon bavaricum Imhof W+ || aF

Dinobryon crenulatum West & G.S. West | +

Dinobryon cylindricum O.E. Imhof

+ [+ |+ |+

Dinobryon cylindricum var. palustre
Lemmermann

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

Dinobryon korshikovii Matvienko ex + | + + | + + + |+ |+ + |+ |+ |+
Kapustin

Dinobryon pediforme (Lemmermann) + + |+ [+ |+
Steinecke

Dinobryon sociale (Ehrenberg) Ehrenberg | + | + | + | + [+ |+ |+ [+ |+ |+ |+ |+ |+ |+ |+ ]|+ ]|+

Dinobryon sociale var. americanum + |+ |+ |+ ]+ ]|+ + |+ |+ +
(Brunnthaler) Bachmann

Dinobryon stipitatum Stein + + + | +
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TakcoHBI I0>xHbI# Barikan HpkyTckoe BOOOXpaHUJIUIIE
112|134 |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 4 4
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) + |+ |+ ]+ |+ + |+ |+ + |+ +]+F]+|+F]+]|+
Preisig & Hibberd
Spiniferomonas trioralis f. cuspidata + + + + | +
Balonov
Spiniferomonas septispina Nicholls + + + | +
Spiniferomonas silverensis Nicholls + + | +
Mallomonas acaroides Perty + + |+ [+ +]+ ]+ +
Mallomonas alpina Pascher & Ruttner + + + + |+ + |+ + + |+ [+ |+
Mallomonas crassisquama (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) + 1+ + |+ + | + + |1+ | + +
Simonsen
Aulacoseira granulata var. angustissima (O. + + +
Miiller) Simonsen
Aulacoseira islandica (O. Miiller) Simonsen + + |1+ + |+ + | +
Aulacoseira ambigua (Grunow) Simonsen + + | +
Cyclostephanos dubius (Hustedt) Round + + |1+ |+ + | + + | + + |+ + |+
Cyclostephanos makarovae (S.I. Genkal) K. | + | + + + + |+ + |+ + 1+ + |+ ]+
Schultz
Discostella pseudostelligera (Hustedt) Houk + + | + + |+ [+ + ]|+ ]|+ ]+
& Klee
Fragilaria capucina Desmaziéres + |+ |+ + |+ [+ |+
Fragilaria crotonensis Kitton
Fragilaria radians (Kiitzing) D.M.Williams + | + + |+ |+ +]+ |+ F] ]|+
& Round
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TakCOHBI I0xubI# balikas HpkyTcKkoe BOAOXPAHHUJINIIE
112((3|4|5|6|7|8|9|10|11|12]|13|14|15]|16(17

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 (Kiitzing) Cleve | + | + + +
& Moller

Thalassiosira pseudonana Hasle & Heimdal + +

Ulnaria acus (Kiitzing) 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 Négeli +

Elakatothrix genevensis (Reverdin) Hindéak | + + + |+ |+ + | + + |+ |+ |+ ]+

Franceia ovalis (Francé) Lemmermann +
Kirchneriella lunaris (Kirchner) Mobius - + + | +
Koliella longiseta (Vischer) Hindak + + + | + + + | +

Koliella variabilis (Nygaard) Hindak + |+ [+ |+ |+ +]+|+]|+

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

Monoraphidium circinale (Nygaard) + |+ ]+ ]|+
Nygaard

Monoraphidium contortum (Thuret)
Komaérkova-Legnerova

Monoraphidium griffithii (Berkeley)
Komaérkova-Legnerova

Monoraphidium minutum (Négeli)
Komarkova-Legnerova

Mychonastes homosphaera (Skuja) Kalina &
Puncochérova

222



®upcosa A. u dp. / Limnology and Freshwater Biology 2023 (6): 204-228

TaxkcoHbI I0xubI# balikas HpkyTckoe BOOOXpaHUJIUIIE
1|12|3]|4|5]|]6(7]8[9]10[11]|12|13]|14|15]|16]17
Pseudopediastrum aff. integrum (Nageli) M.
Jena & C. Bock
Stauridium tetras (Ehrenberg) E. Hegewald + + + +
Scenedesmus sp. + + +
Scenedesmus ecornis (Ehrenberg) Chodat | + + + |1+ + |+ + + + | + +
Scenedesmus obtusus Meyen +
Sphaerocystis sp. - + + +
Tetraédron minimum (A. Braun) Hansgirg + +
Tetraédron trigonum f. gracile (Reinsch) De + +
Toni
Total 453237148 (34[39|44(31]121|50(50|40|29|48|47|55]|46
IIpumeuanmue: A 10%
[MpumepHas KoHIleHTpalusA, X 10° ki/n
_3%
Cyanobacteria 30% 12/
— ]
Chrysophyta 50
Bacillariophyta
Chlorophyta
m Cyanobacteria
_34%

m Cryptophyta
planctonicum, Cyanodictyon sp. u Microcystis sp., npu 19%— YRR
3TOM, HECMOTPsA Ha CaMyI0 BBICOKYIO YMCJIEHHOCTD, = Dinophyta
obmas 6uomacca He mpessimaia 107 mr/m®. Ha cr. 3

. B o Haptophyta
HauOOoJIbIIYI0 6roMaccy omnpeaeauu BUAbl Dinobryon. 12%
OOmaa uucjieHHOCTb M Ouomacca (GUTOIIAaHKTOHA : 1% Chrysophyta
B MpkyTckoM BojoxpaHuiuile ObUIM HUXKe, 4eM B 29% 2% o
I0xHoMm Baiikane, u wusMeHsauch ot 186x10° 1o / = Bacillariophyta
310x10° ki1./n1 1 oT 41 go 140 Mr/m?® cOOTBETCTBEHHO m Chlorophyta
(Puc.3).
3.3. BupoBom cocTtaB GPUTONNAHKTOHA
lO>xHoro baWkana \_32%

BugoBoe OGoratcTBOo (puTOorIaHKTOHa HOXHOrO
Batikasia BapbupoBasio B npefeax 21-48 sugos (Puc.2,
Tabsmma 2). Chrysophyta Bkittouanu B cebd 27 BUIOB U
BHYTPUBHUIOBBIX TAKCOHOB, 3 KOTOPHIX 15 ObLIN yenyii-
yaTeiMi  xpusopuroBeiMu. Chlorophyta coctosmu
13 24 BUIOB, 32 KOTOPBIMU CJIeJJOBAJI JUAaTOMOBBIE
Bogopocyiu (15), Cyanobacteria (8), Cryptophyta (2),
Dinophyta (2) u Haptophyta (1) (Puc.2, Tabauua 2).

Han6oJiee BBICOKYIO YMCJIEHHOCTh UMeJIU IIaHo-
bakTtepun, Takue kak Cyanodictyon planctonicum
(840x10® xn./n1 Ha cr. 1), Microcystis sp. (833 x 103
KJ1./71 Ha cT. 1), Cyanodictyon sp. (768 X 10° kJ1./J1 Ha CT.
1) u Dolichospermum lemmermannii (25 10° x1./J1 Ha
cT. 1). UTro Kacaercs KpyMHOKJIETOYHBIX BUAOB XpU30-
dutoBsx, To Dinobryon bavaricum (109 x10° ki./7n
Ha cT. 4), Dinobryon cylindricum var. palustre (54 X 10°
KJ1./71 Ha cT. 3), Dinobryon sociale (80 X 10° kJ1./71 Ha CT.
6), Dinobryon sociale var. americanum (93 X 10° x1./n1
Ha cT. 3), Dinobryon cylindricum (27 X 10°® xJ1./71 Ha CT.
3) urpasm 3ametHy0 posib (Puc.3, 4). Cpeau 3e1eHbIX

103 Ka/a

o 8 8

- — :
-

s 5 B B ¥ 8
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24%

Puc.2. TIpouieHTHOE COOTHOLIEHWE pa3HBIX I'PYII BOJO-
pocieti B I0xxHoM Baiikasie (A) u B UpkyTckoMm BopoxpaHu-
nue (B) B aBrycrte 2023 1.

3000 450
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2 3 4 5 6 7 8 9 10 11 12 13
HOxnb1it barikaa

14 15 16 17

VpkyTckoe BogoOXpaHuAMIIe

8 9MCAEHHOCTh —— Duomacca

Puc.3. PacnipeesieHne YiCcI€HHOCTH U 61oMacchl GUTo-
miaHkToHa HOxHoro Bafikana um HpKyTCKOro BOJOXpPaHU-
auma B aBrycrte 2023 r.
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IO0:xnbii baiikan HpkyTckoe BogoxpannInme
u Cyanodictyon planctonicum u Cyanodictyon sp. u Dolichospermum lemmermannii
Mierocystis sp. u Dinobiryon bavaricum w Dinobryon cylindricum
W Dinobryon cylindricum var. palustre W Dinobryon saciale B Dinobryon sociale var. americanum
m Asterionella formosa ® Nitzschia graciliformis m Aulacoseira granulata var. angustiss
W MEJKNe LeHTPHYECKHE JHATOMOBBIE Ankistrodesmus arcuatus Chlorella vulgaris
Coenococcus planctonicus w Koliella variabilis w Monoraphidium griffithi
m Mychonastes homosphaera u Pseudopediasirum aff. integrum M CTOMATOUHCTBI
™ GEHTOCHEBIE THATOMOBEIE B MHHOPHBIE BUIBE

Puc.4. PacnpenesieHrie 4iCJI€HHOCTU M OMOMAacchl JOMHHUPYIOMUX BUAOB ¢duTolIaHKTOoHa B KOxxHOM DBatikane u MpkyT-
CKOM BofoXpaHuuile B aBrycre 2023 r.

Puc.5. IIpencraButenu FOxHoro Baiikana u Hpkytckoro Bomoxpanunuma: 1 — Dolichospermum flos-aquae; 2 — Ceratium
hirundinella; 3 — Asterionella formosa; 4 — obuwil wiaH MpoOsl U3 MPKyTCKOro BOJOXpaHMIMIA (HAMpOTUB 3ajiBa EJIOBHIT);
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. MacmtabHas iunedika: 1, 3, 4 — 50 um; 2, 12, 14-17 — 10 pm; 5-7, 11,13, 18 — 5 Mxm; 8-10 — MKM.
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BBIIEJSUINCh TpU Buma - Ankistrodesmus arcuatus
(42x10® kn./nm Ha ct. 4), Monoraphidium griffithii
(83010 kn./n1 Ha c1. 7) and Mychonastes homosphaera
(42 x 103 kJ1./J1 Ha CT. 4) KOTOpBIE TPe0bJIafaTy KakK Mo
YUCJIEHHOCTH, TaK U mo 6uomacce (Puc.4, 5). luato-
MOBBIE IMeJI HU3KHe KOJINYECTBEHHBIE [TOKa3aTeln 1
He npeBbimay 10 X 10° k1./J1.

TernytoBoiHAsA JMaToOMOBAas BOJIOPOCJIb
Asterionella formosa (12 10° xJ1./J1) pUCyTCTBOBaJIa
ToJIbKO Ha cT. 1 (Puc.4).

3.4. BupoBom cocTtaB PUTONNAHKTOHA
UpPKYTCKOro BOAOXpPaHUAKMLIA

@UTONJIAHKTOH VIPKYTCKOTO BOJOXpaHUJIMIIA
1MeJl CXOJICTBO C OailikajbCKHM, HO ero 4YHCJIEHHOCTb
ObLJIa HIXe, a BU0BOe 60oraTcTBo BhIle (29-50 BH1IOB)
(Puc.2, Tabmuna 2). XpuszoduroBsle BKI0OUAIU 27
BUJIOB M BHYTPUBHUIOBBIX TAaKCOHA, TakkXe Kak U B
03. Bafikasn, u3 KOTOpBHIX Ipeobanaid KpeMHUCTBIe
yenryiiyatele Xxpu3odurossie (22 Buga). Takxe, kak U
B 03epe, K JOMHUHHUDPYIOUIMM OTHOCUJIACH IHaHOOaK-
Tepun, Takue kKak Cyanodictyon planctonicum (42 x 103
KJI./71 Ha cT. 12), Microcystis sp. (20x10% xji1./n1 Ha
ct. 12), Dolichospermum lemmermannii (25 X 10° k1./71
Ha cT. 14), 3eneHble Bojgopocu, Takue kak Chlorella
vulgaris (59 x10° xii./n1 Ha cr. 14), Koliella longiseta
(41 x10® xn./n Ha ct. 10) u Monoraphidium griffithii
(15x103% ki1./n Ha cT. 14). YUCIEHHOCTh KPYITHOKJIE-
TOYHBIX BUJJOB XPpU30(UTOBBIX CYLUIECTBEHHO CHU3U-
Jach, u3 Hux Dinobryon sociale (24 x10° wJ./n1 Ha
ct. 10) u Dinobryon sociale var. americanum (16 X 103
KI1./71 Ha cr. 10) OpUtM gomuHUpylomuMmu. Cpenu
Bacillariophyta Asterionella formosa (10 X 10® ./ Ha
cT. 14), Aulacoseira granulata var. angustissima (11 X 103
ki1./n1 Ha c1. 15) m Nitzschia graciliformis (13 x 102
KJI./J1 Ha cT. 15) umMenu HU3KYI0 YMCJIeHHOCTh. Mesikue
[[EHTPUYECKUe BUIBl JUATOMOBBIX BOJOPOCIIEH, TaKue
kak Cyclostephanos makarovae, Stephanodiscus minutulus,
Cyclostephanos makarovae, Discostella pseudostelligera
u Thalassiosira pseudonana, TakXke WMeIU HU3KYIO
yrceHHocTh. Camasi BBICOKAs YHMCJIEHHOCTh MeJIKUX
LeHTpuYecKux aquatomein — 19 X 10° ki1./n1 — ObIa Ha
cT. 10.

3.5. BupoBom cocTtaB GUTONNAHKTOHA
3anmBoB UpKyTCKOro BOAOXpaHUAMLLA

BugoBoii coctaB (PUTOIJIAHKTOHA 3aJIUBOB U
LIeHTpaJIbHOM dYacTh MpKyTCKOTrO BOJOXPaHUJIUIIA
OBLT CXOMHBIM. beHTOCHbIe [uaToMer UMesn OOJIBIITYIO
YUCJIEHHOCTh (45-64) X 10° Kki1./71 B 3ajMBax MU3-3a UX
MeJIkoBoqHOcTH. OOmas YucjieHHOCTh M Onomacca
BapbpupoBasii oT 242x10° mo 321 x10° xi./n, 41 u
140 wmr/m® cootBercTBeHHO (Puc.3). Haubosibiiee
BHJI0BOe OoraTcTBo 6bUI0 B EpmoBckoMm 3anmBe (CT.
16) (55 BuAOB) 3a cueT AUATOMOBBIX Bofopoceit (19)
U KPEMHHCTHIX YenlyidaTeix Xxpuszodpurtosbix (18). B
3asuBe Kypma (cT. 11) BoisiBiIeHO 50 BUAOB, U B 3aJIBe
Enosriii (cT. 13) — 29 (Puc.2, Tabauna 2). Bo Bcex Tpex
3aJiuBax mnpeobsiafgasy IuaHobakTepun Cyanodictyon
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planctonicum (22-68) x 10° ki1./51 u 3enennie Chlorella
vulgaris (16-48) x10° «i./im) (Puc.3). JJOMUHHUDYIO-
MU BUAAMH ObLTA JUAaTOMOBBIE Bofopociu Nitzschia
graciliformis (mo 29 X 10® ku1./i), Aulacoseira granulata
var. angustissima (go 23 X 10°kJ1./J1) ¥ MeJIKUe [eHTPU-
yeckre BuUAB (A0 28X 10° ki1./J1), cpeayu KOTOPBIX
HauboJiee MHOTOYMCJIEHHBIMH ObUTH  Stephanoscus
minutulus u Thalassiosira pseudonana. MwukpodoTO-
rpadum JIeTHUX BUIOB (PUTOIJIAHKTOHA MPeCTaBJIEHBI
Ha PUCYHKE 5.

3.6. CpaBHeHue coobliecTB
duTonrnaHKTOHA U BAMAHMA daKTOopoB
OKpy)Xalouien cpeabl

Kak mokaswiBaeT aHaimus, coodiiecTtBa HOxHOro
Batikana u MpKyTCcKOro BOJOXpaHWJIMIIA YeTKO pasje-
Juianch Ha nBe rpynnsl (Puc.6). BaxHO OTMeTUTbh, UTO
aHaJIOTUYHblE 3aKOHOMEPHOCTU OBUIM TOJIyYeHBl C
HCIOJIb30BaHUEM BCeX TpeX TUIIOB JAaHHBIX O COCTaBe
CoOO0I[eCTB: YMCJIEHHOCTH BUJIOB, OMOMAacCh BUAOB U
MAaTpPHI[BI IPUCYTCTBUA/0TCyTCTBUA (Pric.6A-C). O6bsC-
HUTeJIbHAsA cujia OblJTa caMOM BBICOKOHN JIs MOMEJIH,
noaydyeHHoii MeromoM RDA Ha OCHOBe [OaHHBIX O
yricJieHHOCTU BUAOB (Pric.6A); ee ckOppeKTHPOBaHHBIN
koabdunuenT gerepmunanuu (adjusted R2) gocturan
31%. DTta mMomesib BKJIKOYAJa ABE IepeMeHHbIe OKpY-
JKamIiel cpebl, a UMEHHO IIPO3pavyHOCTh BOAHI U PH,
JeHCTByOIie U BJIMAKIINE Ha COCTaB COOOILIeCTB
B CXOAHOM HamnpasjeHUu. OObACHUTEsSIbHAsA CUja
MoJieJieli, IOJIyYeHHBIX Ha OCHOBe JaHHBIX 0 6uomacce
Bui0B (Puc.6B) u npucytcrBun/orcytcreuu (Prc.6C),
cocraBmia 19% u 9% coorBeTcTBeHHO. IIpu 3TOM B
MOJEJIAX COXPAHSJICA €JMHCTBEHHBIN KOJIOTUYECKUN
¢axTop — Npo3pavyHOCTh BOAHL.

YcraHoBJIeHa Xopolias MOJIOXKUTEIbHAsA Koppe-
JIALAA 4YUCJIEHHOCTU M OMOMAacChl MEJIKUX LieHTpuue-
ckux U 6eHTOCHBIX quatoMel (Puc.6D). Kpowme Toro,
YKMCJIEHHOCTh U OroMacca CTOMAaTOLUCT TakXe HMMesn
BBIPQXXEHHYIO IOJIOXKUTEJIbHYI0 KOoppesiAnuio ¢ obuiei
6uomaccoi. PaccmaTtpuBas rufjpodusmndeckrie U TUpo-
XHUMUYecKHe apaMeTphl, MOXXHO BHJIeTh, YTO IIpO3pay-
HOCTh BoJbl M pH okazanu HeraTMBHOe BJIMAHHE Ha
YMCJIEHHOCTh M OuomMaccy MeJKUX LIeHTPUYeCcKuxX u
JOHHBIX nuaTomeil. IIpo3payHOCTh BOABI M TeMmIepa-
Typa TakXe OTpULIATeJIbHO KOPpPeJIupOoBad MeXAy
coboii.

4. 06cy)xpeHue

Hamm wccieqoBaHUs IIOKasad, YTO JIETOM
TeMIlepaTypa MOBepXHOCTHHIX BoA B HOxxHOM Baiikase
u VpKkyTckOM BOJOXpaHWUIe OBUIM CXOAHBIMU B
otanune oT utoHa 2023 r. (Firsova et al., 2023). CocTan
JOMUHHMPYIOIUX BUJOB COOOIIECTB (PUTOIIAHKTOHA
HpkyTckoro Bogoxpanuiuiia u l0xHoro batikaia Gbu1
cxonHbM (Puc.2, Tabmura 2). OaHaKo, Kak U B UIOHE
2023 ., B cocTtase coobmiectB I0xxHo-Batikana u UpkyT-
CKOTO BOJIOXpaHWJIUILA BBHIABJIEHBl CyIlleCTBEHHBIE
paznuuus (Puc.6A-C). BoiiBI€HO, YTO OCHOBHBIM TOKa-
3aresieM 3Toro 3ddekTa sABJAeTCA TaKONW MPOCTON
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Puc.6. Koppessanusa mapaMeTpoB OKpyXarollell Cpefbl U OrpaHUYeHHas OpAUHAINA YMCJIEHHOCTH BHIOB, OMOMAcCHl U
JIaHHBIX O IPUCYTCTBUN/OTCYTCTBUU. (A) — AHaIM3 N30BITOYHOCTH Ha OCHOBE JAHHBIX O YMCJIEHHOCTH BUJIOB; (B) — AHa/IN3 M30HI-
TOYHOCTH Ha OCHOBE JaHHBIX 0 Griomacce BuoB; (C) — OrpaHHUYeHHbI aHaIM3 COOTBETCTBIA HAa OCHOBE JaHHBIX O IPUCYTCTBUA/
oTcyTcTBUA BUIOB; Cephle KPYXKHU — MecTa otbopa npob B FOxxaoM Baiikaste. XKesTble KBagpaTsl — TOUKH 0T60pa npob B UpKyT-
CKOM BooxpaHuHiie. POMGbI — TON-15 JOMUHHUPYIOIMX BUAOB GUTOIUIaHKTOHA. CHHIE CTPEJIKU — 0OBACHAIIINE [IepEMEHHBIE,
ncnosb3yeMsle B Mojienn. (D) — AHaIM3 KOppeJiiuy apaMeTpoB OKPYXKaIoIlell cpefbl 1 CyMMAapHbIX YHCJIOBBIX [IepEMEHHBIX.
3HaueHus PEeICTABIIAT c000i1 K03bduUIMeHTH KoppesAuy [InpcoHa ¢ [BETOBOI MapKHUPOBKOI clipaBa. 3auepKHyThie SUEHKHU
IpeCTaBJIAI0T He3HaYUMBle Koppesranuu (p > 0,05). M'ugpodusnyeckiie ¥ rTHAPOXUMUYECKIE TapaMeTpsl (IPO3PaYHOCTh BOJIHL,
TeMIepaTtypa BoAbl, pH M OKHCIUTEIbHO-BOCCTAHOBUTEIbHBIN MMOTEHI[MAJT) MCIOJIh30BAJIUCH B KaueCTBe OOBCHAIOMINX Tepe-
MEeHHBIX TIpY OTpaHUYeHHON opanHanuu. BJ — qoHHsle Auatomen, SCD — MeJKre IIeHTPHUYecKre AUaTOMeH, St — CTOMaTOIMCTHL

rupoduU3nyecKuii IapameTp, Kak I[PO3PavyHOCThb
BO/JIbl, KOTOPHIH B Ipo6ax UpKyTCKOro BOAOXpaHUIINIIA
3HAYUTEJIbHO CHMXEeH. EAMHCTBEeHHBIM MHTPUTYIOMIUM
OTJINYMEM pe3yJIbTaTOB IIOMCKOBBIX aHAJIN30B HIOHB-
CKUX U aBIyCTOBCKHX KOMILJIEKCOB (UTOIIAaHKTOHA
cTas cABUT OYpPAyTry3CKOro cooOIIecTBa B rpymnmny npod
HpKyTCKOro BOOOXPaHWIMINA, II0 CPAaBHEHUIO C UIOHEM
(Firsova et al., 2023). 3ToT 3 deKT MOXKHO OOBACHUTD
cMellleHHeM B KOHIle JieTa I'paHUIlbl llepexojia TeMIle-
parypnl balikai/BofoxpaHuiuile BBepX IO TeYeHUIO
Anrapsl. JleToM NOBBIIIEHHE TeMIepaTypsl IOBepX-
HocTHBIX BoJl (Tabsauia 1) crnocob6CcTByeT poCcTy TeIio-
BOJHBIX BUAOB (PUTOIIAHKTOHA KakK B O3epe, Tak U B
BojoxpaHwiunie. Ha Bcex cTaHIUAX AOMUHUPOBAIU
MEeJIKOKJIETOUHble KOJIOHHWAJIbHble IMaHOOaKTepuu.
Cpemu 3TuUX I[MaHOOaKTepuil HaWOOJIBIIYI0 YMCJIEH-
HocTh B IOxkHOM Batikane umen Bun Cyanodictyon
planctonicum nHa ct. 1 (12 kM ot Kynaryka). YcraHoB-
JIEHO, YTO YKCJIEHHOCTh W Omomacca JieTHero ¢uro-
IUTAaHKTOHA VIPKyTCKOTO BOAOXPaHWJIUILA HEBHICOKH,
YTO aHAJIOTUYHO pe3yJibTaTaM MpeIblayIiUX HCCIIe0-
BaHuii (Bopo6reBa, 1995; Popovskaya et al., 2012). Kak
U B nipeapiaymue roasl (Bopo6reBa, 1995; Popovskaya
et al., 2012), mOMHHUPYIOIMM BHOM ObLjla I[MAHO-
6akrepus Dolichospermum lemmermannii, Y1CJIEHHOCTb

KoTopou Obuta Hmxke 25X 10° ki./s. Torga Kak BO
BTOpPOM [IOJIOBMHE aBrycra U Havajie ceHTa0psA 1985 r.
YMCJIEHHOCTD Jocturaia Dolichospermum lemmermannii
7,2x106 wi./n1 (BopobweBa, 1995). B urone 2023 r.
Nitzschia graciliformis goMmuHupoBasia Kak B IOXHOM
Batikasne, Tak u B MpkyTckoMm Bogoxpanuuiie (Firsova
et al., 2023). B aBrycte 2023 1. 3TOT BUJ TaKXe OCTa-
BaJICAA OAHUM W3 JOMUHUPYIOIINX, HO €ro YHCJIeHHOCTh
3HAYMTEeJIbHO CHU3UJIACh II0 CPAaBHEHUIO C UIOHEM.
BrlsByIeHHBIE B HAIIUX KUCCJIEOBAHUAX JOMUHU-
pymomue BUAB! JieTHero (GpUTOILIaHKTOHA OBLI aHaslo-
rAYeH MOpeabayliuM wuccjiegosaHuaM 60-x u 80-x
rojioB (Bopo6reBa, 1995), u 2008 r. (Popovskaya et al.,
2012), yTo cBUAETEIBCTBYET O CTAOUIBHOCTU BUJOBOTO
cocTaBa. Ilo cpaBHeHUIO ¢ IpeAbAyLMMH HCCJIe0Ba-
Husamu (KoxoBa, 1964; BopobGreBa, 1995; Popovskaya
et al.,, 2012) npousouUTd HEKOTOpPHlE WN3MEHEHU:
YBEJIMYWJIOCh BUAOBOe OOrarcTBo (PUTOIIAHKTOHA U
yucio JoMuHHpylommx BugoB. Cpenu Chlorophyta
Ot HambOoJiee pacnpoctpaHedsl Chlorella vulgaris n
Mychonastes homosphaera, a cpegu Chrysophyta npeo6-
Jnagaia Dinobryon sociale. O BBICOKOM GOraTcTBe XpU30-
¢uToBbIXx MpKyTCKOr0 BOJOXpaHWJIMIA yXe coolIa-
JIOCh, TOCKOJIBKY OHO ABJIAETCS CaMbIM XOJIOJHBIM U
UMeeT caMble HHU3KHUE KOHLEHTPAIlM{ NHUTaTeJbHBIX
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BEUIeCTB Cpeau APYrux BOJOEMOB AHrapckoro
kackaza (BopobbeBa, 1995; Bessudova et al., 2023b).
MBI OTMETWJIN TaKXe BBICOKOE BUJIOBOe 6OraTtcTBo
poaa Dinobryon (11 TtakconoB) B HOxHom Baiikaie,
BKJIIOYAsA paHee He yKa3aHHbBIE 3/1eCb TaKCOHBI, TaKHUe
kak Dinobryon crenulatum u Dinobryon suecicum var.
longispinum. 3Tu BUABl, BEPOSTHO, OBUIM BBIHECEHBI
B 03€p0O M3 IPUTOKOB, U JJIA UX pa3BUTUA B IOxHOM
Baiikase cyioXuinck 6oJiee 6J1aronpusATHBIE YCIIOBHA,
BKJTIOYalonie GoJjiee BBICOKYI0 IPO3PAYHOCTh, OTCYyT-
CTBUE TeyeHHA U MUHHMaJbHOe pa3BUTHE ANaTOMel,
KOHKYPHUPYIOIINX C HUMHU 3a KpeMHHUI. PaHee ObLIO
[I0Ka3aHo, 4TO 3TH (GaKTOPHl UrpaioT BaXXHYIO POJIb B
(opMHpoBaHNN BBICOKOTO BHJOBOTO pa3HOooOpasus
xpu30dUTOBEIX B 3aymBe peku O6b (Bessudova et
al., 2023a). BugoBoil cocTaB AOMHHUPYIOUUX TaKxe
nonoJiHWIIcA Bumamu Dinobryon sociale u Dinobryon
sociale var. americanum. Buj0OBO# coCTaB KPEMHMCTHIX
YemryiyaTelX XpU30(OUTOBBIX HU3MEHHUJICA IO OTHO-
IIEHUI0 K BeceHHeMy KoMIUlekcy BumaoB (Bessudova
et al.,, 2023b), obGoraTuBmNMCh BHIAMM, TUITHYHBIMU
s Gosiee Temmbix Box (Bessudova et al.,, 2021),
TakuMu kak Paraphysomonas gladiata, Paraphysomonas
uniformis subsp. hemiradia, Lepidochromonas butcheri,
Spiniferomonas septispina.

5. 3aknloueHue

HecmoTpa Ha cxXofHble MapaMeTphl Cpefsl,
Takue Kak TeMmneparypa 1 pH Bofpl, a Takxe 06oJbloe
KOJIMYeCTBO OOIMX TAaKCOHOB, 00IIas YMCJIEHHOCTb U
6uomacca yietHero ¢uTtoriankToHa B FOxHowm Batikase
BbIle, 4yeM B MpKyTckoM BojoxpaHuuine. MMesnchk
pacxoXJeHus B BHJIOBOM COCTaBe U CIHMCKE JOMUHMU-
pylomux BumoB. B IOxHoM Batikane nmaHobakTepuu
VMeJIM BBICOKYH YHCJIEHHOCTb, XOTS B VIpPKyTCKOM
BOJIOXPAaHWJINIE UX POCT OBIJI OrpaHWYEHHBIM. YTO
Kacaercs NpelplAyIINX MCCIeNOBaHUL, B TOM 4YHCJIe
NpOBeIeHHBIX B HIoHe 2023 1., obmee 60raTcTBO yBeJIN-
ynsiock 3a cueT BumgoB Crysophyta. OOmasa d4uciieH-
HOCTh M Onomacca GUTOIJIAHKTOHA COOTBETCTBOBAJIU
JleTHeMy IepuoAy MpeblAyIHX JieT.
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MpeI Tax>ke 3asBJieM, YTO 3TO HccieJoBaHue He GUHAH-
CUPOBAJIOCh KaKMUM-IM00 areHTCTBOM noMuMo PHO.
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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 dominate and coexist with the cyanobacterium for a long period of cultivation.
It was found that this cyanobacterium is an edificator of this community providing the microbiome
with organic matter. Metabolic features of heterotrophic bacteria based on reconstructed genomes are
presented. The main processes of carbon and nitrogen metabolism in the biofilm are carbohydrate and
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-
Benson-Bassham (CBB) cycle, while Sphingomonas sp. due to the glyoxylate pathway of metabolism. The
biofilm also contains the anoxygenic photoheterotroph Bosea sp. using light energy to transform organic
matter. Aminobacter sp. is an active degrader of complex organics, which possesses methylotrophy and
supplies hydrogen for oxidation by 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: cyanobacteria, heterotrophic bacteria, biofilm, functional genes, metabolism

1. Introduction

Interactions occurring between algae and bacteria
representaparticularcirculation of organicmatter (Azam
et al.,, 1983). Cyanobacteria, as primary producers,
form a specific habitat environment by forming organic
matter and synthesizing biologically active metabolites
(Woodhouse et al.,, 2018). Heterotrophic bacteria
associated with cyanobacteria are more often species
with flexible universal metabolism, most of the strains
belong to Proteobacteria (Berg et al., 2009). High-
throughput sequencing allows a detailed inventory
of cyanobacteria-heterotrophic bacteria associations
without cultivating (Shaw et al., 2020). For example,
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
studies of the non-axenic cultures’ microbiome of
subpolar cyanobacteria showed the occurrence of
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representatives of Proteobacteria and Bacteroidetes
in the community and ruled out the possibility of
external contamination confirming the co-evolution
of cyanobacteria and their companions (Cornet et al.,
2018). Non-axenic algal cultures are suitable model
objects for studying interactions between algae and
heterotrophic bacteria because they demonstrate in
situ relationships. The presence of different bacteria
in cyanobacterial cultures allows the study of their
genomes using bioinformatics tools for nucleotide
fragment separation (Tan et al., 2016).

The genome of the filamentous cyanobacterium
Tychonema sp. BBK16 isolated from benthic biofilms
revealed its ecology and genomic characteristics
(Tikhonova et al., 2022; Evseev et al., 2023).
Analysis of DNA isolated from a non-axenic culture
of cyanobacterium revealed heterotrophic bacteria
inhabiting the mucous cover during autotrophic biofilm
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.

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

Sample collection and DNA sequencing

Obtaining a non-axenic culture of
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
different methods using the DNBSEQ-400 sequencer
(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. 1.8.4 (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,
which included filtering out non-target and chimeric
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.,
2019). Completeness and contamination of the final
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
DIAMOND v. 2.1.8 (Buchfink et al., 2021) against the
NCBI nr protein sequence database. Ribosomal RNA
genes were isolated using Barrnap v. 0.9 (Seemann,
2013). Taxonomic annotation of contigs and MAGs was
performed using the Kaiju service (Menzel et al., 2016)
and manually improved using author scripts based on
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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
in the CBB cycle - rbcL, prkB; glyoxylate assimilation
pathway - mct; ammonia transport into the cell - amt,
and its assimilation - glnA; transport of nitrite/nitrate
- nrtABC, assimilation of nitrates/nitrites - narB, nirA,
nasABED; denitrification genes - narGHI, nirK, norB,
nosZ; urea transport - urtABCDE and its decomposition
to ammonia - ureABC; carboxylation of urea - E6.3.4.6
urea carboxylase; ammonium production from
glutamate - asnB; phosphonate transport phnCDE;
phosphonate decomposition — phnAB; decomposition
and modification of phosphonates - phnlJKLMPWXY;
assimilation of phosphate from organic compounds
— phoD; transport of inorganic phosphate - pstBS;
hydrolytic enzymes for polysaccharides - argH, glgX,
susACD; sulfate and thiosulphate transport system
- cysAPUW; oxidation of sulfates and thiosulphates
in periplasm - soxABCDXZ; degradation of aromatic
compounds - vanA, dmpB, xylE; assimilation of
carbon monoxide with the release of hydrogen -
coxMLS, cutML; permeases for facilitated transport of
oligopeptides and oligosaccharides - oppABCDF, mppA,;
methylamine utilisation (methylotrophy)- gmasS,
mgsABC, mgdABCD; use of carbon monoxide - coxMLS,
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
paired-end reads; taxonomic annotation of which
revealed representatives of three phyla: Cyanobacteria
(50.2%), Proteobacteria (49.6%), and Actinobacteriota
(0.2%). Metagenomic binning of the contigs obtained
after assembly identified 12 bacterial genomes of
different quality (Table 2). The most complete genomes
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. Abundance of ASVs in the biofilm of 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 B 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 sp. BBK16 biofilm sample.
completeness and < 5% contamination are in bold.

Bins with >50%

bin ID Compl. * Cont.* Contig Genome GC Total CDS Genus
N50 Size Content
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
homologues. As shown in the figure, in most cases, it
is possible to find a pair of sequences from ASVs and
metagenomes belonging to the same genus/species that
indicate sufficient sequencing depth for both methods.
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Even when no 16S rRNA marker gene was detected in
the metagenome, other coding sequences and genome
fragments were annotated as taxa represented in the
tree.

Metabolic functions
Tychonema sp. BBK16 biofilm

According to the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database, a total of 2387 different
functional orthologs (KO) were identified in the

of bacteria in the
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= =CP026747_Devosia-sp.-1507

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

- *16S_rRNA_NODE_1122

= +lUCLuck2_FXWKO01000003_Devosia_lucknowensis

- MN684251 Devosia-submarina-strain-MT_CA_E_9_27F.27F

- IGS |RNA NODE_153_length_59105

= =ASV020

= *MH929644-Devosia-psychrophila-strain-0B12

- MH929683 Devosia-epidermidihirudinis-strain-2b05-2

- -CPOASzéZZ Devosia-beringensis-strain-S02

-ASV05
= "NR_117979-Tabrizicola-aquatica-strain-RCRI19
= "MT278152-Tabrizicola-sp.-strain-2R39
= -EF473294-Aminobacter-aminovorans-strain-EM0364
= +IK6Speld FJ907162_Aminobacter_sp._Sokolova
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by BLASTn-search are in black color

biofilm-consortium. We presented 8 bins to describe
the bacterial functions (Fig.2). The analysis of the main
pathways of carbon metabolism showed that the most
significant participants in the biofilm community are the
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
identified key metabolic markers of biofilm community
members (Table 3). The ability to fix inorganic carbon
was confirmed by the presence of the enzymes of the CBB
cycle in the microorganisms Tychonema sp. BBK16 and
Hydrogenophaga sp., although in the latter this process is
facultative and occurs when there is a deficit of organic
matter in the medium. The ability to use solar energy
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is confirmed by the presence of bacteriochlorophyll,
carotenoid synthesis genes, and photosystem II reaction
center enzymes in the bacterium Bosea sp.

A complex cycle of biogenic elements
phosphorus, nitrogen, and sulfur — occurs in the biofilm.
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
natural ecosystems and were once the first sources
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
metabolic symbiosis “carbon in exchange for nitrogen”
implying that bacteria fix atmospheric nitrogen. Thus,
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Fig.2. Abundance heatmap of different metabolic processes in the biofilm of Tychonema sp. BBK16

a microbial community represented by the filamentous
cyanobacterium Microcoleus vaginatus and strains of
Actinobacteria and Proteobacteria, many of which were
atmospheric nitrogen fixers, was isolated from arid soils
(Nelson et al., 2021). In our case, nitrogen fixation was
not detected, which was confirmed by the predictive
method (PICRUSt2) and the absence of marker
genes for the process in the genome (Supplementary
materials, S2, S3). Genes responsible for denitrification
(nitrogen removal) were identified in three members
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
and heterotrophic bacteria, except 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
being a mixotroph (Evseev et al., 2023). Facultative
autotrophy of hydrogen-oxidizing bacteria is an
inducible process; they are successful organotrophs in
the presence of simple organic matter (Zavarzin, 1972).
BacteriaAminobacter, Tahibacter, Devosia,and Paucibacter
are able to consume polysaccharide substances, which
are abundant in cyanobacterial biofilm. Aminobacter

has the most extensive metabolism being an active
polysaccharide degrader, methylotroph, denitrifier,
and, as well as Paucibacter, a supplier of hydrogen
for the hydrogen-oxidizing bacteria. Hydrogen is also
released during the anoxygenic photosynthesis of the
bacterium Bosea. Devosia are able to inhabit places rich
in organic compounds, such as wastewater and biofilms,
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:
enzymes of denitrification, methylotrophy, hydrolysis
of aromatic compounds and complex polysaccharides,
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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Table 3. Microbial processes in the biofilm of Tychonema sp. BBK16

Bacterium

Metabolism

Confirmative genes

Tychonema sp. BBK16

Tahibacter sp.

Hydrogenophaga sp.

Devosia sp.

Aminobacter sp.

Autotroph. Uses nitrate, nitrite, ammonia and urea. Assimilates
phosphates of inorganic and organic compounds, synthesizes
alkaline phosphatase. Utilizes sulfates and thiosulphates.

Organotroph. Uses phosphates, phosphonates, and ammonia,
hydrolyses glycans. Denitrification.

Chemoorganotroph/chemolithoautotroph. Oxidises hydrogen as
a source of energy and CO, or simple organic matter as a carbon
source. Preferred nitrogen source is urea, glutamate. Able to
degrade oligosaccharides. Transports nitrate and phosphate.
Participates in thiosulfate oxidation by the periplasmic SOX
enzyme complex.

Organotroph. Utilizes organic and inorganic sources of
nitrogen and phosphorus, detoxifies urea by decomposition or
incorporation into organic compounds. Contains a large number
of transporters of oligopeptides and simple organic matter,
modifies aromatic compounds. Possesses a powerful chemotaxis
system.

Organotroph. Mobile due to piles, hydrolyses polysaccharides,
catechols, glycogen, urea, assimilates nitrate, phosphate,
sulfate, thiosulphate, denitrifier. Oxidizes carbon monoxide to
carbon dioxide. Methylotroph involved in the degradation of
methylamines (serine pathway).

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

argH, amt, phnA, pstBS, nirK,
norB

rbcL, prkB, soxABCDXZ, urtABCE
ureABC, urea carboxylase, amt,
asnB, cysU, cysW

glgX, nasC, nasABED, nrtABC,

oppABCDF, mppA, phnCIJMP,

pstBS, urtAE, ureaABC, urea
carboxylase, vanA

amt, argH, glgX, dmpB, xylE,
nasABED, nosZ, nrtABC, pstBS,
phnACDIJKLMPWY; soxABG,
cysU, cysW, urtABCE, ureABC,
gmaS, mgsABC, mgdABCD,

Paucibacter sp.

Bosea sp.

Sphingomonas sp.

Aerobic heterotroph capable of hydrolysing complex
polysaccharides, a companion bacterium to cyanobacteria
in nature and cultures, utilizes nitrate, phosphate, sulfate,

thiosulphate. Possible denitrification.

Anoxygenic aerobic phototroph, contains bacteriochlorophyll a
and photosystem II. Assimilates nitrate and phosphate.

Universal organotroph capable of carbon autotrophy, fixes
carbon dioxide using an alternative carbon pathway, the
glyoxylate cycle. Hydrolyses polysaccharides. Assimilates

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

coxMLS, cutML

amt, argH, narGHI, nasABED,
nrtABC, phoD, pstBS, phnDEX,
soxBCDXZ, cysU, cysW, susA,
coxMLS, cutML

amt, glgX, argH, bchM, chlM,
bchO, bchX,Y,Z, pufM,L,
nrtAC, nasDF, urtABC, pstBS,
phnCIJKMPXY

amt, argH, mct, phoD, pstBS

4. Conclusion

We have demonstrated that Proteobacteria are
the main symbionts of the filamentous cyanobacterium
Tychonema sp. BBK16 in vitro. The dominant genera
were Hydrogenophaga, Sphingomonas, Paucibacter,
Aminobacter, Devosia, and Tahibacter. The studied
biofilm community showed processes of oxygenic
and anoxygenic photosynthesis (phototrophy and
photoheterotrophy), facultative carbon dioxide
fixation involving the glyoxylate pathway and SBB,
methylotrophy, degradation of polysaccharides and
aromatic compounds to oligosaccharides, organic acids,
aldehydes, peptides, and monosaccharides, and organic
polymers of nitrogen and phosphorus.
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Pa3sHooOpa3ue 6aKkrepun U nyTem ux
MmeTabonM3Ma B HeaKCEeHHMUYHOM KYAbType
Tychonema sp. BBK16

KpacHorieeB A.10., Tuxonosa U.B., IlognecHas I'.B., IToranos C.A., I'magkux A.C.,
CyciioBa M.IO., Jluniko U.A., CopokoBukoBa E.I'., besbix O.H.

JIumHooeueckuti uHcmumym Cubupckozo omdesieHus Poccutickoti akademuu Hayk, yJt. YoaH-Bamopckas, 3, Hpkymck, 664033, Poccua

AHHOTALIMA. [IpoBeneHO BBICOKOIIPOM3BOAWTEIbHOE CEKBEHHPOBaHKE MUKPOOHOIO KOHCOPLMYMa,
00pa30BaHHOIO KyJIbTUBUpPYeMOH IuaHob6akTepueri Tychonema sp. BBK16 u reteporpodHeIMU GaKTe-
pusamu. I[IpeacraButenu ¢uisl Pseudomonadota/Proteobacteria — 6aktepuu pomoB Hydrogenophaga,
Sphingomonas, Paucibacter, Aminobacter, Devosia, Tahibacter, Bosea — JOMUHUPYIOT U COCYIIECTBYIOT C
raHoOaKTeprel Ha MpOTHKEHUU JINTEeJIbHOIO Ilepruofa KyJIbTUBHpOBaHUA. lluaHoOakTepusa ABJIA-
eTca 5Au(pUKaTOPOM 3TOro coobiiecTBa, obecreunBas BeCb MHUKPOOMOM OpraHUYeCKHM Bel[eCTBOM.
ITpuBeneHsl MeTaboymyeckrue 0COOEHHOCTH OakTepuii, MCXOAsA M3 BOCCTAHOBJIEHHBIX I'eHOMOB. ['j1aB-
HBIMU IIpolieccaMy MeTabojiM3Ma yriepoda U a3oTa B OMOIJIEHKe ABJIAITCA MeTab0JIu3M YIIeBOJAOB U
aMHHOKHUCJIOT, a TakXe IIPOLlecChl PeryJsAldy B3auMOOTHOLIEHU MeXAy y4acTHUKaMK KOHCOpLUyMa.
VYriepogHoii aBToTpoduen obnagawT Tychonema sp. BBK16 u Hydrogenophaga sp. 3a cueT LMKJIA
KanbBuHa — BeHcoHa — Baccama (KBB) u Sphingomonas sp. 3a cueT TJIMOKCUJIATHOTO My TH MeTabosn3Ma.
Taxxxe B OMOIIJIEHKE NPUCYTCTBYeT aHOKCUI'€HHBIA (ororereporpod Bosea sp., KOTOPHIM KCIOJIb3yeT
SHEepruio cBeTa AJjiA INpeoOpa3oBaHUs OpraHuYeckux BemecTB. MeTunoTpodueil ob6jagaeT aKTUBHBINA
JIeCTPYKTOP CJIOXKHOI opraHuku Aminobacter sp., KOTOPBIH ITOCTaBJIAET BOJAOPOJ AJIs OKKCJIeHNs OaKTe-
pusamu Hydrogenophaga sp. Takxe BomopoJ BbiesifAeTcs 6akrepueil Paucibacter sp. MUKpOOpraHu3MBbI
Tychonema, Sphingomonas, Paucibacter ocymiecTBJIAIOT BbICBOOOXaeHHE (ochaToB M3 OPraHUMYECKUX
coeAuHeHUH, obecneunBas GocHopoM Becb KOHCOPLAYM.

Kittouegeie ciioga: nuanobakrepus, 6akrepun, 6MOIJIeHKY, (GYHKI[MOHAJIbHBIE TeHbl, MeTa00JINn3M

1. Beepenne JeHHOCTh OakTepuil cemerictB Shingomonadaceae,

Rhodobacteriaceae, Comamonadaceae (Aguilar et al.,
2019). Otu OaxkTepuu dYacTble CIYTHHUKU LBETEHUI
[[MaHOOAKTEPUI B €CTECTBEHHBIX YCJIOBUAX, a TaKXe B

B3auMopelicTBUSA, MPOUCXOANINE MEXAy BOMO-
pocsiAMU U GaKTepUsIMU MPECTABIIAIOT COOOM OCOOBIN

KPYTOBOPOT OpraHuveckoro BemiectBa (Azam et al.,
1983). Iluano6akTepyuy, Kak IepBUYHbIE IPOAYLIEHTEI,
co3garT crenudUUecKyr cpefy MeCTOOOHTaHNS,
oOpa3ys opraHuyeckue BellecTBA U CHUHTe3UPY:
ouostornuecky axktuBHbie MerabosmThl (Woodhouse
et al., 2018). AccollurpoBaHHbIE C I[TMAHOOAKTEPUAMU
rerepoTpodHbBle 0OakTepuyu yaile ABJAITCA KYyJIbTU-
BUPYeMBIMU BHJAaMH C IJIACTUYHBIM YHHBepCaJIbHBIM
MeTaboyi3MoM, OoJibllasg 4YacTh WITAMMOB IpHUHAA-
nexut Proteobacteria (Berg et al., 2009). Bricokompo-
HU3BOJUTEJIbHOE CeKBEeHHpOBaHHE [JaeT BO3MOXXHOCTb
[IPOBECTH MAeTaJibHyl0 WHBEHTApH3aluio accoluanui
nuaHobakTepuili ¢ rereporpodpamu 6e3 NOyUeHUs
mrammoB Gaktepuii (Shaw et al., 2020). Hanpumep,
BBIAIBJIEHO, YTO COOOIecTBa MaKPOKOJIOHUN IMaHOOAaK-
Tepuu Nostoc U3 03epHOI NMPUOPEXHON 30HHI B I1€JIOM
[IOXOXM Ha IJIAaHKTOHHBIE, HO B HUX BBIIIe IIpe/ICTaB-

*ABTOp ISl HEPENUCKU.
Anpec e-mail: krasnopeev@lin.irk.ru (A.}FO. KpacHomnees)

INocmynuna: 05 nexabpsa 2023; IIpunama: 17 gexabpsa 2023;
Onyb6stukogaua online: 19 nexabps 2023

236

HeakCeHNYHHIX KysabpTypax (Chun et al., 2017; Park et
al., 2021; Thorat et al., 2022). MeTareHOMHEBIE KCCJIE-
JIOBaHUsI COCTAaBa MUKPOOIOMAa HEaKCeHUYHBIX KYJIbTYP
TIOJIAPHBIX I[MAaHOOaKTepull Iokas3ajau mpeobJiafjaHue
Proteobacteria u Bacteroidetes B cocTaBe coo0liecTBa,
rpejnoJiarasi COBMECTHYIO 3BOJIIOLUI0 IMaHOOAKTepUi
u nx cnyTHukoB (Cornet et al., 2018). HeakceHUYHBIE
KYJIbTYPHl BOOOPOCJIeli ABJIAIOTCA MOAEIbHBIMU 0OBeK-
TaMH JUIsI W3yYeHUs B3auUMOJEeNCTBUI BOJOPOC/IN
u reTepoTpodHBIX OaKTepuil, IOCKOJBKY JeMOH-
CTPUPYIOT B3aUMOOTHOIIeHUs in situ. IIpucyTcTBue
pas3nyHBIX OaKTepuil B KyJbTypax LMaHOOAKTepui
[I03BOJISIET MCCJIeIOBATh UX I'eHOMBI 6J1arojjaps 61onH-
dopmarnueckuM WHCTPYMeHTaM pasfeseHusa dpar-
MEHTOB HYKJIEOTHU/IHBIX [10CJIeIOBATEJIbHOCTEH U reHOB
(Tan et al., 2016).

© ABtop(s1) 2023. DTa paboTa pacnpocTpaHs-
eTCs 0] MeXAyHapoJHOI iuneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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PaHee mpu aHajn3e reHOMa HUTYATOU ITMAHO-
6aktepuu Tychonema sp. BBK16, BbijeJIeHHOH U3
OeHTOCHBIX OMOIJIEHOK 03. bBalikajy, IIoKa3aHbl ee
SKoJIorndeckre 1 reHoMubele ocobennoctu (Tikhonova
et al., 2022; Evseev et al., 2023). Ilpu ananuze JHK
HeaKCeHWYHO! KyJIbTypel Tychonema Sp. BbIsABJIIEHBI
MHOTOYMCJIEHHbIe I0CJIeZOBAaTEIbHOCTH TeTepoTpo-
¢HbIx OaxkTepuil. llenpio paboThHl ABJIAETCA H3ydeHUeE
6akTepuii-ctyTHUKOB Tychonema sp. BBK16 u meTta6o-
JIMYecKas XapakTeprcTHKa 3TOr0 MUKPOOHOT0 KOHCOP-
I[MyMa Ha OcHOBe AaHHBIX JJHK-IITpuXKoaUpOBaHUA U
MeTareHOMHKH.

2. Marepuanbl U MeTOAbI

Cexgenupoganue /THK Kyavmypul

[NosiyyeHre HEAKCEHUYHOH KYJIbTYPHhI IMaHOOAK-
Tepum u BeifesieHne JTHK onmcano panee (Tikhonova et
al., 2022). IlItamm Tychonema sp. BBK16 Ky/J1bTHUBUpPY-
eTcs Ha aBTOTpodHOI cpefie Z-8, cozieprxallieit HUTpaThHI,
cysibdatsl, KapboHaTH U pocdaThl BKauecTBe OLIOTeHOB,
B TeueHHe cemu JjieT. CekBeHHpOBaHue ydacTtka V3-V4
16S pPHK rena nmpoBefeHO IO MHCTPYKLWHN MPOU3BO-
nutenia ¢ npaiiMepamu 343F (CTCCTACGGRRSGCAG)
n 806R (GGACTACNVGGGTWTCTAAT) B xoMmaHuu
EBporen (MockBa) Ha miatdopme Illumina Miseq.
OloTraH cekBeHHpPOBaHME MPOBEIEHO Pa3sHBIMU MeETO-
Jamu — ¢ ucnoJjb3oBaHueM cekBeHaTopa DNBSEQ-400
(MGI, Kwurait) mo mportokosry 6e3 IIIP c depmeHTa-
TuBHOHN (pparmenTtauueii (MGI, Kuraii) u ¢ ucnoJb3o-
BanueM miatdopmsl Illumina MiSeq (Illumina, USA)
METOOOM TapHO-KOHIIEeBBIX TpouTeHuil (paired-end
reads). [sinHa MNOJIyYeHHBIX (GparMeHTOB B CJIydae
MGI coctraBuia 150 m.H., B ciydae Illumina - 300
n.H. OneHky kadectBa O0ubamnorek V3-V4 aMIJIMKOHOB
U pe3yJIbTaTOB MeTareHOMHOI'0 CeKBeHHpPOBaHUA
MIPOBOAIJIN C HOMOIIBI0 nmporpaMmel MultiQC v. 1.12
(Ewels et al., 2016), agantepsbl yAaJieHbl C TIOMOIIBIO
mporpammel  Trim  Galore v. 0.6.5 (https://www.
bioinformatics.babraham.ac.uk/projects/trim galore/,
nara nocJjiequero gocrymna: 12 nexkabps 2023 r.). @uio-
reHeTUYeCKoe JIepeBO PEKOHCTPYHMPOBAHO C WCIOJIb-
3oBanremM BEAST v. 1.8.4 (Drummond and Rambaut,
2007). Crlpble TaHHBIE JeNOHMPOBaHH B Genbank mop
HoMepamu foctyna PRJINA1042932 (nBa myJsia MeTare-
HOMHOro cekBeHupoBaHusi) U SRR11929492 (nanHbIe
CEeKBEHHPOBAHUA aMIUIMKOHOB ydyacTka V3-V4 16S
rRNA rena).

AHatu3 ¢ppacmenmoa 16S pPHK cena

[Taker DADA2 v. 1.16 gjyia A3blka NporpaMMu-
poBaHus R ncnonbp3oBaH AJiA AajibHelel 06paboTky,
BKJIIOUamIell B cebsi QUIbTpALMIO HeIeJIeBBIX U
XHUMEpPHBIX MOCJIe[JOBaTeJIbHOCTEHM, a TakXe KJlacTepu-
3anuio nocyenosaresibHocTell B ASVs (Exact Sequence
Variants) (Callahan et al., 2016; R Core Team, 2021).
Bamxaiiniie romosioru BeiOpaHbl nmyteM BLASTn-mo-
ncka no 06azam pedepeHCHBIX NocjeoBaTesIbHOCTeN
NCBI nr/nt. ASVs u 6ivxarinme roMoJIord BEIPOBHEHE
¢ nomongsio anropurma ClustalO (Sievers et al., 2011).

O6pabomka pe3y/ibIamod uwomeaH CeKGeHU-
pogaHua

COopKy pyIOB B KOHTUTU IIPOBOLUJIM C UCIOJIb-
3oBaHueM SPAdes v. 3.15.4 (Prjibelski et al., 2020).
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KaprtupoBaHnue puioB Ha [I0JIyuYeHHble KOHTUT'H BBIIOJI-
HeHO B BWA v. 0.7.17 u makerom Samtools v. 1.18
(Heng and Durbin, 2009; Danecek et al., 2021). Meta-
reHOMHBIN OMHHUHT U BblAeJIeHle TeHOMOB IIPOBe/IeHbl
¢ nomomrpio MetaBAT2 v. 2.15 (Kang et al.,, 2019).
BeluMTaHHOCTD ¥ KOHTaMUHAIWA [T0JIyYeHHbIX TeHOMOB
oneHeHsl ¢ wucnosb3oBanuem CheckM2 v. 1.0.2 Ha
ocHOBe aJyiropuTMa MamuHHOro obydenus (Chklovski
et al., 2022).

OTkpeiThle pamku cuutTbiBaHusa (ORFs) B
KOHTHTaxX obHapyXeHbI ¢ momoibilo Prodigal v. 2.6.3
(Hyatt et al., 2010). AunoTtauus no KEGG u npricBoeHue
KO HOMepoB GesikaM BBIIIOJIHEHHI € IOMOINBI0 cepBHUca
BlastKOALA (Kanehisa et al., 2016) u B mosiyaBTOMaTu-
yeckoM pexxuMe ¢ nomoinbio DIAMOND 2.1.8 (Buchfink
et al., 2021) npotuB 6a3sl GEJIKOBBIX MOCJIEOBATEIh-
HocTell NCBI nr. T'ensl pubocoMmubix PHK BeIA€sI€HBI €
ucmnoJsib3oBaHrem Barrnap 0.9 (Seemann, 2013). Takco-
HOMHYecKas aHHOTalMsA KOHTUIOB U FeHOMOB BBINOJI-
HeHa ¢ nomolirbio ceppuca Kaiju (Menzel et al., 2016)
U YyTOYHEeHa BPYYHYIO C IOMOIIbI0 aBTOPCKUX CKPUIITOB
Ha OCHOBe MeTaboJIMYecKol aHHOTAUHU.

@dyHKIMOHAJIbHEIE O0COOEHHOCTU MHKpOOpra-
HM3MOB YCTaHOBJIEHBl Ha OCHOBaHMHU IPHCYTCTBHUA B
reHoMe MapKepHBIX F'eHOB MeTabOoJIMYeCKUX MPOoI[eCcCOB
B COOTBETCTBHUHU C METOJAUKOM, onrcaHHON ['apHepoM u
ap. (2023). YriepoaHas aBToTpodus yCcTaHABIMBAJIACh
IO MPUCYTCTBUI0 TeHOoB nukyia KBB — rbel, prkB; myTh
ACCUMWJIALIMHU ITIMOKCHIaTa — MCt; TPaHCIIOPT aMMOHMUA
B KJIETKy — amt, U ero accummwanusa — glnA; Tpasc-
NIOPT HUTPUTOB/HUTPaToB — nrtABC, accummiAnus
HUTPATOB/HUTPUTOB — narB, nirA, nasABED; pnenu-
tpudukaiusa — narGHI, nirK, norB, nosZ; TpaHcmopt
MoueBuHH — UrtABCDE u e€ pasyioxeHne 10 aMMOHUA
— ureABC; xapOOKCcHIMpOBaHNE MOYEBHUHBI — KapOOK-
cuiasa MouyeBUHB E6.3.4.6; mosyuyeHue aMMOHUA U3
raytaMmarta — asnB; TpaHcnopT docdhonatos — phnCDE;
pasnoxenue ¢ochoHatoB — phnAB; pasnoxeHue u
Momubukanusa docdonaros — phnlJKLMPWXY; ycBo-
eHne ¢ocdara U3 OpraHNIYeCKUX CoeqUHEHUI — phoD;
TpaHCIOPT Heopranuyeckoro ¢gocdara — pstBS; ruapo-
JuTtryeckye depMeHTHl AJiA MojvcaxapujoB — argH,
glgX, susACD; TpaHCHOpTHas cuctema cysabdaToB u
THocybdaTtoB — cysAPUW; oxkuciyieHue cyiabdaTtoB U
THOCYJIbdaTOB B nepumiazmMe — SoxABCDXZ; perpa-
Janys apoMaTH4ecKUX coeIuHeHWH — vanA, dmpB,
xylE; ycBoeHHe MOHOOKCHA YIJIepPoAa C BBAETIeHHEM
Bojiopozia — coxMLS, cutML; nepmea3ss! Ajisg ob6erdex-
HOTO TpaHCIOpPTa OJIMIONENTHAOB U OJIMrocaxapoB
oppABCDF, mppA,; yTwiusanus MeTUJIaMHHOB
(metunoTpodus) - gmaS, mgsABC, mgdABCD; ucmoJib-
30BaHME MOHOOKcuia yrJjepoma — coxMLS, cutML;
cuHTe3 GakTeproxsopodniuioB — bchMO; cBeTocobu-
paromue nosmnenTusl porocucremst II — pufML.

3. Pe3synbTartbl M 06cy)xpeHue

dwroceHemuyeckoe pasHoobpa3ue 6akmepuil
U UX 2eHOMO8 @ HeakceHUu4HOll kystemype Tychonema
sp. BBK16

B pesysibraTe cexkBeHHpOBaHMA OMOJIMOTEKU
amnuiukoHoB V3-V4 16S pPHK renHa ObUIO NOJIy4eHO
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62 028 mnapHO-KOHLEeBbIX puaoB. M3 storo Habopa
BoeIiesieHo 21 ASV, npu aHHOTAlUM KOTOPBIX OOHApy-
JKEHBI TIpeficTaBUTe M Tpex (uiymoB: Cyanobacteria
(66,1%), Pseudomonadota/Proteobacteria (33,7%) u
Actinobacteriota (0,2%). HauGoJiee mpejcTaBjeHHbIE
poaa - Hydrogenophaga, Sphingomonas, Paucibacter,
Pseudomonas, Aminobacter, Devosia, Tahibacter, Bosea,
Methylophilus, Rhodopseudomonas, Ensifer, Tabrizicola,
Acidovorax, Caulobacter, muHopHBIe — Rhodococcus n
Iamia (Tabauna 1).

B pesynbraTe CeKBeHHMPOBAHUA TOTaJIbHOU
JHK mertosiom npo6oBuka ObUIo mosyueHo 18 4421
914 mapHO-KOHIIEBBIX PUIOB, MPU TAKCOHOMHUYECKOM
AHHOTAIM{ KOTOPBIX OOHapyXeHBl IIpeACTaBUTEIN
Tpex duiymoB: Cyanobacteria (50,2%), Proteobacteria
(49,6%) u Actinobacteriota (0,2%). B xoze MeTareHom-
HOro OMHHMHIA IOJIyYeHHBIX Iocjie cOOPKU KOHTUTOB
OBLIO BBIAEJIEHO 12 GaKTepHasbHBIX '€HOMOB Pa3HOI0
kauvectBa (Tabsmna 2). HanboJsiee moJIHBIMU IIO ITOKa-
3aTeJIAM BBIYMTAHHOCTU M KOHTaMUHALWHU, COTrJIACHO

Ta6aunma 1. IIpeacTaByieHHOCTh mociefoBaTesbHocTell (ASVs) dparmentoB 16S pPHK rena 6Gaktepuil B OGuOIIeHKe

Tychonema sp. BBK16

Homep OuiTymM Knace Pon KoanvectBo | Mo, %
puaos

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
ASVO017 | 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 8 0,005
ASV095 Proteobacteria Gammaproteobacteria Acidovorax 2 0,003

Tabauma 2. XapakTepuCTHKa IeHOMOB, BOCCTAQHOBJIGHHBIX M3 MeTareHOMHBIX [JaHHBIX CEeKBEHHPOBAHHS HeaKCeHWYHO
kyJibTyphl Tychonema sp. BBK16. JKupHbIM 1moKa3aHbl reHOMBI nMelontie 6osiee 90% BEIYUTAaHHOCTY U MeHee 5% KOHTaMUHAIIH.

Ter BeruutaHHOCTS, | KonTaMuHanus, | Ctatuctuka| Pasmep Hona |Yuciio pamok Pox
reHomMa % % N50 refoma, ni| GC-nmap | cUUTHIBAaHUA
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 Deyosia
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
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CheckM2 craructuke (maHo B CKOOKax), ObLIM
reHomel: 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). Taxxe
cJjiefyeT OTMETUTh BBICOKUI MPOLIEHT cOOPKU reHOMOB
Devosia, Bosea n Hydrogenophaga.

Jl71A olleHKH CXOOUMOCTU Pe3yJsIbTaTOB Taprer-
HOTO ¥ MeTareHOMHOIO CeKBEHHPOBaHUA ObLIO
IIOCTPOEHO (UJIOreHeTUYecKoe AepeBO, OCHOBaHHOE
Ha BBIpaBHUBaHUU MocJiefoBarenpbHOcTell 16S pPHK
reHa (Puc. 1). B npeBo Takxe BKJIIOUeHHI OJrKaniie
roMoJioru corjiacHo BLASTn-noncky. Kak nokasaHo Ha
pucyHke 1, B OOJIBIIMHCTBE CJIyuaeB yAaéTcs HaUTU
napy mnocJjefoBaTesibHocTel u3 ASVS u MeTareHoma,
MpUHAAJIEXANUX OJHOMY POAY/BUIY, YTO TOBOPUT O
JOCTaTOYHON TJIyOMHe CeKBeHHPOBAHUA AJA 000HX
MeTo/I0B. Jlake B cJiydae, ecJi B MeTareHoMme He oOHa-
pyxuBajiocb MapkepHoro reHa 16S pPHK, napyrue

Koaupyloliie IocJefoBaTeIbHOCTU U (parMeHTH
reHOMOB ObIM aHHOTHPOBAHBI KaK IIpe/iCTaBJIeHHBbIE
Ha fiepeBe TaKCOHHL.

Memabostuueckue ¢yHkyuu 6axmepuaybHOl
cocmaagsraoweti 6uontenku Tychonema sp. BBK16

CyMMapHO B OHOIJIEHKe-KOHCOpIyMe BbIAB-
neHo 2387 pa3inuHbBIX (QYHKIMOHAJIBHBIX OPTOJIOTOB
(KO) mo 6aze pmanHeix KEGG (Kyoto Encyclopedia
of Genes and Genomes). [[ia onucaHusg GQYHKOUN
OaxkTtepuili Mbl mnpefcraBuan 8 OuHOB (Puc. 2).
Ananu3 OCHOBHBIX IyTell MeTabosm3Ma Yyrjiepoaa
BBIIBWJI aKLeHT OCHOBHBIX YYaCTHHMKOB coOOOIlecTBa
OHomIeHKM Ha MeTaboJsiM3Me YIJIeBOJOB U aMMHO-
KHCJIOT, OOJIBIIYI0 AOJII0 IPeACTaBJIAIT KaTeropuu
CUTHAJIBHBIX U KJIETOYHBIX IIPOLIECCOB, HYKJIEOTHIHOTO,
SHepPreTUYECKOro MeTabo/IM3Ma, TPAHCIOPTA BELIECTB
yepe3 MeMOpaHy, MeTaboJym3Ma KO()aKTOpoB U BUTaA-
MWHOB. J[ONOJIHUTEJIBbHBIN aHAJIN3 — CpaBHEHUE Ipea-
CKa3aHHBIX (QYHKLUUH MUKPOOPTaHM3MOB U peajibHO

- *CP026747_Devosia-sp.-1507

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

- 165 rRNA_NODE 1122 . .

= =lUCLuck2_FXWK01000003_Devosia_lucknowensis

= -MN684254-Devosia-submarina-strain-MT_CA_E_9_27F.27F
= =ASV017

= «16S_rRNA_NODE_153_length_59105

= =ASV020

= *MH929644-Devosia-psychrophila-strain-0B12

= *MH929683-Devosia-epidermidihirudinis-strain-2b05-2
= =ASV037

= CP045422-Devosia-beringensis-strain-S02

= =ASV056

= *NR_117979-Tabrizicola-aquatica-strain-RCRI19
= =MT278152-Tabrizicola-sp.-strain-2R39
= EF473294-Aminobacter-aminovorans-strain-EM0364

= +K6Spel4_FJ907162_Aminobacter_sp._Sokolova
= =16S_rRNA_k119 3942

= =ASV016

= =K6Anthy FR869633_Aminobacter_anthyllidis

= =MT373615-Aminobacter-anthyllidis-strain-BaM-89
= *0X341517_Aminobacter-niigataensis-strain-MD1
= *MF689017-Rhizobium-sp.-sirain-D13

= *NR_165690-Ensifer-collicola-strain-Mol-12

= "ASV051

= *CP023067-Ensifer-sojae-CCBAU-05684
= =CP014301-Bosea-sp.-PAMC-26642

= *MN421246-Bosea-lathyri-strain-P4F133
= "ASV041

= "MK249675-Bosea-lathyri-strain-WS15

= =16S_rRNA k119 12936

= *CP016464-Bosea-sp.-RAC05

= =CP017147-Bosea-vaviloviae-strain-Vaf18
= =ASV050

= =0OL773533-Rhodopseudomonas-sp.-strain-21YS11W-21
= *KF663061-Rhodopseudomonas-sp.-N-I-2
= =ASV092

= =16S_rRNA_k119 1811

= *MH688815-Caulobacter-sp.-strain-S22

= *KF360053-Caulobacter-profundus-strain-DS48-6-3

= =ZZZPol36_KP274054_Sphingoaurantiacus_polygranulatus
- “16S_rRNA_NODE_94 length_89036

= =ASV005

= =AP018711_Sphingosinicella-microcystinivorans-B9-DNA
= =ASV003
= «16S_rRNA_NODE_454 length_4915

- -16S rRNA k119 4954 .
= =OP787488-Paucibacter-sp.-strain-PLA-PC-4
= =ASV012

= *16S_rRNA NODE 141 length 65976

= *HW7Speld CP013692_Paucibacter_sp. KCTC_42545
= =CP013692-Paucibacter-sp.-KCTC-42545
= *KR606034-Methylophilus-sp.-TWE2

= =ASV049
= =AY772089-Methylophilus-quaylei-strain-MT
= =ASV004

= =16S_rRNA_k119 5447

= *HOASpec3_JX949967_Dokdonella_sp._TMN-36

= *CP015249-Dokdonella-koreensis-DS-123

= *ON176163-Stenotrophomonas-rhizophila-strain-Vur

= *GFURhizo_CP007597_Stenotrophomonas_rhizophila
~16S_rRNA_k119 31230

= *MT626825-Pseudomonas-gessardii-strain-SeaQual_P_B791/1
= =ASV009
= *MN715320-Pseudomonas-fluorescens-strain-KP7

= *16S_rRNA_k119 1403

= =16S_rRNA_NODE_600 |endqth 5758

= *Rd4S1264_CP010797_Rhodococcus_sp._B7740
= "ASV047

= +16S rRNA k119 11887

= =OP323136-Rhodococcus-erythropolis-strain-CEMTC_5277
- *ASV027 )

= =CP050948-lamia-sp.-SCSIO-61187

= *MT258873-lamia-sp.-strain-SCSIO-61187

= =ASV091

= «16S_rRNA_k119 28448

= =J80Bour2_AB045897 |

= =J80Tenue_GQ324973_Tychonema_tenue
- <16S_rRNA" NODE_258 [ength 33478

- “MN969972_Tychonema_sp_BBK16

'I:?/chonema hourrelléiKCCAPZJASQlllB
G_4.8

-a- 16S_Metagenome

|-
= *H70Spe75_KT756664 Hg/drogenophaga_laqonesensis
= *H70Atypi_AJ585992 Hy ro%enophaga_atyplca
= *KU233250-Acidovorax-sp.-S' -
= *H6WRad12_MF101116_Acidovorax_radicis
- *ASV095
- *ASV093
|
L
L
i
L
L

-a-

= =ASV001
= «|lOGAutu4_EF654084_Phormidium_autumnale_SAG_78.79

ASVs - a- references

Puc.1. YiapTpamerpuueckoe puaoreHeTudeckoe AepeBo, OCHOBaHHOe Ha BhlpaBHuBaHUM JHK ¢parmenTa 16S pPHK rena.
Kpacusim BeiiesieHsl ASV nocJieoBaTeJIbHOCTH, CUHUM — (pparMeHTH reHa 16S pPHK u3 merareHoMa, YepHBIM — OJImKaiime

cocenu 1o ganHeIM BLASTn-moucka
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09124 Replication and repair

09103 Lipid metabolism

09181 Protein families: metabolism

09132 Signal transduction

09123 Folding, sorting and degradation

09107 Glycan biosynthesis and metabolism

09106 Metabolism of other amino acids

09192 Unclassified: genetic information processing
09145 Cellular community - prokaryotes

09142 Cell motility

09111 Xenobiotics biodegradation and metabolism
09193 Unclassified: signaling and cellular processes
09143 Cell growth and death

09109 Metabolism of terpenoids and polyketides
09183 Protein families: signaling and cellular processes
09122 Translation

09104 Nucleotide metabolism

09108 Metabolism of cofactors and vitamins

09102 Energy metabolism

09191 Unclassified: metabolism

09175 Drug resistance: antimicrobial

09121 Transcription

09110 Biosynthesis of other secondary metabolites
09141 Transport and catabolism

|
| 09131 Membrane transport
09182 Protein families: genetic information processing
] 09105 Amino acid metabolism
09101 Carbohydrate metabolism
9 o . 9

Puc.2. TensoBas kapTa npejcTaBIeHHOCTH MeTaboJMyeckUx MyTell o 6ase gaHHbIX KEGG B MeTareHoMme Tychonema sp.
BBK16. IIseToM 0603Ha4€HO KOJINYECTBO ['€HOB, aHHOTHPOBAHHBIX B KaXJOM U3 T€HOMOB.

MIPUCYTCTBYIOIMX (YHKI[MOHAJIBHBIX T'€HOB NpUBeNeH
B JlomostHuTeIbHBIX MaTepuasax (S1).

[Tpu GyHKLUMOHAIBHON aHHOTALUM COOpPaHHBIX
TeHOMOB BBIJIeJIeHb OeJIKM OCHOBHBIX MeTabosmue-
CKUX TmyTel B coobmjectBe OGuorienku (Tabmuma 3).
CnocoGHOCTh K pUKcay HEOPraHU4YecKoro yriepoaa
MIOATBepXJaeTcsaA NpUcCyTcTBUeM (epMeHTOB IMKJIa
KanbBunHa — BeHcoHa — baccama y MHKpPOOPraHu3MoB
Tychonema sp. BBK16 1 Hydrogenophaga sp., 0[JHaKo i
nocjieiHel 3TOT Ipoliecc ABJiAeTcA GaKyJIbTaTUBHBIM U
peasiusyeTcs pu Aedurute opraHN4eckux BelecTB B
cpene. CiocobHOCTD 6akTepuu Bosea sp. NCNOJIb30BaTh
SHEeprui0 COJIHEYHOr'o CBeTa MOATBEpXJaeTcs MpUCYT-
CTBHEM TIeHOB CHHTe3a OakTeproxjopodusuia, Kapo-
TUHOUOB, a Takxe (pepMeHTOB peaKLOHHOI0 IieHTpa
dortocuctemsl II.

B OuomnsieHKe TMPOUCXOLAT Tpolecch o0b6pa-
30BaHUA U PpasjoXeHUs CcoeAUHEHUII OHOTreHHBIX
as1eMeHTOB — ¢pocdopa, a3oTa U cephl. Tak, ICTOYHUKOM
docdopa saBnsoTCA PocdaThel, KOTOPhlE B 3aMKHYTOM
9KOcCHCTeMe MOCTYyNaloT 3a c4eT aKTUBHOCTHU IIeJI0YHON
docdarazsl Mmukpoopranusmon Tychonema, Paucibacter,
Sphingomonas. Y GoJibIIMHCTBA OaKTepUil HAMEHbI
TpPaHCIOPTHBIE cucTeMbl AJiA ¢dochoHaToB. OTU Opra-
HUYeckue coeAuHeHUA pocdopa 4acTo MpUCYTCTBYIOT
B IPUPOJHBIX 3KOCUCTEMaX U KOIrAa-TO OBLIN NepBbIMU
ncroyHukaMu Qocdopa I JpeBHUX MHUKpoOOpra-
HuaMmoB (McGrath et al., 2013). [Toka3zaHo, yTo ¢docdo-
HaTHble TPAHCIOPTHBIE CHCTEMBI MOI'YT CJIyXXUTh Ilepe-
Hocunkamu ¢ocdaros (Stasi et al., 2019).

TpaAuIIMOHHO B3aMMOOTHOIIEHUsA aBTOTpoda
U reTepoTpodHBIX OaKTepUil paccCMaTpPUBAIOTCA Kak
MeTaboJIM4eCcKuil CMMOMO03 «yIjIepoJ B 0OOMeH Ha a3oT»,
nofpasyMenas, 4To OakTepuu (PUKCHUPYIOT aTMOC-

(depuBIll a30T. Takoe cooOIIeCTBO MHUKPOOPTaHN3MOB
BbI/IeJIEHO U3 MIOYB MYCTHIHb U NIpe/iCTaBJIeHO HUTYATOMN
nuaHobakTepueir Microcoleus vaginatus ¥ mraMMamu
Actinobacteria u Proteobacteria, MHOTHE U3 KOTOPBIX
ABIACH ukcaropamu atMocdepHoro azota (Nelson
etal., 2021). B HamieMm ciiy4ae pukcarius a3ota He oOHa-
pyXeHa, YTO MOATBEePXAeHO INPeAUKTUBHBIM MeTOJ0M
(PICRUST?2) u oTcyTCTBUEM B reHOMe MapKepHBIX TeHOB
npouecca (JlomosHuTenbHBIe MaTepuasbl, S2, S3).
l'enrl, oTBevaromye 3a AeHuTpudukanuio (ygajieHue
asoTa), BIABJIEHH y pooB Tahibacter, Aminobacter u
Paucibacter (Proteobacteria). [To TeHOMHBIM XapakTe-
pUCTUKAM, OCHOBHBIMU HMCTOYHMKAMU a3oTa JJjid BceX
Y4aCTHHUKOB KOHCOPLMYyMa MOI'YT ABJIATbCSA aMMOHUMH,
HUTPATHl, HUTPUTHI U MOYeBMHA (KaK MeTaboJIUT U KaK
MPOAYKT pasjioXeHus OTMepinell Omomacce). ['eHsl,
CBA3aHHBIE C TPAHCIOPTOM aMMOHUA U (depMeHTaMu
€ro acCHMWJIALUY, BBIABJIEHBl Y BCEX YJIEHOB KOHCOP-
nuyMa. ['eHBl, KOqUpyOlie TPAaHCIIOPT MOYEBUHEL U ee
pasJjiockeHue 10 aMMOHUsA BbIABJIEHHI y IMaHOOaKTepun
u retepoTpodHBIX Oakrepuii, Kpome Sphingomonas,
Paucibacter u Tahibacter.

Taxum oOpa3om, Bce MeTaboJIMYecKye poLiecchl
HeoOXOAUMBI I NOAJepXaHUs >XU3HU BCero coob-
mectBa. ABtoTpod 1nmaHobakTepus  Tychonema
sp. BBK16 o6pa3yer opraHuueckoe BeL[eCTBO OJiA
OakTepuil, HapsAAy ¢ paKyJIbTaTUBHBIMU aBTOTpodaMu
Hydrogenophaga wn Sphingomonas. OpHakKo OJHOBpe-
MEHHO OHa MMeeT I'eHbl [JI YCBOEHHsA OpraHWYecKuX
BeLeCTB, ABJIAACh MukcoTpodom (Evseev et al., 2023).
®dakyJibTaTUBHAA aBTOTPOdHA BOLOPOLHBIX OaKTepuil
ABJIAETCSA WHIAYIUPYEMBIM IPOLIECCOM, OHU ABJIAIOTCA
YCHEIHbIMUA OpraHOTpodaMy IMpU HAJTUYUU MPOCTHIX
opranuveckux BemecTB (3aBap3uH, 1972). baxrepuun
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Ta6smna 3. MukpoGHbIe nporiecchl B 6uorieHke Tychonema sp. BBK16

Pon

Oco6eHHOCTH MeTaboJI3Ma

IToaTBEepxkAaOInMe reHbl

Tychonema sp. BBK16

Tahibacter sp.

Hydrogenophaga sp.

Devosia sp.

Aminobacter sp.

Paucibacter sp.

Bosea sp.

Sphingomonas sp.

AptoTpo®d. Vcnosp3yeT HUTPAThl, HUTPUTHI, aMMOHUH U MOYe-

BUHY. YcBauBaeT ¢pochaTbl HEOPraHUUECKUX U OPraHUYeCKUX

COeqVHEHUI, CUHTEe3UpPYeT IeJIOUHy0 pocdarasy. AccuMmuiim-
pyert cyabdaThl U THOCYIb(ATHL.

OpraHoTpod, ucnosb3yomuil pocdatsl, GochoHaTH, aMMOHUI,
TUAPOJIN3YeT TJINKaHbL JJeHuTpubuKaTop

XemMoopraHotTpod,/xeMoJIMTOaBTOTPOd, OKUCIAET BOLOPOA B
KauecTBe UCTOYHUKA 3Hepruu 1 CO2 ujy npocThle opraHunye-
CKUe Bell[ecTBa B KauecTBe UCTOYHUKA yriiepoja. [Ipeanouru-
TeJIbHBIY MCTOYHUK a30Ta — MOYeBHHa, IyyTamar. CriocobHa
K Aerpajaluy oJaurocaxapuioB. TpaHCIOPTHPYeT HUTPATHI U
docdaThl. YuacTByeT B OKUCIIEHUU TUOCYJIbdaTa ¢ IOMOIIbI0
repuIiazaMaTuyeckoro ¢pepmMeHTHOro komiiekca SOX.

OpraHoTpo®, UCIOIb3YIOIUI OpraHiyecKre 1 HeOPraHNYEeCKIe
WICTOYHUKH a30Ta U docdopa, JeTOKCUPHUIHPYET MOUEBUHY
pasJioXKeHreM MJIM BKJIIOYEHUEM B OpraHUYeCKUEe COeJMHEHMUs.
AccUMUTIPYeT OJIUTONENTHAbB U IIPOCThIe OPraHUYEeCKIe Belle-
cTBa, MOAUGUIMPYET apoMaTHieckre coeAnHeHusa. O6IagaTeb
MOIITHOH CHCTEMBI XeMOTaKCHCa.

OpraHoTpo®, NOABMXXHBIN 3a CcYeT MUJIel, TUAPOJIN3YyeT MOJIU-
caxapy/ibl, KATEXOJIBI, IJINKOre€H, MOYEBUHY, ACCUMUIIUPYET
HUTpPaTHI, pocdaTsl, CyIbdarhl, THOCYIbGAThHL. JleHUTpudu-

kaTop. OKHcJIAeT MOHOOKCH/ yIjlepoaa A0 YIJIEKMCJIOro rasa.

MetunoTpod, yyacTByeT B Jerpajali MeTUIaMIHOB

A>poOHBIN TeTepOTPOP, CTOCOOHBIN TMAPOJIN30BATh CJIOXHbBIE
noJicaxapubl, 6aKTepusa-CIyTHUK I[MaHOOAKTEepUH B IpHUpoOAe
U KyJIbTypax, UCNOJIb3yeT HUTPATHI, pocdaTsl, cyapdaTsl,
Trocysbdartel. JeHuTpudukaTop?

AHOKcHUreHHBIN a3po0OHBIN GOTOTPOd, CONEPKUT GAKTEPHOX-
nopodui a u porocucremy II. AccumMuanpyeTr HUTPATH U
docdats

YHuBepcaabHBII OpraHoTpo®, CIOCOOHBIN K YIIEPOJHON aBTO-
Tpoduu, GUKCHUPYeT yIJIEKUCIBII I'a3 ¢ IOMOIIBI0 aJIbTePHATHB-
HOT'O YTIJIEPOJHOTO IIyTH — IJIMOKCUJIATHOTO IUKJIa. ['maposu-
3yeT noJymmcaxapuasl. Accummanpyet ¢ocdats 1 hochoHATEL,
uMeeT LeJIouHyo pocdartasy aia noayyeHus docdopa us
OpraHNYeCcKUX COeqUHEeHUN

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

argH, amt, phnA, pstBS, nirK,
norB

rbcL, prkB, soxABCDXZ, urtABCE
ureABC, urea carboxylase, amt,
asnB, cysU, cysW

glgX, nasC, nasABED, nrtABC,
oppABCDF, mppA, phnCIJMP,
pstBS, urtAE, ureaABC, urea
carboxylase, vanA

amt, argH, glgX, dmpB, xylE,
nasABED, nosZ, nrtABC, pstBS,
phnACDIJKLMPWY; soxABG,
cysU, cysW, urtABCE, ureABC,
gmas, mgsABC, mgdABCD,
coxMLS, cutML

amt, argH, narGHI, nasABED,

nrtABC, phoD, pstBS, phnDEX,

soxBCDXZ, cysU, cysW, susA,
coxMLS, cutML

amt, glgX, argH, bchM, chlM,
bchO, bchX,Y,Z, pufM,L,
nrtAC, nasDF, urtABC, pstBS,
phnCIJKMPXY

amt, argH, mct, phoD, pstBS

Aminobacter, Tahibacter, Devosia 1 Paucibacter criocoOOHBI
noTpebIATh NoJIMCAaxapyuibl, KOTOpEE B U3OBITKE
MPUCYTCTBYIOT B I[MaHOOaKTepHasibHOU OHOIJIeHKe.
Aminobacter ¥MeeT caMbIii Ppa3BeTBJIEHHBINI 0OMeH
BEI[eCTB, ABJIAACH aKTUBHBIM AECTPYKTOPOM IIOJIKICA-
XapuzioB, METWJIOTPOdOM, AeHUTPUPHUKATOPOM, U,
BMecTe ¢ Paucibacter, mocTaBIIMKOM BoAOpoAa AJIA
BOAOPOOHBIX OakTepuil. Takke BOJOpPOH BBIAEJIAETCA
IpyU aHOKCUreHHOM ¢QoTocuHTe3e OakTepuu Bosea.
Baktepuu poaa Devosia criocOOHBI BEDKUBATh B CpeAax,
foratblx OpraHUYeCKMMU COeOUHEHHAMH, TaKuX Kak
CTOYHBIE BOJIbI, OMOIIEHKH, OJIarogaps TPaHCIIOPTHBIM
OejikaM — repMeasaM, KOTOphle O3BOJIAIT yCBaUBaTh
KOPOTKHE MeNTUAB Pa3jIMYHOTO aMUHOKHCJIOTHOTO
COCTaBa U YJIOBJIETBOPATH MX OTPEOHOCTU B yTrilepoAe
u azore (Talwar et al., 2020) B mepuop ucuepnaHus
docdatoB  Tychonema, Sphingomonas, Paucibacter
JIOIIOJTHUTEJIBHO  BBIAEJIAIOT IeJiouHylo docdaTasy
[ rugposusa docdaT-cogepkanux OpraHuYecKux
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BemlecTB. [lnaHo6akTepys 3aBUCUT OT APYTHUX ydacT-
HUKOB COOOIIeCTBa, MOCKOJIbKY, KOTJa B 3aMKHYTOMN
cucTeMe HUTpPAThl U HUTPUTH He IOCTYNAlOT H3BHE,
aMMOHUI BBICBOOOXJAaeTCs B pe3yJibTaTe pa3jioKeHUs
OakTepusAMH a30TCOAEpKalIUX I[OJIMCAXapuaoB U
TJIMKO3U/I0B, OEJIKOB 1 aMHUHOKUCJIOT.

PaHee BBICKA3aHO YTBEPXIEHUE, YTO ACCOIMU-
POBaHHBIN C I[MaHOOAKTEPUSAMH MUKPOOHUOM TIPECTaB-
J1AeT cob0M «3KOJIOTUUECKUH cJiefl» UX Cpeabl OOUTaHUA
(Cornet et al., 2018). MbI moka3asiv, YTO MHUKPOOHBII
KOHcopIuyM uaHobakTepun Tychonema nipefcTaBjieH
TUMUYHBIMU ~ OOUTaTesiAIMuU  OOraThiX  OpPraHUKON
cybCTpaToOB, KOTOPBIE MMEIOT BCe HEOOXOAMMOE IJIS UX
npeoOpa3oBaHusA U ACCUMWJIANUU: (HEepMeHTHl IeHU-
TpudUKaIu, METUIOTPOGUH, TUAPOJIM3a apoOMaTHYe-
CKHUX COeJIMHEHUH 1 CJIOXHBIX TIOJIMCAXapU0B, a TaKXe
OpraHMYeCcKUX COeJUHEeHUN a30Ta, docdopa U cephl.
HekoTopsle 13 ONMMCAHHBIX BUAOB TAKXe BCTPEYAIOTCS
B KyJIbTypax JUAaTOMOBBIX BOJIOpPOCJIel o3epa Barika
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(Mikhailov et al., 2018). O6HapyxeHbl GaKTepUH-ACCO-
nuantel Hydrogenophaga, Methylophilus, Pseudomonas,
KOTOpBIE TaKkXe BbISIBJIEHBl 1 B Hamlell pabote. Takxke
MOKa3aJIu, YTO akTHHOOakTepun nopsijaka Nocardioides
SIBJIAIOTCS CIYTHUKAMU 6aHKaIbCKUX KYJIbTUBUPYEMBIX
BOJIOpPOCJIEH.

4. 3aknoueHue

Hamm nmokasaHo, uto Proteobacteria
rJIaBHble CUMOHOHTBH HUTYATON LMaHOOAKTepuu
Tychonema sp. BBK16. [OMHHaHTHBIMU SBJIAIOTCA
poaa Hydrogenophaga, Sphingomonas, Paucibacter,
Aminobacter, Devosia, Tahibacter. B ncciegyemom coo6-
ImecTBe MpOTeKaIu IPOLEeCcCh OKCUIeHHOIO0 W aHOK-
cureHHoro ¢orocunresa (poroTrpodusa m ¢ororere-
porpodus), dpakyapTaTBHAA GUKCcAUA YIJIEKUCIIOrO
rasa ¢ rnomouplo rianokcuiatioro nytu u Kbb, mertn-
JoTpodus, AeCTPYyKIUsA MoJucaxapufjoB U apoMaTu-
YeCcKUX COeJJMHeHUU [0 OJINrocaxapujoB, OopraHuye-
CKHX KUCJIOT, ajJbJery/ioB, NenTHJA0B U MOHOCAXapoB,
a TakXe OpraHMyYecKux MoJIMMepoB a3ora u pocdopa.
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ABSTRACT. Vital fluorescence staining of calcium-containing structures in calcifying organisms
is a powerful tool for the study of biocalcification. The main dyes used in this field have green or
red fluorescence, which may be overlapped with the fluorescence of chlorophyll and other organic
substances. We synthesized a novel coumarin-based fluorescent dye QA2 that stains calcium carbonate
and calcium phosphate. The fluorescence of this dye depends from environment, it is enhanced in non-
polar medium with a shift of the emission maximum to the blue spectrum region. Small vaterite and
calcium phosphate particles adsorb QA2 on the surface and exhibit predominantly green fluorescence,
while low surface area calcite crystals are stained in bulk and show additional intense blue fluorescence.
The ability of the QA2 dye to generate blue fluorescence of calcium carbonate may be useful for tracking
calcium carbonate formation at living organisms in the presence of green and red fluorescent organic

substances.

Keywords: fluorescence, vital dye, coumarin, calcite, vaterite

1. Introduction

Vital fluorescence staining of calcium-containing
structures in calcifying organisms allows us to measure
their growth rates and study biocalcification processes
(Ramesh et al., 2017; Tambutte et al., 2012). Various
fluorescent dyes that fluoresce in the green and red
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 (Gonzlez-
Pabén 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
potential non-toxicity and ease of use in contrast to
alizarin red, thus calcein can be added directly to the
environment of organisms (Serguienko et al., 2018).
However, the presence of autofluorescence in mollusk
shells (Delvene et al., 2022; Spires et al., 2021) as well
as in algae (Donaldson, 2020; Schoor et al., 2015;
Tang and Dobbs, 2007) can cause difficulties for the
interpretation of fluorescence images because there is
an overlap fluorescence spectra of calcein or alizarin
red with the structures autofluorescing in the yellow-
green or red region. Using dyes with fluorescence in
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
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diatom algae (Annenkov et al., 2019). This dye exhibits
emission in the blue range of the spectrum with the
addition of green fluorescence upon incorporation into
silica. The ability of QN2 to enter siliceous structures
is attributed the presence of amine groups capable
interacting with silica. Calcium-based biominerals are
bound to carboxyl-containing substances (Nudelman et
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
coumarin dye QA2 with two carboxyl groups, to study
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 CuSO,, filtered through
a Biichner funnel, distilled in vacuum and kept with
3A molecular sieves. Triethylamine was dried with
CaH, and distilled. L-aspartic acid was kept over
P,O,, in an evacuated desiccator for 48 hours before
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© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-

NonCommercial 4.0 International License.



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

use. 7-(Diethylamino)coumarin-3-carboxylic  acid
and succinimidyl ester of 7-(diethylamino)coumarin-
3-carboxylic acid were synthesized according to
(Berthelot et al., 2005).

2.2. Synthesis of N-[[7-(Diethylamino)-
2-0x0-2H-1-benzopyran-3-yljcarbonyl]-L-
aspartic acid (QA2)

Mixture of 40.6 mg (0.305 mmole) of L-aspartic
acid, 74.8 mg (0.739 mmole) of triethylamine, 90.3 mg
(0.252 mmole) of succinimidyl ester of 7-(diethylamino)
coumarin-3-carboxylic acid and 3 mL of dry DMF was
magnetically stirred under nitrogen atmosphere at
room temperature for four hours and at 55°C for five
hours. Then the volatiles were evaporated in vacuum
of an oil rotary vane pump (35°C heating bath) and the
residue was taken up in a mixture of 3 mL of distilled
water and 5 mL of ethyl acetate followed by filtration
through a cotton plug. The aqueous layer was separated,
extracted with ethyl acetate (2 mL X 2), acidified with
concentrated hydrochloric acid and extracted again
with ethyl acetate (2 mL X 3). The latter combined
ethyl acetate extracts were dried over MgSO,, 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 C, ;H, N,O. requires [M+H]* 377.1343.

187720

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
Na,CO, (24 mM, pH = 9), CaCl, (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
of water were mixed, shaken well and after 1 min,
calcium chloride solution was added, while stirring.
Concentrations in the final mixture were 6 mM for
Ca**, 6 mM for CO,*, 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

o o
0™ O’D Q
0 OH
¥ HoN ©
N OH
CHs CHs

Fig.1. Synthesis of QA2 dye.
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(NH,),HPO, (24 mmol, pH = 10) and CaCl, (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
mixed, shaken well and after 1 min, calcium chloride
solution was added, while stirring. Concentrations in
the final mixture were 6 mM for Ca?*, 3.6 mM for
HPO,*, 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
TOF (time-of-flight) LC/MS (liquid chromatography/
mass spectrometry) System. Sample was dissolved
in a mixture of deionized water and acetonitrile
(2/1 (v/v)). Water and acetonitrile with 0.1% (v/v)
heptafluorobutyric acid were used as eluting solvents
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
(ESD+, V mode, centroid, normal dynamic range,
capillary voltage 3500 V, desolvation temperature 325
°C, and nitrogen flow 5 L/min.

Absorption, excitation and emission spectra
were measured with SM-2203 spectrofluorimeter
(CJSC Spectroscopy, Optics and Lasers — Modern
Developments, Republic of Belarus, Minsk) in 10 mm
quartz cuvette. A pulsed xenon lamp was used as an
excitation source in the device.

Light and fluorescent microscopy was performed
with MOTIC AE-31T inverted microscope with a
HBO 103 W/2 OSRAM mercury lamp. Excitation was
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-
carboxylic acid with L-aspartic acid (Fig. 1). Absorbance
spectra of the new dye (Fig. 2) contain three peaks at
216, 265 and 430 (water), 253 and 410 (dioxane) nm.
The shape of the emission spectra (Fig. 3) does not
strongly depend on the excitation wavelength, but the
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™
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fluorescence intensity in water is much lower than in
dioxane, and its maximum (475 nm) is shifted to red
compared to the fluorescence in dioxane (455 nm).
Similar effects were observed and discussed for the dye
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
fluorescence, while vaterite shows only green-yellow
emission. This difference in fluorescence color is similar
to the difference in emission spectra of QA2 in water and
in a nonpolar solvent such as dioxane. We hypothesize
that small vaterite particles with high surface area
adsorb QA2 on the surface and the fluorescence of the
dye is similar to that in aqueous medium. The dye is
incorporated into calcite crystals at the transformation
of vaterite in calcite, as result its fluorescence becomes
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
formation of small green-fluorescent particles with
weak blue emission (Fig. 5). Probably the dye in small
calcium phosphate particles is not as isolated from
water as in calcite crystals, which reduces fluorescence
in the blue range.

4. Conclusions

We synthesized a novel coumarin-based
fluorescent dye QA2 that stains calcium carbonate
and calcium phosphate. The fluorescence of the dye
depends on the environment, it is enhanced in non-

ok e ¢ :
Fig.4. Visible light microphotographs and epifluorescence of calcium carbonate particles obtained in the presence of dye
QAZ2. Scale bar represents 50 pm.

0.6

3 I .

§ 0.4 in dioxane in water

S

Q

<02
0 +—+—r—T—T 7T 77T T T T
200 300 400 500 600 700 800

A, nm
Fig.2. Absorbance spectra of 10 pM QA2 solutions in
water and 1,4-dioxane.
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Fig.3. Excitation and emission spectra of QA2 in water
and 1,4-dioxane. Concentration 5 uM. A — excitation spectra
at emission 452 nm, B — emission spectra at excitation 256
nm, C-425nm, D-410 nm, E - 400 nm, F - 385 nm, G - 374
nm. Emission and excitation slits 5 nm.
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Fig.5. Visible light microphotographs and epifluorescence of calcium phosphate particles obtained in the presence of QA2

dye. Scale bar represents 50 um.

polar medium and the emission maximum shifts to
the blue region of the spectrum. Small vaterite and
calcium phosphate particles adsorb QA2 on the surface
and exhibit predominantly green fluorescence, while
low surface area calcite crystals are stained in bulk
and show also intense blue fluorescence. The ability of
the QA2 dye to generate blue fluorescence of calcium
carbonate may be useful for tracking calcium carbonate
formation in living organisms in the presence of green
and red fluorescent organic substances.
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AHHOTAILIYA. ButanpHoe (JIyopeclieHTHOe OKpalliBaHHe KaJIbIUICOJepKalluX CTPYKTYp B KaJib-
IUOUIMPYIOIUX OPraHU3Max - MOIIHBIN UHCTPYMEHT [JIA M3ydeHus Onokanbiudukanuu. OCHOBHbIE
KpacuTeJy, HCIOoJb3yeMble B 3TOH o6JyiacTy, 00JIafaloT 3ejIeHOM WM KpacHOH (yopecrieHIne,
KOTOpas MOXeT IlepeKphIBaThCA ¢ PiiyopecrieHIrel XJiopoduiuia U Jpyrux opraHnveckux BemecTs. Mbl
CUHTE3UPOBAJIU HOBBIA (hJIyOpEeCIIeHTHHIN KpacuTesb QA2 Ha OCHOBE KyMapWHAa, KOTOPHIN OKPAIINBaEeT
kapOoHat u ¢ocdart kanpuua. OayopecueHIsa KpacuTeIsd 3aBUCUT OT Cpefibl, OHA YCUJINBAETCSA B HEIO-
JIApDHOU cpefle, a MaKCUMyM 5MUCCHU CMeljaeTcs B CUHIOW 00JIacTh clieKTpa. MeJsikue YacTUIlbl BaTe-
puta u ¢ocdara Kaapuua aacopoupyroT QA2 Ha MOBEPXHOCTU U AEMOHCTPUPYIOT MPEUMYIIECTBEHHO
3esieHy10 (JIyOpeclieHIINI0, B TO BpeMs KaK KPUCTaJIbl KaJbIUTa C HU3KOU ILJIOMA/bi0 TOBEPXHOCTU
OKpAIIMBAITCA B Macce ¥ AEMOHCTPUPYIOT TaKKe MHTEHCUBHYI0 CUHIOI (iyopecrieHnni0. ClIoCOOHOCTh
kpacutesisi QA2 reHepupoBaTh CUHIOK (GJIyOPECI[eHINI0 KapOoHaTa KaJIbliiA MOXeT OBITh ITOJIe3Ha JJI
OTCJIeXUBaHUA 00pa3oBaHuA KapOoHaTa KablyA B XKUBBIX OpraHW3Max B IPUCYTCTBUN OpraHUYeCKUX
Bell[eCTB C 3eJIeHOW U KpacHoU (JiyopeclieHINelN.

Kiiouegewie ciioga: diyopecueHIMs, BUTAJIbHBIN KpacuTeslb, KyMapyuH, KajbIUT, BATEPUT

1. BBeAeH“e HEeHOM KaJiIblierHa WJIN aJIn3apruHOBOIO KpaCHOro U

CTPYKTYyp, aBTO(JIyOpecLUPYIOUUX B XeJITO-3eJIeHON
WM KpacHou obsactu. PereHueM mpoOJieMbl MOXeT
CTaTh MCIIOJIb30BAHUE KpacuTesiel ¢ (iyopeciieHIuen
B cHHel ob6sactu crekTtpa. HemaBHo (Annenkov et al.,
2019) mbl paspaboranu Kpacureab QN2 Ha ocHOBe
KyMapHHa [JIg OKpAallMBaHUA pacTyIUX KPEeMHUCTBIX
$pycTys AMATOMOBBIX BOAOpPOCJEN. DTOT KpacUuTesib
JIeMOHCTpUpPYyeT 3MHUCCHI0 B CHHeH 00J1acTd cleKTpa
¢ fgobaBsieHHeM 3eyieHOHN (JIyopeclieHIIMU MpU BCTpa-
uBaHuU B kpeMHe3eM. Crioco6HocTh QN2 mpoHHKaTh
B KpeMHUCTBIe CTPYKTYpbl OOBACHAETCA HaJIudyueM
AMUHHBIX TpYMI, CIOCOOHBIX B3aUMOAENCTBOBATh C
KpeMHe3eMOM. bBbroMuHepasisi Ha OCHOBe KaJIbLUA
CIIOCOOHBI CBA3BIBATBCA C KapOOKCHUJICOAepXKalliMHU
pemiectBamu (Nudelman et al., 2006; Rao et al., 2015),
[I03TOMY KpacuTeJy, HalleJIeHHble Ha Kajbuui (ajmn3a-
PHHOBBIM KpacHBIN M KaJIblIeWH), coiepXaT HeCKOJIbKO
KHCJIOTHBIX TPYIIL.

Llenp gaHHON pabOTHI - CHMHTE3 HOBOI'O KyMa-
puHOBOro kpacurensa QA2 ¢ AByMsA KapOOKCHJIbBHBIMU
rpynmnamMy, Hu3ydyeHue ero CIeKTpaJibHBIX CBOMCTB
U CIOCOOHOCTM OKpamuBaTh in Situ TOJyYeHHBIe
kapOoHaT u pocdar KaJbLUA.

ButasbHoe  (QJIyOpeciieHTHOe OKpallllBaHUe
KaJIbI[UECOIepXKAIIUX CTPYKTYP B KAJIbIUPUITAPYIOITUX
OpraHu3Max IO3BOJISET U3MEPATh CKOPOCTh MX pocTa
U u3ydatb npouecch 6uokansuudukanuu (Ramesh et
al., 2017; Tambutte et al., 2012). {711 3TOro0 HCIOJIb-
3YIOTCA pasjinuHble (JIyOpeclieHTHbIE KpacUTeH,
dbayopecnupyiomiyie B 3eJIEHOM M KPAacHOM CIIEKTpe
(Liao et al., 2021; Tada et al., 2014). HauGoJbliee
MpUMeHEHNE CPe TAaKWUX KpacUTesel HAILIU Kajib-
nerH (Mount et al.,, 2004; Vidavsky et al., 2015) u
ayM3apuHOBHIN KpacHBIN (Gonzélez-Pabén et al., 2021;
Wannakajeepiboon et al., 2023). KajiblieH cudTaeTCA
60Jiee HaZIEXXHBIM U IIMPOKO UCIIOJIb3yEeMBIM OJ1arofaps
CBOEH IMOTeHI[UAJIbHOU HETOKCUYHOCTH U IPOCTOTe
MpUMEHEHUsI - B OTJIMYME OT aJM3apHUHOBOTO Kpac-
HOT'0, KaJIBI[ENH MOXHO JJOOABJIATH HEMOCPEACTBEHHO B
cpeny obutaHus opranu3mMoB (Serguienko et al., 2018).
OpHako Hanmuuue aBTO(QJIyOpecleHIMH B PaKOBHHAaX
MoJutiockoB (Delvene et al., 2022; Spires et al., 2021),
a Ttakxe B Bogopocysax (Donaldson, 2020; Schoor
et al., 2015; Tang and Dobbs, 2007) MoxeT BbI3BaTh
TPYAHOCTH B  UHTeprnperanuu  (¢JIyopecleHTHBIX
n300paKeHUI 13-3a MepPeKpPHITUA CIIEKTPOB (iyopec-

*ABTOp JJ11 IEPEeNMCKU.
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2. MaTtepuanbl ¥ METOAbDI
2.1. XumnueckKkHe peaKkTMBbl

Bce pacTBOopuTesM W peakTUBH ObLIUM NPHOO-
perennsl B 3A0 «Bexron» (Cankt-IlerepOypr, Poccus).
JTuianeTraT MpPOMBIBAJIA PacTBOpPOM OukapOoHaTa
HaTpUs, OUCTUUJIMPOBAHHOM BOJOW, CYIIWINW HaJ
0e3BOJHBIM XJIOPUAOM KaJibLUA C MOcJeAyomen
orroHkoil. JJumerundopmamun (AMDA) BcTpsAxuBaIu
B TeueHue 30 mMuHyT ¢ GesBogubiM CuSO,, ¢punbTpo-
BaJiy Yyepe3 BOPOHKY BloxHepa, eperoHsAiu B BaKkyyMme
U BBIIEPXUBAJIM Ha MOJIEKYJIApHBIX cutax 3A. Tpus-
tunamul cymwiu CaH, u orronsuin. Ilepen ucmosib-
30BaHUeM L-acnaparvHOBYI0O KHCJIOTY BBIAEPKHUBAIU
Haja P,O, B BaKyyMUPOBaHHOM 5KCHKAaTOPE B TEYEHUE
48 wuacoB. 7-(JusTuiamMuHO)KyMapuH-3-KapOOHOBas
KHCJIOTa ¥ CYKUMHUMUJOWIOBBIM 3¢up 7-(auatuia-
MHHO)KyMapUH-3-KapOOHOBON KUCJIOTHl OBLIIA CHHTe-
3upoBaHsbI B cooTBeTcTBUU C (Berthelot et al., 2005).

2.2. Cumnrtes3 of N-[[7-(an3aTHAaMKUHO)-2-
okco-2H-1-6en3onupaH-3-un]Jkap6ouun]-L-
acnaparuHoBoM KHCAOTbI (QA2)

Cmech 40.6 mr (0.305 mMoJib) L-acmaparnHoBoii
kuciaoTe, 74.8 mr (0.739 MMOJIb) TPUITUIIAMUHA,
90.3 wmr (0.252 MMoOJIb) CYKIMHUMHUJWIIOBOTO 3dupa
7-(AUaTUIaMUHO))KyMapHH-3-KapOOHOBOM KHCJIOTH U
3 M cyxoro IM®A mnepemennBagd Ha MarHUTHOM
Melasike B atTmMocdepe a3oTa IIpyr KOMHaTHOH TeMIiepa-
Type B TedeHue YeThIpEX 4acoB U pu 55°C MATH Yacos.
3ateM JieTyurie KOMIIOHEHTHl BBHIIAPUJIM B BaKyyMe
MacJITHOro Hacoca (HarpeB Ha 6aHe 35°C), a ocTaTOK
pacTBOpWIM B cMecu 3 MJI JUCTUJIMPOBAHHON BOMBI
u 5 MJI Tuialerara U NpopuabTPoBaIXd yepe3 CJIOH
BaTel. BOAHBIN CJION OTHEIUJIN, MPO3KCTparrupoBaiv
stuaneratoMm (2 My X 2), TOJKUCIUJIN KOHI[EHTPU-
POBaHHOU COJITHOM KHCJIOTOU M CHOBA NMPO3KCTParmupo-
Basiu stwiaieratoM (2 mu X 3). IlocnenHue o6bequ-
HEHHbIe 3TUJIalleTaTHbIe SKCTPaKThl BeICymmin MgSO,,
BBIIAPUJIA HA POTOPHOM WCHApUTEJIE U BBIJIEPXKAJIN B
BakyyMe MacJiaHoro Hacoca npu 40°C B TeueHue Tpex
4acoB, MOJIyYHB XeJITO-KOPUYHEBHIN MpoAyKT. ESI-MS,
HatifeHo: [M +H]* 377.1340, moJiexynapHOI HpopMmyJie
C,H,,N,O, cootBercTByer [M+H]* 377.1343.
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2.3. Cunte3 kapbonarta u pocdarta
KaAbuUA B NPUCYTCTBUU KPpacUTEeNeH

OxpalieHHbIe 0caKy KapOoHaTa KasblysA MOJTy-
YaJid COOCAXJIEHHEM M3 MCXOAHBIX pacTBopoB Na,CO,
(24 MM, pH 9), CaCl, (24 MM) u QA2 (4 mMM).
Ocaaku nojyvanu B CTEKJIAHHBIX (PJIAKOHAX €MKOCTBIO
10 mu1 mpu 25°C. O6muit o6beM pacTBopa COCTaBJIIAT 4
MJ1. PacTBOpBI kKapOoHaTa HaTpusA, KpacuTeysd U HeoO-
XOAMMOI0 KOJIMYecTBa BOABI CMeIINBaJd, XOPOILIO
BCTpAXMBAJIU U 4Yepe3 1 MUHYTY IIpU IepeMelBaHun
A006aBJIAIn pacTBOP xJiopuaa Kaibiua. KoHeHTpauuu
B KOHEYHOH cMmecH coctaBuim 6 MM Ca**, 6 MM CO,?,
0,01 MM kpacurtesnsa. @IaKkoH 3aKpPbIBAJIN KPBIIIKONA 1
OCTaBJIANIA NPU KOMHATHOH TeMIleparype. BeimaBmmii
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yepe3 2 4 OCAAOK OTAe/AIM LeHTpudyrupoBaHueM
(1000 g, 10 munyT), npoMsiBau BoAoi (4°C) u uccie-
J0BaJIl MUKPOCKOIIYECKU.

OxkpamenHsle ocaaku  ¢ocdara  Kaabnua
[OJIyyaJld COOCaXKAeHHeM M3 MAaTOYHBIX pacTBOPOB
(NH,),HPO, (24 mmonb, pH = 10), CaCl, (24 MmoJb)
u QA2 (4 mM). Ocagxu mojydasqd B CTEKJIAHHBIX
¢pakoHax emkocThio 10 mi npu 25°C. Obmuii 06beM
pactBopa coctaBiinl 4 mul. PactBopel ruapodocdara
JAUaMMOHMA, KpacuTeJsisa U HeoOX0JUMOro KojudecTBa
BO/Ibl CMeIINBAaJIA, XOPOLIO BCTPAXUBAJIU U Yepe3 1 MUH
IIpY IlepeMelMBaHUN [J00aB/IsUIM PacTBOp XJIopupaa
kasbiys. KoHLleHTpanuyu B KOHEYHON CMeCH COCTaB-
Jam 6 MM Ca**, 3,6 mM HPO,*, 0,01 MM kpacu-
TesiA. DJIakoH 3aKpBIBAJIM KPBIIKON U OCTaBJIAIN IIPU
KOMHAaTHOY TeMIiepaType. Beinasmuii yepes 2 4 ocafjok
otnenanu neHtpudyruposanuem (1000 g, 10 munHyT),
npomsiBai Bofol (4°C) U ucceqoBajii MUKPOCKOIIU-
YeCKH.

2.4. Mpub6opnl

Anaimnz HRMS npoBoauiu 0Opyd  IOMOLIUA
cuctemsl Agilent 6210 TOF (BpemsnposietHass) LC/MS
(xkugkocTHass xpomarorpadus/Macc-ClIeKTPOMETPUS).
O6paser] pacTBOpsAJIM B CMeCU JIeMOHU3UPOBAHHONI
Boabl U aneroHutpuia 2/1 (mo o6bemy). B xauecTBe
SJIIOMPYIOMIUX pacTBopuTesiel A U B ucnosb3oBaiu
Boay u aneroHutpuia c¢ 0,1% pobaskoit (o o6beMy)
rentaTOpMAacCIAHON KUCJIOTHL. YCJIOBUA NPOBENEHUA
TOF MS 6pu1H cleyIIMUMU: AUana3oH Macc m/z ot 60
1o 500, BpemsaA cKaHUpOBaHUA 1 ceKyHAA C 3a[€PKKON
Mexnay ckanupoanusaMu 0,1 ¢; Macc-CneKTphl 3anuChl-
BaJIu TIpU MOHU3ANuMu 3jekrpopacmbuieHueM (ESI)+,
pexuMm V, MeHTpou[, HOPMAaJbHBIN JUHAMHUYECKUN
JAuanasoH, KanujuiapHoe HanpspkeHue 3500 B, temme-
partypa gecoJbBaTauuu 325 °C 4 IOTOK a3oTa 5 JI/MUH.

CnexTpsl NOTJIOLIEeHNA, BO30YXAEHNA 1 DMUCCUUN
usMepsIM Ha crekrpodiyopuMmerpe CM-2203 (3A0
«CIeKTPOCKONYs, ONTUKA U Jia3epbl - COBPEMEeHHBIE
paspaboTrku», pecnybsinka benapych, Munck) B 10 MM
KBapLeBON KioBeTe. B kauecTBe WCTOYHHKA BO30YX-
JeHus B mpubope UCIoIb30BaIach UMITYJIbCHAsA KCEHO-
HOBas Jlamra.

CBetoBada u (QJyopecleHTHasA MHKPOCKONHUA
MpoBOJUJIAaCh Ha WHBEPTUPOBAHHOM MHUKPOCKOIIE
MOTIC AE-31T c¢ prytHoii jammoii HBO 103 W/2
OSRAM. Bos0yxaeHue nmpoBoAuaochk npu 470 HM 1A
3eJIEHOM M XKeJTOH sMHccud U 365 HM IS CUHEH
SMUCCHUU.

3. Pe3ynbTartbl M 06cy)xpeHue

Kpacutenr QA2 Obu1 mosyueH B peakuuein
CyKIIMHUMUAWiIoBoro sdupa 7-(AM3THUIAMUHO)KyMa-
puH-3-KkapObOHOBOM  KuCJIOTH ¢ L-acnmaparuHoBoi
kucyaoroil (Puc. 1). CrexkTpbl MOIJIOMIEHHUS HOBOTO
kpacuresnisa (Puc. 2) comepxart Tpu nuka npu 216, 265
u 430 (Boma), 253 u 410 (auokcaH) HM. dopma criek-
TpoB 3muccuu (Puc. 3) He CHUJIBHO 3aBUCUT OT JJIMHBI
BOJIHBI BO30Yy’XKA€HUs, HO HMHTEHCHBHOCTb (yopec-
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Puc.1. Cunres kpacuresnsa QA2.

LIEHIIUM B BOJie 3HAYUTEJIbHO HIDKe, YeM B AUOKCaHe, a
ee MakcuMyM (475 HM) CABUHYT B KpacHyIo 00J1acTh 1O
cpaBHeHMI0 ¢ QuiyopeclieHIell B quokcaHe (455 HM).
Anasniornusslie 3¢ @eKTs HaOII0AaINCh U 00CyKAaINCh
s kpacutesia QN2 (Annenkov et al., 2019).
KapboHaT kajpluA, IOJIy4YaeMbIli B Ppe3yJib-
TaTe peakUUM XJIOpUAA KaJblyd U KapOoHaTa HATpUA
(Puc. 4), comepxut dacTuubl AByX GOpM: KyOudeckue
KPUCTAJUTBI W arperupoBaHHbBIe MeJKUe OKpYIJIble
yacTulpl. KyOudeckme KpHCTaJUUIBl TPENCTABIIAIT
00011 KaJIbLIUT, a MeJIKMe YacTUIlbl - BAaTEPUT - MeTa-
cTtabuibHyl0 ¢GopMy KapOoHaTa KaybLusA, KOTopas B
BOJIHOH cpejie NpeBpaljaeTcs B KaJIbI[UT IyTeM PacTBO-
penus u nepekpuctaumsanuu (Ogino et al.,, 1987).
YacTumpl KajbplUTa MPOSABJIAIT 3eJIeHYI0 U CHUHIOI
(dyopeciieHIyio, B TO BpeMs KaK BaTepUT IeMOHCTPU-
PYeT TOJIBKO 3eJIeHO-XeJITYI0 SMHUCCHUI0. DTO pa3jinuue B
1BeTe (JIyopecleHINN aHaJIOTUYHO Pa3IN4UIo0 B CIIeK-
Tpax SMMCCHUU B BOJle I B HENOJIIDHOM pacTBOpUTEJIE,
TaKkoOM Kak JAuoKcaH. MEI mpefrojiaraeM, 4To MeJIKue
YacTHULbl BATEPUTA C BBICOKOH IIJIOMIAIbI0 IOBEPXHOCTHU
agcopbupyioT QA2 Ha NOBEpPXHOCTH, U PJIyOpeclieHI1A
KpacuTesisi aHajiornyHa ¢QJiyopecueHIIMd B BOJHOM
cpene. IIpeBpaieHre BaTepuTa B KaJbLUUT NPUBOAUT
K 3aXOpDOHEHHI0 KpacuTeJis B KpUCTajUle KaJbluTa, U
ero ¢iyopeciieHIIs CTAHOBUTCA ITOX0Xel Ha 3MUCCHI0
B HEBOJHOU Cpelle, CO CABUTOM B CUHUM [WAIa3oH.
OcaxpaeHne ¢ocdarta KanbLusA B NPUCYTCTBUM Kpacu-
Tesii QA2 mpuBOAUT K OOpa30BaHUI0 MEJIKUX 3eJie-
HO-GJIyopeclUpYyIOIINX YacTUll, KOTOphble 1eMOHCTPU-
pyloT cialyioo cuHolo smuccuio (Puc. 5). BeposTHo,
Kpacurtesib B MeJIKUX dacTtullax ¢ocdara kaapuusa He
TaK M30JIMPOBaH OT BOABI, KaK B KpUCTaJlJIaX KaJIbLIUTa,
YTO CHHXaeT (JIyopeclieHIINI0 B CHHEM Auara3oHe.

4. BoiBOADI

Mpbl CUHTE3UpOBaJII HOBBI (PJTyOpecleHTHBIN
kpacutesib QA2 Ha OCHOBe KymMapuHa, KOTOPHII OKpa-
myBaeT kapooHart u ¢ocdat kanbrusa. diayopecieHya
KpacuTeJsis 3aBHUCUAT OT Cpedbl, OHa YCHUJIMBAeTCcsA B
HeIOoJIAPHO cpefle, a MaKCUMyM 3MUCCUM CMellaeTcs
B CHHIOIO 00JIaCTh criekTpa. MeJsikue 4acTHUIBl BaTepuTa
u docdara kajmplusa aacopbupyioT QA2 Ha moBepx-
HOCTH U J€MOHCTPUPYIOT NIPEUMYIIEeCTBEHHO 3eJIeHYI0
(ryopeceHI1Io, B TO BpeMsA KaK KpUCTaJLIbl KaJIbLUTa
C HM3KOH IUIOImaAbl0 IIOBEPXHOCTH OKpAIIWBAaIOTCA B
Macce U JeMOHCTPUPYIOT TakXe MHTEHCHUBHYIO CHHIO0
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Puc.3. Cnextpsl Bo30yxaeHua u smuccuu QA2 B Boge
u 1,4-quokcane. Konnentpanusa 5 pM. A - cneKkTpsl BO30yX-
JAeHus npu sMuccud 452 HM, B - chmekTpel smMuccum npu
Bo30yxaeHuu 256 uM, C - 425 HM, D - 410 HM, E - 400 HM,
F - 385 uM, G - 374 uMm. Illenu oA sMuccuu U BO30yXAeHUS
5 HM
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Puc.4. Mukpodortorpaduu B BUAUMOM cBeTe U dMUDIyopecleHINsA YacTUll kKapOoHaTa Kasblys, MOJIYYEHHBIX B IIPUCYT-

ctBuM kpacutessa QA2. MacmtabHas jiuHerika 50 pM.

Puc.5. Mukpodororpadum B BUOAUMOM CBeTe U snudJryopeceHnusa yactun pocdara KaabLus, NOJIyIeHHBIX B IPUCYTCTBUN
kpacutensa QA2. MacmitabHas JinHelika 50 um.

duyopecnennuo. CnocobHOCTh Kpacutesisi QA2 reHe-
pupoBaTh CUHIO (JTyopeciieHInio KapboHaTa KaIbIUA
MOXeT OBITh ITOJIe3Ha AJIA OTCJIeXXUBaHUA 00pa30oBaHUA
kapboHaTa KaJjibLiMiAd B XUBBIX OpraHuM3Max B IIPUCYT-
CTBUM OpPraHUYECKHX BelIeCTB C 3eJIeHON U KpacHOM
dJiyopeciieHITeNn.

BAaropapHoCTH

PaboTa BbIIoJIHeHa IpU HmoAAepxke MuHucrep-
CTBa HAyKM M BBICHIero oOpasoBaHusA Poccuiickont
O®enepaunu, npoekT Ne 122012600070-9. ABTOpHI
BBIpaXxawT OjarofapHocTb LleHTpy yJbTpaMHKpOaHa-
uza (JIuMHOJIOTHYeCKUH WHCTUTYT) 3a IpefocTaB-
JIleHHOe o0opyioBaHue.
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ABTOpHBI 3aABJIAIOT 00 OTCYTCTBUU KOH(PIIMKTA
WHTEPECOB.
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ABSTRACT. Effects of plastic nanoparticles on the Baikal siliceous sponge Lubomirskia baicalensis
(Pallas, 1773), including the whole organism and primmorphs, were studied. A vital fluorescence dye
was applied to visualize the spicules formed during the experiment. Polystyrene, polyvinyl chloride,
and poly(methyl methacrylate) nanoparticles were found to be able to penetrate into the sponge body
and cause toxic effects (decreased spicule production) 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, the
duration of the experiment (three months) is negligible compared to the life span of the sponge. Further
experiments should aim to elucidate the fate of nanoplastics within sponges, the balance between plastic
consumption, excretion and degradation, possibly involving sponge symbionts.

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
the least studied substance due to the great difficulty
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
tightly mixed with a variety of organic and inorganic
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 Cefia, 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
should break down nanoparticles to a greater extent,
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.

Since it is difficult to study nanoplastics in the
field, there are many works focusing on laboratory
experiments with commercial or specially synthesized
nanoparticles. In a study of the heterotrophic
dinoflagellate Gymnodinium corollarium Sundstrom,
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Kremp et Daugbjerg (Annenkov et al., 2023), we
found that 0.01 mg/L of nanoplastic was a nontoxic
concentration; moreover, these organisms can
assimilate and degrade nanoparticles of plastic. On the
other hand, the filtrating organisms, such as sponges,
can accumulate significant amounts of nanoplastic
even at low concentrations in the environment.

There are few works on the effect of nanoplastics
on sponges. Recently, it was found that microplastics of
2-10 pum in size are expelled from the sponge body in
1-2 hours (Funch et al., 2023). Microplastic particles of
1 um size at a concentration of 1 mg/L were non-toxic
to temperate zone sponge species (Tethya bergquistae
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-
Medrano, 2006), but these were short-term experiments
(no more than 4 h), and no information about the state
of the sponge under the action of plastic was possible
to obtain.

We have developed several vital fluorescent
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
sponge health. In this work, we evaluated the effects of
plastic nanoparticles on the Baikal sponge Lubomirskia
baicalensis (Pallas, 1773), including the whole organism
and primmorphs.

Annenkov)

© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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2. Materials and methods
2.1. Sponge samples and cultivation of
primmorphs

Experiments with sponge samples were carried
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 c¢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
et al., 1998). Briefly, sponge samples were cut under
Baikal water (3 °C) into =1-2 mm particles. The
particles and water were transferred into 50 mL conical
plastic tubes (sponge to water ratio = 1: 20) and gently
shaken for 15 min on a rotary shaker. The suspension
was then filtered through 100 pm nylon mesh, and the
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
weekly throughout the experiment.

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.

Fig.1. The sponge L. baicalensis in an aquarium and fluorescence images of sponge slices after 8 days of culturing in the
presence of nanoplastics. Red fluorescence — chloroplasts, green — plastic nanoparticles. A - PS 200 nm, B and C -PVC 85 nm
particles. Particles were stained with dibenzylfluorescein. Plastic concentration was 1 (A and B) and 0.1 (C) mg/L. Scale bars
represent 25 (A), 50(B) and 75 (C) pm.

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,
flattened with a glass slide, and examined using
epifluorescence microscopy. When the experiment was
designed to count the number of spicules per dry weight
of the primmorph, two pre-weighed coverslips were
used. After counting the spicules by epifluorescence
microscopy, the sample was dried over anhydrous
CaCl2 for two weeks and in vacuo to constant weight.
Counting experiments were performed in at least
four repetitions. Sponge samples for microscopy were
prepared by cutting = 1 mm slices from the sponge
apex or middle of the sponge body.

Light and fluorescent microscopy was performed
with MOTIC AE-31T inverted microscope with a
HBO 103 W/2 OSRAM mercury lamp. Excitation was
performed at 470 nm for green and yellow emission
and 365 nm for blue emission.

3. Results and discussion

Two series of sponge experiments were carried
out. The first short-term experiment consisted of an
8-day cultivation at extremely high concentrations
of nanoplastic (0.1 and 1 mg/L, Fig. 1). PS and PVC
nanoparticles entered the sponge body ata concentration
of 1 mg/L, with a tendency to concentrate into 10-20
um clusters similar to sponge cell size (Fig 1A). In the
case of 0.1 mg/L, only single clusters of plastic were
detected (Fig. 1C). In the second experiment, 0.01 and
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
white after one month of experiment and completely
collapsed after two months.

It should be mentioned that L. baicalensis is a very
difficult organism for laboratory experiments. Long-
term experiments are unlikely, as the sponge may die
after 1-2 months of cultivation without exposure to any
harmful factors. In addition, the moment of death of a
sponge is difficult to record. Primmorphs, a 3D culture
of self-organizing sponge cells, are a good model for
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long-term experiments. 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.

We performed two series of experiments with
primmorphs of L. baicalensis. First (Fig. 2), PVC and PS
nanoparticles were added at a concentration of 0.01-10
mg/L. The fluorescent dye NBD-N2 was added to detect
the spicules formed during the experiment. After one
month, we found a more than threefold reduction in the
number of new spicules in the presence of plastic at any
concentration tested. The following experiment (Fig.
3) shows no effect of nanoplastics at a concentration
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
toxic at a concentration of 0.005 mg/L.

4. Conclusions

Our experiments showed that polystyrene,
polyvinyl chloride, and poly(methyl methacrylate)
nanoparticles can penetrate into the sponge body and
cause toxic effects (decreased spicule production)
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
months of experiment is negligible compared to the life
span of a sponge. Further experiments should aim to
elucidate the fate of nanoplastics within sponges, the
balance between plastic consumption, excretion and
degradation, possibly involving sponge symbionts.
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AHHOTAILIYS. M3yueHO BO3AeNCTBHE HAHOYACTUI] IJIAaCTUKA Ha OalKaJIbCKyl0 KPEMHUCTYIO0 T'yOKy
Lubomirskia baicalensis (Pallas, 1773), Bkytouas Becb OpraHu3M U NpUMMOP®BEL. {1 BU3yaIn3arun
CIIMKYJI, 0Opa30BaBIIMXCA B XOJ€ 3KCIEPHUMEHTa, NPUMEHAJICA BUTAJBHBIA (JIyOPECIIeHTHBII Kpacu-
Tesib. BBUJIO yCTaHOBJIEHO, YTO HAHOYACTUI[BI MOJIMCTUPOJIA, NOJMBUHWIXJIOPUAA 1 IOJIUMETHUIMETa-
KpHJiaTa CIioCOOHBI IIPOHUKATh B TEJIO TYOKU U BBHI3BIBATh TOKCHUYECKHE 3 HEKTH (CHIDXKEeHME TPOAYKITUN
cruKyJs1), HaunHas ¢ KoHmeHTpamui 0,005-0,01 mr/Jji. OTO OTHOCUTEJIFHO BBICOKAs KOHIIEHTpPAIUA,
HEMBICTTUMAsi B OOBIYHBIX BojioeMax. C APYro CTOPOHBI, MPOOJKUTEIBHOCTh JKCIIepUMeHTa (Tpu
MecsIa) HUYTOXHO MaJjia TI0 CPAaBHEHUIO C MPOJIOJDKUATETFHOCTHIO XKU3HU TYOKU. JlaJIbHEHIe 3KCIie-
PUMEHTHI JOJDKHEI OBITh HAllpaBJIEHbl Ha BBLACHEHMEe Cy[AbObl HAHOIJIACTUKA B ryOKax, OajlaHca MeXay
noTpebJieHeM, BRIBEIEHUEM U [erpajjaliiel IacTUKa, BO3MOXHO, C YIaCTUEM CHMOMOHTOB.

Kmioueagsie citosa: KpEMHUCTasA ry61<a, HpI/IMMOp(I)bI, HaHOIJIaCTHUKH, IIOJINCTUPOJI, IIOJIMBUHUJIXJIOPU,

INMoJIMMETUJIMETaKpUJIaT

1. BBeapenue

3arps3HeHUEe IIJIACTUKOM CUUTAETCsA OOJIBIION
YIpO30H [IJIs1 YeJIOBeYeCTBa B 3TOM Beke. HaHOMIacThk
- HauMeHee W3yYeHHBIH KOMIIOHEHT U3-3a OOJIBIION
CJIOXKHOCTH €ro OIpefieIeHUs B OKpYyXamwllel cpefe 1
’KUBBIX OpraHu3Max. OTU MeJikre yactuibl (MeHee 500
HM) He BUJHBI IIPU ONTUYeCKOY MUKPOCKOIIUU U MOTYT
OBITh TUIOTHO CMENIAHBI C Pa3JIMYHBIMU OpraHuye-
CKUMM U HEOPTaHUYECKNMU coenHeHuaMu. HaHoria-
CTUKH, 0COOEHHO YacTulpl pasMepoMm MeHee 200 HM,
CUMTAIOTCS OUYE€Hb OMACHBIMH M3-32 X MOTEHIINABHON
CIIOCOOHOCTH TIPOHUKATh B JKUBBIE KJIETKU IIyTEM
supouuTo3a (Manzanares and Cena, 2020). HemgaBHO
MBI OLIEHWJIHM, CKOJIbKO HAHOILJIACTUKA MOXeT 00pa3o-
BaThCA TMPU MEXAaHWYECKOM pa3pyLIeHUuH KOoMMepue-
CKHX TIJTACTMACC, TAKUX KaK moJyirctupoJ (I1C), mosmBu-
Huxsopuf (I1BX) u nmomumerunMerakpuiat (IIMMA)
(Annenkov et al., 2021). HaHoyacTUI[bI COCTABJIAIOT
HEe3HAYUTEJIbHYIO JI0JII0 B 3TOM IPOI{ecce M0 CPABHEHUIO
¢ MUKpOIUTacTUKOM. KOHEYHO, MUKPOIIJIACTUK B BOJO-
eMax MOXeT pacrnajarbcs Ha 6oJiee MeJiKhe YaCTUIIhI
nyteM GOTO- U XeMOJEeCTPYKIUH, HO Te Xe (aKTOpHI
JIOJIXHBI B 60JIbIIIEN CTeneH pa3pyIiaTh HAHOYACTHULIHI,
MOCKOJIBKY MeJIKMe 4acTUIlbl 6ojiee aKTUBHBI B JIIOOBIX
peakuusx. Takum o6pa3oM, IO HalIMM OlLleHKaM,
peajsibHOe KOJIMYeCTBO HAHOIJIACTHMKA B BOJOEMax BO
MHOr0 pa3 MeHblue, yeM 0,01 mr/i.

[TockoJibKy M3y4aTh HAHOIMJIACTUKU B IOJIEBBIX
YCJIOBUAX CJIOXKHO, CyIIecTByeT MHOXeCTBO pabor,

*ABTOp JJ11 IEPEeNMCKU.

MIOCBAIIEHHBIX  JIA0OPAaTOPHBIM  3KCIEpHUMEHTaM ¢
KOMMepYeCcKUMHU U CllellajIbHO CUHTe3UPOBaHHBIMU
HaHoyacTunaMu. B wucciefoBaHUM TIeTepOTPOdHBIX
nuHodmaresuar Gymnodinium corollarium Sundstrom,
Kremp et Daugbjerg, (Annenkov et al., 2023) mb
obHapyxwuny, uro 0,01 Mr/s HaHOIIACTUKA ABJIAETCA
HETOKCUYHOM KOHIleHTpanuen. Bojee Toro, atu opra-
HU3MBI MOTYT aCCHMIJINPOBATh U pasjarath HaHOYa-
cTunbl mwiactuka. C Apyrodl CTOpoHHI, GUILTPYIOIUE
OpraHu3Mbl, Takue KaK T'yOKH, MOTYT HaKaIUIIBaTh
3HAYUTEJIbHbIE KOJIMYEeCTBA HAHOIUIACTHKA JaXe IMpU
HU3KUX KOHIIEHTPALUAX B OKPYXKaIoIel cpee.

PaBoThl 10 M3yYeHUI0 BJIMSHUS HAHOIUIACTHKOB
Ha ryOKM HeMHOrouyucjeHHb. HeaBHO OBLIO yCTaHOB-
JIeHO, YTO MUKPOILIACTUK pazmMepoM 2-10 uM BEIBO-
auTcs u3 TeJia ryoku 3a 1-2 waca (Funch et al., 2023).
YacTuisl MUKpOIUIACTUKA pa3MepoM 1 UM B KOHIIeH-
Tpanuu 1 Mr/Jj oKasajuch HETOKCUYHBIMU I T'yOOK
yMepeHHOM 30HHI (Tethya bergquistae n Crella incrustans)
(Baird, 2016). Hanouactuisl pazmepoMm 100-500 HM
MoryT npoHukaTh B ryoky (Willenz and Van de Vyver,
1982; Turon et al., 1997; Leys and Eerkes-Medrano,
2006), HO 9TO OBUIM KPaTKOCPOYHBbIE SKCIEPHUMEHTHI
(He Oosiee 4 u), U O COCTOSTHUM T'YOKU o[ AeliCTBHEM
IJTACTMKA OBLJI0 HEBO3MOXHO IIOJIyYWUTh HUKAaKOH
nHopMaLuu.

M=l paspaboTaiiyi HECKOJIBKO BUTAJIBHBIX (JIyo-
PECLeHTHBIX KpacuTejel, KOTOpble OKpaIlNBaOT
pacTymye KpeMHHCTHe chnukyiel (Annenkov et al.,
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2017; Annenkov et al., 2019; Danilovtseva et al.,
2019). OTu KpacuTesy MO3BOJIAIT OTCJIEXUBATH POCT
CIIUKYJI B ryOkax u npummMop@dax ryook (3D-kyibTypax
KJIETOK) ¥ TeM CaMbIM IOJIy4aTh NHGOPMAIIHIO O COCTO-
SIHUM 3[J0pOBbs TYOKU. B AaHHOI paboTe MbI OIeHUJIN
BJINSIHME HAHOYACTHI] IUIaCTHMKAa Ha OalKaJbCKyIo
ryoky Lubomirskia baicalensis (Pallas, 1773), BrJito4yas
BeCh OPraHM3M U IPUMMODPOHL.

2. Marepuanbl 1 MEeTOAbI
2.1. O6pa3ubl ry60k v BbipalyuBaHmue
npummopdos

DKCIepuMeHTHl ¢ oOpasnaMu ry0OK NpOBOAU-
JINCh B COOTBETCTBUHU C MeToqukoi (Annenkov et al.,
2014). O6pasrs! L. baicalensis 651111 cOOpaHb! B palioHe
nocesika Bospime KoTel, B 10ro-3anaiHol yacTu o3epa
batikas, Ha rayouHe 10 m. O6pa3siibl TYOOK (IJIMHOM
4-5 cM) BBIpAIlMBaJIM B aKkBapuyMax o0beMoM 3 JI IpU
Temnepatype 3+1°C B ycjoBUAX BO3AyIIHOTO 6ap6o-
Taxa ¢ eXxeJHEBHOI cMeHOoM 2/3 BOAbL. [[Jis ocBelieHUsA
aKBapuyMOB  HCIOJIb30BJIMICh  JIIOMHHECI[€HTHBIE
jammsl (uBetoBasg TeMmreparypa 6500 K) ¢ nukyiom
ceer/TeMHOTa 12 4/12 .

IMpummopdsl nosyyanu aHajoruyHo (Custodio
et al.,, 1998). BkparTiie, o6pasiipl T'yOKH H3MeJIbuasin
B Oatikanbckoil Bofe (3 °C) Ha 4YacTHUIBI pa3MepoM
~1-2 MM. YacTulbl ¥ BOAY IIePeHOCUJIN B KOHUYECKHe
[JIACTUKOBble TpoOHpku obbeMoM 50 M1 (COOTHO-
meHre TyOKU U Bomel =~ 1: 20) U OCTOPOXHO BCTPSi-
XMBaJI B TedyeHWe 15 MUH Ha pOTAaI[MIOHHOM IIelKepe.
3aTeM cycneH3ui0 GUJIBTPOBAIN Yepe3 HEeJIOHOBYIO
cetky 100 MKM, MOJIydeHHBIE KJIETKH COOMpaIn
MeTtoziom cenumenTanuu (1 4, 3 °C) u CHOBa MPOMBI-
Bayin GaliKabCKOU BOAOM. CyCIIEH3UWI0 KJIETOK TOoMe-
majayd B IJIACTUKOBBle KOHTeliHephl o6beMoM 400 M
¢ 200 M Gatikasbckou BoAwl, comepxarient 0,002 %
amnunuinHa. KoHTeliHepel cojepXaslch B TeX Xe
YCJIOBUAX, YTO U 0Opasipl I'yOKU NOpU KyJIbTUBHUPO-
BaHuu. ExxeqHeBHO B TedeHUe ABYX Hedesib 75 % BOABI
3aMeHsJIU CBeXeHU BOJOH, cojiepXaleii aHTUOWOTHK.
Uepe3 ABe Hejesu IOJy4yeHHble IpUMMOp®sl (Auame-
TpoM 1 MM u 6oJiee) mepeHOCUJIU B HOBBIe KOHTELTHEePHI
C BOJOHM U aHTUOMOTUKOM, a cMeHy 75 % BOABI IIPOBO-
WU exXeHeJleJIbHO B TeueHNe BCero dKclepuMeHTa.

Jlo6aBku (HaHOYACTHUILBI TJIACTHKA, KPACUTEJIb)
J[00aBJIAINCD IIPU KaXI0H CMeHe BOIHL.

Puc.1. I'yoka L. baicalensis B akBapuyMe U (pjIyopeciieHTHbIe N300paXkeHus1 CPe30B ryOKu mocsie 8 JAHel KyJIbTUBUPOBAHUs
B IIPUCYTCTBUHU HAHOILJIACTUKOB. KpacHas ¢uiyopeclieHINA - XJIOPOIJIACTEI, 3eJIeHas - HAHOYACTUIB ITacTuKa. A — yactunsl [1C
200 M, B u C — yactuns! [1BX 85 HM. YacTtuusl okpamuBanu gubeH3uidiyopeciienHoM. KoHIleHTpanyA NjacTUKa cOCTaBJAIa
1 (AuB)u0,1 (C) mr/n. Macmtabusie TuHENKHU cocTaBistioT 25 (A), 50 (B) u 75 (C) pm.

2.2. XuMmHuYeCKHe peareHTbl

Jna KyJabTUBHPOBaHUA TyOKH MCIOJIb30BAIN
OyTUJIMPOBAaHHYI0 OalKaJIbCcKyi0 BOAY. XUMHYECKUN
cocTtaB 3TOM BOAbl ommcaH B (Suturin et al., 2002).
Kpacutesib NBD-N2 6bU1 ostydyeH corsiacHo (Annenkov
et al.,, 2010). dayopeciieHTHbIE HAaHOYACTHIB OBLIU
CHHTe3UPOBaHbl B COOTBETCTBUU C HAIIMMU MpeJbIIy-
My ctatbaMu (Annenkov et al., 2021; Annenkov et
al., 2023). [Ipyrve XuMHU4eCcKre BellecTBa ObUTH MPU00-
peteHnnl B Sigma-Aldrich, Fisher niu Acros Chemicals u
HCII0JIb30BaJIUCh 6€3 JOMOJHUTEIFHOYN 00paboTKU.

2.3. UccnepoBanne npuMMopPOB ¥ TKaHEH
rybok.

[TpuMMoOpdHBI ToMemaan Ha MOKPOBHOE CTEKJIO,
paspes3anu Ha 2-4 yacTtu (B 3aBHCHMOCTH OT pas3Mepa
npumopda), KaxAyIo YacTh IEPEHOCUJIN Ha OT/ieJIbHOe
TIOKPOBHOE CTEKJIO, CIUIIONUBAJIN CTEKJIIHHBIM Ipef-
METHBIM CTeKJIOM M H3ydYaJi C TOMOIIbI0 3mudIIy-
OpecCI[eHTHOM MMKpOCKoNuu. B 3KcrnepuMeHTax IO
MO/ACYETY KOJIMYECTBA CIIMKYJI B eIMHUILIE CYXOro Beca
npuMmopda, HCIOJb30BAIM [BE IpeBapUTEJIbHO
B3BellleHHbIe IIOKPOBHEIE IIacTUHKU. [Tocsie mojcueTa
CITUKYJT METOAOM 3TH(ITyOPECIIEHTHON MHUKPOCKOINU
oOpaszer BoicymuBaay Haj 6essoanbsM CaCl, B TeueHune
IBYX HeJleJIb U B BAKyyMe JI0 IIOCTOSTHHOI'O Beca. DKCIle-
PUMEHTHI TIO TOJICYETy TPOBOAWJIM HE MeHee 4YeM B
YeThIpeX MOBTOPHOCTSAX. OOpasibl TyOKU AJIsI MUKPO-
CKOTIMY TOTOBWJIH, JleJiasg = 1 MM Cpe3bl U3 BEPIIUHBI
WJIN CepeqyHBI Tejla ryOKu.

CeeroBaga u (QiyopecLeHTHas MHKPOCKONIHUA
MpoOBOJAWJIACh Ha WHBEPTHPOBAHHOM MHUKPOCKOIIE
MOTIC AE-31T c¢ pryTtHoi Jjammnoin HBO 103 W/2
OSRAM. 1511 BO3OYXAeHN 3eJIEHOU U XeJITOM SMUCCUU
MCcnoJib3oBaiu ceeT 470 HM, a AJ1A cuHer 365 HM.

3. Pe3ynbTatbl H 06Cy)kpeHHue

Belmo mpoBefieHO [nBe CeprUM 3KCIEPUMEHTOB
¢ rybkamu. IlepBblli KpaTKOCPOYHBIM 3KCIIEPHMEHT
COCTOsJI M3 8-JHEBHOrO KyJbTUBUPOBAHUA NPU Upe3-
BBIYAITHO BBICOKHUX KOHIIEHTpanuAx HaHomacTtuka (0,1
u 1 mr/n, Puc. 1). HarouacTtuus I[1C u TIBX npoHukasu
B TeJI0 r'yOKM NMpU KOHLEHTpauuu 1 Mr/ja ¢ TeHAeH-
I[Mell K KOHI[eHTpaluu B KJiacTepsl pasmepoMm 10-20

P
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MKM, OJIN3KUe K pa3mepy kiieTok ryoku (Puc. 1A). B
citydae 0,1 Mr/J1 66111 06HAPYXEHBI TOJIBKO OT/AeJIbHbIe
kiactepel miactuka (Puc. 1C). Bo BTOpoM 3Kcnepu-
MeHTe B TeueHHe JIBYX MecsleB B KyJbTYypaJbHYIO
cpeny nobassanu 0,01 m 0,1 mr/n Hanouactur [1C n
[IBX. T'y6ku ¢ Ha"ouactunamu 0,01 Mr/s BITJIAAETA
3[JOPOBBIMU uepe3 JiBa Mecsdlla, B TO BpeMs Kak rybku
¢ 0,1 Mr/n mjIacTyuka YacTUYHO Mobesiesin yepe3 MecsI]
SKCIepUMeHTa U IMOJIHOCThI0 Pa3pylUININCh Yepe3 ABa
Mecsna.

Cnenyer otMmeTutb, 4to L. baicalensis - odeHb
CJIOXHBIA OpraHu3M [Jid JIabOpaTOpHBIX SKCIlepu-
MEHTOB. J[JInTesibHble 5KCIEePUMEHTHl MaJIOBEPOSTHBI,
Tak Kak Iryoka MoXxeT NOTUOHYTh uepe3 1-2 MecsIiia Ky Jib-
TUBUPOBaHUA 0e3 BO3/IEHCTBUA KaKUX-JIM0OO BpeIHBIX
daxropoB. Kpome Toro, MOMeHT cMepTH I'yOKH CJI0XKHO
3adpukcuposath. IIpummoposl, 3D-KysbTypa camo-
OpraHMU3YIOMINXCA KJIETOK T'yOKHU, ABJIAIOTCA XOpOoIIen
MOJeJIbI0 JJIs JOJITOCPOYHBIX 3KCIepuMeHTOB. [Ipnum-
MopduI L. baicalensis MOTYT XHUTb B BHJle cheprUUECKUX
CTPYKTyp pa3mepoM 1-8 MM [0 aeBATU MecsAleB. B
npumMMopdax GOpMHUPYIOTCA CIUKYJIBL, a TH0esib MpUM-
Mopda JIerko OOHAPYXUTh 10 €ro pa3pylieHuo.

Mpe! npoBesniu ABe CepyuM 3KCIepPUMEHTOB C IPHUM-
Mopdamu L. baicalensis. CHavyana (Puc. 2) mo6apisiiu
HaHovactuusl [IBX u IIC B konuentpanuu 0,01-10
mr/n. @uayopecuieHTHbIN Kpacuteiab NBD-N2 6bLa
JobaBjieH [uiA OOHapyXeHHs CIUKyJ, 00pa3oBaB-
IMXCA B XOJle 3KcllepuMeHTa. Yepe3 MecAl Mbl OOHa-
pyxunu Gojiee 4yeM TpexXKpaTHOe CHWXeHUe KoJuye-
CTBa HOBBIX CIIMKYJI B MPUCYTCTBUMU IIJIACTUKA B JIIOOOM
koHIeHTpanuu. Crenyomuil skcnepumeHT (Puc. 3)
MOKa3blBaeT OTCYTCTBUE BJIMAHWUA HAHOIUIACTUKa B
koHneHtpauuu 0,001 Mr/n B TedeHHe TpeX MecCsAIeB.
CyOmukpomeTtpoBble yactunbl PS pasmepom 600 HM
cHUXaju oOpa3oBaHMe CIUKYJ I[PU KOHIIeHTpaluu
0,001 mr/n. Bece Tpu miacTuka OBLJIM TOKCUYHBI IIPU
koHueHtpauuu 0,005 mr/.

4. BoiBOADI

Hamu oskcreprMeHTHl IOKaszajiy, YTO HaHO-
YacTULbl  INOJIMCTHPOJA, MOJUBUHWIXJIOPHUAA U
nosi(MeTHUJIMeTaKpUsaaTa) MOTYyT IMPOHUKATh B TeJIO
ryOKu M BBI3BIBATh TOKcuueckue 3pdexTs (CHIKeHUe
MPOAYKLIUHU CIUKYJI), HAaUYnHas ¢ kKoHIeHTpanuii 0,005-
0,01 Mr/s1. 9TO OTHOCUTEIBHO BBICOKAs KOHIIeHTparus,
HeMbIcJIMMas B OOBIYHBIX BojjoeMax. C Apyrol CTOPOHHI,
TpU MecsAlla 3KCIepuMeHTa HUYTOXHO MaJibl II0 CpaB-
HEHHIO C NMPOAOJDKUTEbHOCTBIO XU3HU TyOku. Jlasb-
HellIlre 3KCIepUMeHTHl JOJDKHBI ObITh HalpaBJieHbl Ha
BBIsICHEHUE CyZbOBl HaHOIIaCTUKa B ryOkax, H6asiaHca
Mexay norpebjeHreM, BBIBeleHHMEM U Jerpajanuen
IIJIACTHKA, BO3MOXHO, C y9acTHeM CUMOHOHTOB.

BbraropapHoCTH

Pabota BbINOJIHeHa IIpu noaAepxke MuHucrep-
CTBa HAyKW M BbIclIlero o6bpaszoBaHusa Poccuiickoi
®enepauuy, nmpoekt Noe 122012600070-9.
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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
impacts on the Listvennichny Bay due to the combined effects of increasing anthropogenic pressure and

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 mechanisms of vertical water exchange that affects
the distribution of physical and chemical parameters
of water (temperature, salinity, density, chemical
composition, pollutants etc.) as well as biological
processes (for example, the life cycles of bacteria,
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).

The coastal upwelling in Baikal was first
described by G. Yu. Vereshchagin about a hundred
years ago (1927). He measured water temperature and
dissolved oxygen concentrations in the coastal surface
waters, which corresponded to the values observed in
the pelagic zones at 50-200 m depth. Later, upwellings
were identified in the coastal zones of Northern Baikal
using NOAA/AVHRR satellite imagery (Semovski
et al.,, 2001). Katz and co-authors (2011) suggested
that variability of currents is one of the factors
influencing water dynamics in the lake, especially
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the development of the coastal upwelling. The first
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).

Some biological studies have reported the effect
of upwelling on plankton distribution in Lake Baikal.
For example, M.M. Kozhov (1962) observed upwelling
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/m? compared to the average annual value of
40-50 g/m? 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.

© Author(s) 2023. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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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
Baikal were associated with upwelling events. Complex
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
after upwelling relaxation (Verbolov et al., 1992).

In the past several decades, Baikal, as well as the
entire Northern Hemisphere, has been experiencing
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
in earlier dates of summer stratification and gradual
increase of water surface temperature. The transition
to winter stratification was shifted correspondingly to
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
the transformation of the temperature field and
redistribution of heat content under climate change
conditions. Consequently, this should be reflected in the
intensity of vertical heat and water exchange processes
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
the period of summer stratification, when the surface
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
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Angara River Head
[ ]

Pier of LIN SB RAS

/ Listvennichny Bay

Cape Berezovy

Cape Tolsty

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
to that before the upwelling. The difference between
these dates determines the duration of upwelling. The
value of water temperature decrease was calculated as
the difference between the water temperature before
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.
In this regard, we identified full upwellings, determined
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
determine the maximum values of wind speed at wind
gusts.

3. Results

Taking into account the influence of climate
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
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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.

A total of 285 upwelling events were identified
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
most often recorded (Fig. 3). The maximum number of
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
upwelling decreased significantly (from 0.8% to 0% in
May, from 7.0% to 0.6% in June, and from 7% to 3%
in October).

Figure 5 shows the frequency of upwelling
events with different durations for the two analyzed
periods. With the same average duration of upwellings
(7 days), a shift in duration to a greater extent since
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
the maximum was 12.0 and 13.5°C, respectively. The
pattern of the frequency distribution of upwellings by
temperature drops has also undergone a transformation
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Fig.2. The average values of water temperature for the
period of summer stratification at the pier of LIN SB RAS in
the Listvyanka settlement for 1941-2023 (solid blue line) and
linear trends for 1941-1969 and 1970-2023 (dotted green
lines).

(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
maximum wind speeds for the considered periods differ
a little and are 6 (12) m/s during 1954-1969 and 5 (14)
m/s during 1970-2023.

There were 42 full upwelling events identified
from 1941 to 2023; of these, 29 occurred from 1941
to 1969 and 13 occurred from 1970 to 2023. The
maximum number of full upwelling events 18 and 13
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.

1941 1946 1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 2021

Years

Fig.3. The number of identified upwellings in individual years for 1941-2023.
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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

Thus, we identified summer upwellings
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
develop under N-NW winds causing the runoff, or due
to the Ekman transfer of surface water under W-SW
winds and formation of anticyclonic eddy in the bay.
At the development of the anticyclonic vortex, there
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
confirm the above assumptions (Fig. 7).

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
poleward temperature gradient which could influence
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 (Munoz-Sabater et al., 2021), which aims to
summarize the global meteorological monitoring

45 1 1941-1969

31970-2023

Frequency, %

v VI VII VIII IX X
Month

Fig.4. The frequencies of upwelling events for selected
months in 1941-1969 and 1970-2023.
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Fig.5. The frequency of upwelling events with different
durations for 1941-1969 and 1970-2023.
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Fig.6. The frequency of upwelling events with different
temperature decreases in 1941-1969 and 1970-2023.
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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
significantly, and by September they become dominant.
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.

An examination of the proportion of the two
main wind directions in August causing upwelling in
Listvennichny Bay (Fig. 7) revealed a slight gradual
increase in the proportion of northerly winds causing
runoff (from 1% in the 1950s, 2% in the 1960s-2010s and
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
explained by the fact that this month is characterized
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
general wind intensification. The reason for this is a
significant increase in the stability of north-westerly
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

Number of full apwelling cvents

1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019 2020-2023

Years

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.

The influence of wind parameters on the
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
September 15 and after relaxation of the upwelling
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
example, on August 16-27, 2023, at the maximum
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
days, water temperature fluctuations from 4 to 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
conditions of the formation and existence of upwellings
in Listvennichny Bay allow us to state the following
suggestions. On the one hand, reduction in the number
of full upwellings should influence the amount of
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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be related to the complex influence of increasing
anthropogenic pressure (and rich input of biogens with
wastewaters) and climatic changes (Shimaraev and
Troitskaya, 2018). The latter, in turn, have a twofold
effect on the increase of littoral temperature, both
through greater warming due to higher air temperatures
and less frequent water exchange (and consequent
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
Listvennichny Bay. We identified summer coastal
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,
which is confirmed by the morphometry of the bay.
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
last 8 years. The maximum number of upwellings (13)
was recorded in 1943. The duration of upwellings
averages 7 days, with a maximum of 21 days in 1979.
Water temperature usually drops by about 5°C, with a
maximum of 13.5°C recorded in 2016.

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
on the Listvennichny Bay due to the combined effects
of increasing anthropogenic pressure and less frequent
upwellings have been hypothesized.
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BAuAHME U3MEeHEeHHMHM KAMMAaTa Ha
BO3HUKHOBEHHE U XapaKTepPUCTUKH
npuépe>XHOro anBen\uHra B 3aAMBe
AucTtBeHHnuHbIM (IO)XHbIM Bankan) ¢ 1941
no 2023 rr.

Tpouukas E.C.}?*, IllumapaeB M.H.!, AciamoB H1.A.!

1 JTumHostoeudeckuti uHcmumym Cubupckoeo omoesteHus Poccutickotl akademuu Hayk, Y. Ynan-Bamopckas, 3, Hpkymck, 664033, Poccua
2@I'BOY BO «Hpxymckuii eocydapcmaeHHblll yHugepcumem, yii. K. Mapkca, 1, Hpkymck, 664003, Poccus

AHHOTAILIUA. B craThe npefcTaBjieHbl pe3yJIbTaThl aHaIM3a BIWAHNA U3MEeHeHUH KJIMMaTta Ha IIOBTO-
PAEMOCTD 1 XapaKTEPUCTUKU MPUOPEXHBIX alBEJUTMHTOB B 3amBe JInctBeHHUYHBIA (FOXHBII Batikas)
¢ 1941 nmo 2023 rr. C koHIja 1950-x rog0B MOKa3aHO YMeHbIIeHNe KaK MOJIHBIX, TaK U HENOJIHBIX alBeJl-
auHros. Kpome Toro, o0HapyeHO yBejndeHle J0JIU allBeJJINHIOB B aBr'yCTe II0 CPaBHEHUIO C APYTUMU
MecsanaMmu B TedyeHue 1970-2023 rr. Takxe Oblsi 0OHAPYXKeHB! TEHAEHIIUN K YBeJIMYEHNI0 POJOJIKHU-
TeJILHOCTH amBeJUIMHTa 1 OOJIBIINM IepenajjaM TeMIIepaTyphl BO BpeMsi anBesuInHra nocie 1970 r. mo
CPaBHEHUIO C MpeABIAyIUM mepuoaoM. V3 ananus3a gaHHeix ERA5-Land ycTaHOBJIEHO, YTO MPUYHHOM
HaOJTI0JaeMbIX M3MEHEHUM CTaJl TJ100aJIbHBIN XOJ| CHMXKEHUS BETPOBOM AKTHMBHOCTU M cHeluduye-
CKOe IlepepaclpejiesieHe 0 CeBEPHBIX U I0ro-3alagHbIX BETPOB B 3aJIMBe B IepHOA MCCIIeJOBaHUM.
OmnucaHbl U CONOCTABJIEHHl [BA CJIyYas MOJIHOIO M HENOJIHOTO alBeJUIMHIOB. BhIckasaHO IpeArnoJio-
J)KeHHe O BO3MOKHOM 3KOJIOTMYeCKOM BO3[elCTBUU Ha JINCTBEHHWYHBIN 3aJIMB M3-3a KOMOWHHPOBaH-
HOI'O BO3elCTBUA yBeJIMYeHNs aHTPOIIOTeHHOU Harpy3KU U yMeHbIIeHNs YacTOThl alBeJIJIMHIOB.

Kitiouegwie cstoda: Barikas, JIMCTBEHHUYHBIN 3aJIMB, allBEJUTMHT, TEMIIEPATypa BObI, BETEP, U3MEHEHUs KJIMMaTa

1. Beepenne npubpexHbelx parioHax CeBepHoro Balikaia mo crmyT-

HuxoBbiMu cHuMkamu NOAA / AVHRR (Semovski et
al., 2001). Katz S.L. ¢ coaBTopamu (2011) mpenrmoJio-
KWJIHM, YTO U3MEHUYMBOCTh CTPYUHBIX TEUEHUI ABJIAETCS
omHUM U3 (HaKTOPOB, BIUAIINM Ha JUHAMUKY BOJ B
03epe, B YaCTHOCTH, Ha pa3BUTHE NMPUOPEXHOrO arnBeJl-
nuHra. [lepBble KoJiMuecTBeHHbIE OlleHKU (TIOHMXeHNe
TeMIlepaTypsl BOJIbI, MPOJODKUTEJIBHOCTh U TJIyOUHA
Pa3BUTHUA alBeJUJIMHTa, BepTUKaJIbHble CKOPOCTU BOJI)
npubpexHbix anBesUIMHroB B IOkHOM balikasie 6bL1n
MoJIy4eHbl OTHOCUTEJIbHO HenaBHO (Illumapaes u Aap.,
2012).

BnusHue amBesUIMHTa Ha paclipejiesieHue IJIaH-
KTOHa B DBaiikajie coo0bijasoch B HEKOTOPHIX OHOJIO-
ruyeckux ucciaenosanusax. Hampumep. M.M. Koxos
(1962) nabmogan anBe/UTUHT B iposiriBe Masioe Mope
U IpuJieralomux palioHax o3epa nocje cuiabHoro NW
mropMma 4-9 ceHtabpa 1951 r. Temnepatypa noBepx-
HOCTH BOABI MOHM3MJIACh ¢ 12-13° no 7-7.5°C B nposiBe
Maiioe Mope u f10 8-9°C y BocTouHOTo 6epera ocTpoBa
OabxoH. Ilocsie amBesUIMHra IJIAHKTOH «ObLI OYeHb
penoK, U OTHOCUTEJbHO PaBHOMEPHO paclpeesieH
B BepxHeMm 100-meTpoBoM cyioe» (1962). B aBrycrte

AnBesUTMHT — 3TO yHOpsAAOYEHHOE BOCXOAsAllee
JBIKeHMe BOJ K IOBEpPXHOCTU Bojoema. OH fABJsAeTCA
OAHMM U3 MeXaHU3MOB BepPTHKaJIbHOIO BOJOOOMeHa
U BJWseT Ha BepTUKaJIbHOe paclipefiesieHue (usu-
YecKUX M XMMHYEeCcKHX IapaMeTpoB BojoeMa (Temile-
parypa BOABI, COJIEHOCTb, IJIOTHOCTb, XUMUYECKUHN
COCTaB BOJBI, 3arpA3HAIONIME BelllecTBa), a Takxke Ha
OuoJiornyeckre mpolecchl (HampuMmep, XU3HEHHBIE
UUKJIBI 6aKkTepuii, GUTO- U 300IJIaHKTOHA). V3BeCcTHO,
YTO allBeJUIMHI MOXeT pa3BHUBAaTbCA B IMPUOPEXHBIX U
nejarnyeckux obmiactax. [IpuOpexHble anBeJUIMHTHU
J0CTaTOYHO XOPOIIO U3yYeHHl B KPYIIHBIX O3epax Mupa
(manmpumep, BosipuHoB u IleTpos, 1991; Bell and Eadie,
1983; Corman et al., 2010; Plattner et al., 2006).

Ha Baiikajie npubpeXHbIil anBeJIMHT BIIEPBBIE
onucasn I'.}O. Bepemjarus okoJsio cra Jiet Hazaf (1927).
OH wu3Mepusa TemnepaTypy BOJbl U KOHIleHTpalUH
PacTBOPEHHOI'0 KUCJIOpOoAa B IPUOPEXHBIX IIOBEpPX-
HOCTHBIX BOJIaX, KOTOPEIE COOTBETCTBOBAJIY 3HAUEHHUAM,
HabJ1I0jJaeMbIM B IleJlardyeckux 00J1acTAX Ha IJIyOuHe
50-200 m. Ilo3gHee anBesJIMHTY OBLIM OOHApYKeHHI B
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1963 r. (KoxoB u ap., 1970) cunpHbili NW BeTep Haf
akBatopueii IOxHoro bBalikanma mnpuBesl K MHOgbEMY
rJIyOuHHBIX BOJl BOJIM3u noc. Boseime Kotwl. Temmne-
paTypa IOBEpXHOCTU BOABl TMOHM3MJIAch M0 5-6°C.
BuomMacca 300MIaHKTOHA cHM3MJIack go 1,2 r/m? 1o
CPaBHEHUIO CO CcpeaHerofoBbIM 3HaueHuem 40-50 r/
M2 TTozxe D.JI. AdanacreBa (1977) Takke Mmokasasna,
YTO BepTUKaJIbHble IBUXEHUs BOABl B 30HE arBeJl-
JIMHTa MOTYT NePeHOCUTh HAYIJIMU KOTeno MUY P
Epishura baikalensis 13 riiy6uHHBIX cjT0€eB BOABI Ha ee
noBepxHOocTh. Ha ocHOBe n3MepeHUi GUTOIJIAHKTOHA
u cnyTHUKoBeIX SeaWiFS HabGmiopeHuii B 2001-2003
rr. Heim B. ¢ coaBTopamu (2005) npunuin K BHIBOAY,
YTO yMeHbIlIeHNs KOHLIeHTpaluuu xJ0podusia a BAOJIb
BocTouyHOro Oepera CeBepHoro batikasa ObLIM CBA3aHBI
¢ anBeJutMHramu. KoOMILJIEKCHBIE HCCJIeJOBaHUA Ha
MOJINTOHe B palioHe Mbica EjioxuH (3amazHbeiil Geper
CeBepHoro batikana) B aBrycte 1988 r. nmokasanu, 4To
KOHI[eHTpalusa XJIOpopujla a MOXeT yBEJIMINBATHCS
mocje pejakcanuu ansejUHra (BepbosioB u 1p.,
1992).

B mocienHue HeECKOJIBKO OeCATUJIeTHI Ha
Batikasie, kak 1 Bo BceM CeBepHOM MOJTyIIaPUU OTMe-
YalTCs W3MEHEHHs JIeJJOBO-TEPMUYECKOTO PpeXUMa
(Livingstone, 1999; Magnuson et al., 2000; Illumapaes
u np., 2002; Todd and Mackay, 2003; Kouraev et al.,
2007; Hampton et al., 2008; Illumapaer u Ap., 2018;
Sharma et al., 2021). Cpoku JiejocTaBa COKpPaTUINCh
moutu Ha Tpu Hefenu (Livingstone, 1999; Magnuson
et al., 2000; IlTumapaeB u ap., 2002). DTo MPUBETIO K
CIIBUTY CPOKOB YCTAQHOBJIEHUA JIeTHEU cTpaTudukanmuu
Ha OoJiee paHHHE JaThl U YBEJIMYEHUIO TEMIEPATYPhI
MOBepXHOCTU BOJIbI. CPOKU Tlepexoja K 3UMHEN CTpa-
TUUKAIUM COOTBETCTBEHHO CJIBUHYJINCh Ha OoJee
no3guue aatel (Aslamov et al., 2024). HeaBHrie mcciie-
JOBaHUA TeMITePaTyPhl BOABI B OTAEJIBHBIX KOTJIOBUHAX
o3zepa (Shimaraev et al., 2009) u TemioconepxaHus
BojHOI ToJimu B FOxxHOM Baiikane (Troitskaya et al.,
2022) yka3plBaloT Ha TpaHchopManuio Moy TeMiepa-
TYPHI U Ilepepacnpe/iesieHre 3arnacoB Telljla B yCIIOBUAX
u3MeHeHUs kiaumata. CliefoBaTesbHO, 3TO JOJIKHO
OTpaXxXaThCsA HA WHTEHCHUBHOCTU IIPOIECCOB BEPTH-
KaJIbHOTO TEIJIO- U BojjooOMeHa B Barikame. Ocoboe
3HaUYeHHe W3MEeHEeHUs TeMIIepaTypHOTO peXxuMa u
MpOI[eCCOB BEPTUKAJIBHOTO TeIUIO- W BOAOOOMeEHa
npuodpeTaroT AJiA JIMTOpasy, rae ooutaet HauboJIblllee
KOJINYeCTBO TUAPOOUOHTOB.

Lenpto AaHHOUM paboThl ObLIO oOIpejesieHne
KOJINYeCTBEHHBIX XapaKTepPUCTHUK IPUOPEXHOTro arBeJl-
JIMHTa, pa3BUBawIierocsi B 3aiuBe JIMCTBEHHUYHBIM,
U UX CBA3U C BETPOM U U3MEHEHUsIMM KJIMMaTa B
nociyegaue 80 seT.

2. MaTepuanbl U METOADI

Jl714 BBIABJIEHUA CjIy4yaeB alBesIJIMHIA U OLeHKU
€ro XapakKTepUCTHK OBUIM MCIIOJIb30BaHbl JaHHBIE O
TeMrepaTrype BOAbI, MOJiydeHHble B 1941-2023 rr. y
nupca JIMH CO PAH B 1. JIucTBAHKA, paclioyioXeHHOM
Ha Gepery JluctBeHHUYHOrO 3a1uBa B IOxHoM Batikase
(Puc. 1). B 1941-2005 rr. Temneparypa u3Mepsach
PTYTHBIM TepMoMeTpoM (TouHocTh *0,02°C) B 8, 14
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Puc.1. Kapra JIMCTBEHHUYHOrO 3ajiiBa U MECT IIpOBe-
nenns usmepenuin (https://earth.google.com/web - nara
obpamenusa 29.11.2023). Ha Bpe3ke yka3aHO MeCTOIIOJIO-
’)keHHe JINCTBeHHUYHOTO 3arBa B FOxHOM Baiikarie.

u 20 4., ¢ 2006 r. mo Hacrosllee BpeMs dJIEKTPOH-
HBIMU AaTYMKaMy TeMiepaTypsl (TouHocTs +0,002°C,
JVCKPETHOCTh n3MepeHuii ot 1 ¢ o 2 muH). B uccie-
JOBaHUN aHaJU3UpyeTcA TOJIbKO Iepuof JieTHel
crpatuduKanuy, Korja MOBEepXHOCTHBIE BOABI TeIlsiee
IJIyOMHHBIX CJIOEB 1 alBeJUIMHIM BBI3BIBAIOT PE3KUN
nepemnaj TemIeparyp, 4To objerdaer uMx HUAeHTU(DU-
kanuio. Jlyia aHanm3a cilydyaeB pas3BUTHUA IpUOpex-
HOTO alBeJUIMHra HCIIOJIb30BaJIUCh CpeAHEeCyTOYHbIe
3HaueHHsa TemnepaTypbl BoAbl. Ompefesisaianuch AaThl
HayaJla ¥ OKOHYaHUA anBeJUIMHTa, ero Npog0JIKUTeIb-
HOCTb 1 BeJIMYMHA MNOHWKeHNs TeMIlepaTyphl.

AnBessIMHIOM  CUMTaJMCh  CJIydad, Korja
TeMIepaTypa pe3Ko INOHMXajach Ha OAWUH uiau Oojiee
rpajJiyCcoB U COXpaHsJIach B TeueHue Tpex U 6oJiee qHeN.
3a maTy Havaja anBeJUIMHIa IpUHUMAaJICA AeHb, Koraa
TeMIepaTypa BOJbl pPe3Ko IOHWXajlach, 3a JaTy ero
OKOHYaHUA, KOra TemMieparypa BoAbl Ha IOBEPXHOCTHU
cTaHoBUJIach OJIM3KOM K TaKOBOHM [0 alBeJUIMHIA.
[Tpo10SKUTEIBHOCTD anBeJsIJIMHra OINpefesiaiach Kak
pasHulla MeXAy JaTaM{ Havajla M OKOHYaHUA alBesl-
JuHra. BejuuymHa DOHMXXEHUA TeMIlepaTyphbl BOJBI
paccuuThiBajlach Kak pasHUIA MeXAy TeMIlepaTypoun
BOJIBI IIepe/] HayaJloM allBeJUIMHIa U B MOMEHT, Koraa
OHAa JOoCTUTaJla MUHUMAJIbHOTO 3HAaueHUs BO BpeMs:
arnBeJUTUHTA.

B 3aBHCUMOCTH OT TOT0, C KAKOM I'JIyOUHBI TIOJHU-
MaloTCcsA BOJBl Ha IOBEPXHOCTH BOJOEMa, BBIAEJIAIT
IIOJTHBI Y HEIOJIHBIM anBeJUUTUHT. [10JTHBIN anBesITUHT
XapaKTepu3yeTcs BHIXOJ0M IOATEePMOKJIMHHBIX BOJ Ha
[IOBEPXHOCTb, T.€. BOJ IMIOJMMHIOHA. [Ipy HermoJHOM
amnBeJUIMHTe IIpoliecc IoabeMa BOJ ecTh, HO TOATEPMO-
KJIMHHBIE BOJBI HE JOCTUTAIOT NMOBEPXHOCTU. B cBsA3M ¢
3THUM Hamu ObUIM OTAEJIBHO BbIJIEJIEHBI IIOJIHBIE arBesl-
JIVHTH, OIpefesieHbl UX XapaKTePUCTUKU U NpOaHaIu-
3MPOBaHbI YCJIOBUA UX PA3BUTHA.

YroObl NMpoaHaIM3UPOBaTh BETPOBHIE YCJIOBHS,
HCIIOJIb30BAJINCh CyTOYHBIE [aHHBIE O CKOPOCTH U
HampasJjeHuu BeTpa 3a 1954-2010 rr. ¢ MeTeocTaHIINU
Hcroxk AHrapsl, ¢ 2011 r. 1o HacTosllee BpeMs — C aBTO-
MaTHU4YeCcKOl MeTeOoCTaHLIUM, YCTaHOBJIEHHO Ha mupce
JIMH CO PAH (moc. JluctBanka). Tak Kak pacCTOsHUE
MeXJy HAMHU COCTaBJIAET OKOJIO 4 KM U MopdomeTpu-
YecKue yCJIOBUA OJIN3KHU, pAA JAHHBIX IO BeTpy OBLI
IIPUHAT OOHOPOJHBIM. [0 MCXOOHBIM JaHHBIM OIpeje-
JIAJICA yCTOMYMBHIN IO HaANpaBJIEHUIO BeTep CO CKOpO-
CTbI0 He MeHee 3 M/C U NPOJOJIXUTEIBHOCTBIO He
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MeHee 6 4., HaOJII0AaBIIUICA B TeUeHre CyTOK 0 ATkl
Pa3BUTUA allBeJUJIMHTA U B JIeHb Havyajia ero pa3BUTHsA.
3areM paccUMTHIBAJIUCh CpefdHUE HampaBjieHue U
CKOPOCTb BETpa, MPU KOTOPOM HAUMHAJ Pa3BUBATHCA
anBesuuHr. B 2011-2023 rr. coBpeMeHHbIe OaHHBIE
MO3BOJIUJIM OIpeJle/IUTh MaKCUMaJibHble 3HaueHUs
CKOPOCTHU BeTpa IpU ero nophiBax.

3. Pe3ynbTaTthbl

C yueToM BJIMAHMSA KJIMMAaTa Ha JieJJOBO-TEPMU-
yeckuii pexxum batikana (Livingstone, 1999; Magnuson
et al., 2000; IMumapae u ap., 2002; Todd, Mackay,
2003; Kouraev et al., 2007; Hampton et al., 2008;
[IumapaeB u ap., 2018; Sharma et al., 2021), umeto-
myiecsa JaHHBIE 10 TeMIlepaType BOABI 32 BECh IEPUOJ
HaOofeHUN ObliM pa3OWUTHl Ha [ABa BPEMEHHBIX
nHTepBasna: 1941-1969 u 1970-2023 rr. ITepuog 1941-
1969 rT. XapakTepusyeTcs IOHWXEHUEeM TeMIepaTyphl
IIOBEPXHOCTU BOJBL, a nepuof ¢ 1970 r. o Hacrosiee
BpeM: — ee noBsilieHueM (Puc. 2). BesmuuHa TpeHOOB
B 1941-1969 rr. cocraBuia —-0,39°C/rox (r = 0,38, p
= 0,04), a B 1970-2023 1. — +0,26°C/Tof (r = 0,38,
p = 0,009).

B mae-okTsA0pe 1941-2023 rr. OBLJIM BHIABJIEHBI
285 ciyyaeB amnBeJUIMHra. B kaxaoM OTAeJIbHOM
MecsIIle PerucTpPUpOBAJIOCh IO YeThIPEX alBEJIJIMHTOB.
B TeueHme omHOrO rojia vaimie Bcero (pUKCHUPOBAJIOCH
1-3 anBesutunra (Puc. 3). MakcuMasibHOe KOJIMYECTBO
anBeJUJIMHIOB cocTaBusio 13 ciaydaeB B 1943 rony.

Bcero 3a nepron ¢ 1941 no 1969 r. 3apeructpu-
poBano 129 anBesyHTOB (B cpegHeM 4,5 cityvasi BToH),
a ¢ 1970 no 2023 r. — 157 anBeJUIMHIOB (B cpeJHeM
2,9 ciyvas B roj1). Ha puc. 4 mokazaHa OBTOPSEMOCTh
anBeJUITMHTOB 3a OT/IeJIbHbIE MECSIBI JIBYX HEPHOIOB.
CpaBHeHUe TIEPHOJIOB BBIABUJIO W3MEHEHHE pacIpe-
JeJIeHVs anBeJUITMHIOB TI0 MeCAaM: 0 CPAaBHEHUIO C
1941-1969 rr., 1970-2023 rr. moka3sBaeT GOJIBIIYIO
KOHI[eHTpalUi0 anBe/UIMHToB B aBrycre (¢ 38,0% po
46,5%), cocemHre UIOJIb U CEHTSAOPh MOKa3aJii He3Ha-
YuTeJIbHbIE U3MEHEHUs 10 YKCJIy alBeJIJTMHTOB. Bo Bce
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Puc.2. Cpeanue 3a mepuop MNpsAMON CTpaTUGUKaALUN
3HaueHUs Temmeparypsl Boabl Ha nupce JIMH CO PAH B m.
JluctBsinka B 1941-2023 rr. (cruiomrHas CUHAS KpUBas) U
JHelHble TpeHAbl B 1941-1969 1 1970-2023 rr. (IyHKTUPHEIE
3eJIéHbIe KPUBBIE).

OCTaJIbHbIE MECSITbI YHMCJIO alBeJJIMHIOB CYI[eCTBEHHO
cuusmiock (¢ 0,8% mo 0% B Mae, ¢ 7,0% mo 0,6% B
uroHe U ¢ 7% 110 3% B OKTSOpE).

Ha pucynke 5 mnokazaHa dYacToTa COOBITUH
amnBeJUIMHra C PA3JIMYHON MPOAOJDKUTEJIBHOCTBIO AJIA
OBYX aHaJIU3UPYeMBIX IepuomaoB. [Ipu oAMHAKOBOM
cpenHel TPOAOJIKUTENIBHOCTH amnBesUTUHTOB (7 CyT)
BBISIBJIEHO CMeIeHNe TTPOAOJIKUTETBHOCTH B GOJIBIITYTO
cTopoHy, HaunHasA ¢ 1970 r. (Puc. 5). B 1941-1969 rr.
yare HaOJII0JaIMCh aNBeJUIMHTY C MPOJIOJIKUTEIHhHO-
cteio 4-6 cyt (57,7%), B TO BpeMs kak B 1970-2023
IT. IPOJOJIKUTEJIHBHOCTD allBEJIJIMHTOB YBEJINYMIIACh O
5-8 cyT (56,1%). B nocieqHue AECATUIIETHUA B TIOJITOPA
pas3a BBIPOCJIO KOJIMYECTBO AIMBEJIJIMHTOB C MPOOJIKU-
TespHOCTHIO 10 cyT u 6ostee (¢ 11,5 go 17,8%).

Vi3meHwnsiach U BeJIMYMHA TOHMXKEHUS TEMIIepa-
TypHl BOABI BO BpeMs anBesuidHra. Tak, B 1941-1969 u
1970-2023 rT. cpenHNe ee 3HAYEHUA COCTAaBMWIA 4,2 U
5,3°C, makcumaJsibabie 12,0 u 13,5°C, cOOTBETCTBEHHO.
[Ipereprniesn M3MeHEHHsA W XapaKTep paclpeaeseHus
TOBTOPSEMOCTH aNBEJIJITMHTOB IO MOHWXEHUAM TeMIle-

1941 1946 1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 2021
Toasr

Puc.3. KosruecTBO BBIJIeJIEHHBIX allBEJUIMHIOB B pa3Hble roasl 1941-2023 rr.
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patypnl (puc. 6). Eciu 1941-1969 rr. 60% ciy4aeB
anBeJUIMHra XapaKTepu30BaJICh MOHIKEHNEM TeMIle-
patypnl Ha 1-4°C, to 1970-2023 1T. B 61% CcCiy4aeB
anBeJUIMHTra TeMIiepaTypa Bo/bl oHMXaack Ha 3-7°C.

Ananus nMmeromuxcs JaHHBIX 0 BeTpe (¢ 1954 1.)
MO3BOJIAET TaKXe OIIeHUTh U3MeHEeHUs XapaKTePHUCTUK
BeTpa. B1954-1969 rr. (Puc. 7) anBeJIJIMHI Y Yallle BCero
passuBasuch npu Berpax N u SW nHamnpasienuii (64%
ciiydaeB), HaunHasA ¢ 1970 r. — W u SW HanpasjieHUi
(55% cnyuaeB). CpenHue U MaKCUMaJbHbIE CKOPOCTH
BETpa 3a paccMaTpuBaeMble epHObl HECKOJIBKO OTJIH-
yarTca 1 cocTaBydgoT 6 (12) m/c B 1954-1969 u 5 (14)
M/c B 1970-2023 rr.

B 1941-2023 rr. BBIABJIEHO 42 IOJIHBIX anBeJI-
auHra. U3 Hux 29 ciyvyaeB NpUXOLATCA HaA NepUo C
1941 o 1969 rr., u 13 —Ha 1970-2023 rr. HauboJibiiee
KOJIMYeCTBO IIOJIHBIX AalBeJUIMHIOB IPOU30ILIO B
aBrycrte u ceHTsAOpe — 18 u 13, COOTBETCTBEHHO, B
OKTs0pe BBIsABJIEHO 7 cJiyuaeB. B uioHe u uiojie 3aduk-
CUPOBAHO IO ABA MOJIHBIX amBesUIMHTra. OQUH MOJIHBIE
anBe/UIMHr Habiofgasncsa B Mae. PacnpenerneHue
TOJIHBIX aNBeJIJIMHIOB M0 JeCATHUJIETUAM IIpUBEJeHO Ha
puc. 8.

AHanu3 MMewIuxcAa OaHHBIX O BeTpe AJia 24
MOJIHBIX allBEJJIMHTOB ITOKa3aJjl, YTO OHU Pa3BUBAJIUCH
yarie Bcero (10 ciyvaes) npu SW BeTpe CO CKOPOCTSAMU
4-7 m/c. YeThlpe cjiy4yas MOJIHBIX AlBEJIMHTOB OBLIN
cBsA3aHel ¢ W BeTpaMu CO CKOpOCTAMU 5-9 m/c.

4. 06cyxpenue

TakuM 00pa3oM, MBI BBIEJINJIA JIETHUE alBeJl-
JUHTA B JINCTBEHHUYHOM 3aJjiiBe, PAaHXUPOBAJIU HX
N0 MPOAOJIKUTEJIBHOCTH, IOHMXEHUI0 TeMIepaTyphl
BOJBI, HANPaBJIEHUI0 M CKOPOCTU COIYTCTBYIOIINUX
BeTpoB. Cily4ay MOJIHBIX anBeJJIMHIOB paccMaTpuBa-
Juch OTAesbHO. [losydyeHHBle NaHHBIE ObLIN pasfe-
JIEHBI Ha 1Ba BPEMEHHBIX IIepro/ia, COOTBETCTBYIOINX
HabJ1I0JaeMbIM KJINMaTU4eCKUM TeHAeHI[HAM.

Ananusupysa Mopdomerpuro 3anusa JIuCTBeH-
HUYHBIE, MOXHO cAejlaTb BBIBOZ, 4YTO IPUOpeXHbIe
anBeJUIMHTY MOTYT pasBuUBaThcA nof AetictBrueM NNW
BETPOB, BBHI3BIBAIOLIMX CrOH, JIMOO 3a CYET SKMAaHOB-
CKOT0 IIepeHoca MOBEepXHOCTHBIX Boa npu WSW BeTpax
1 00pa3oBaHUN aHTHULUKIIOHUYECKOIo BUXPA B 3aJIUBe.
[Ipy pa3BUTUM AHTULUKJIOHUYECKOI'O BUXPsA IPOMC-
XOUT OIyCKaHWe BOABL B ero IieHTpe U KOMIIEHCUDY-
IOMINI ToAbeM BOABI Ha nepudepun y 6eperos 3ajinBa.
[Tpoananu3npoBaHHble JaHHBIE 10 BETPY, BHI3bIBAIO-
ImeMy anBeJUJIMHT, IIOATBEepKAAl0T BRICKa3aHHbIE IIpef-
noJjioxenus (Puc. 7).

Ananus pacrnpejiesieHns anBeJUIMHIOB IO ToJaM
nmokasaj, 4ro o 1960 r. HabJogasioch MOCTeneHHOoe
yMeHbIlIeHe YucJla alBeJUIMHIOB B roAy. 3aTeM MO
2016 r. nx cpegHee KOJIMYECTBO OCTaBaJIOCh IIOCTO-
SAIHHBIM U COCTAaBJIAJIO OKOJIO 2,5 alBeJUIMHIOB B Iof, a
B riocJieHue 8 JieT HaOJIt0gasicsa HEKOTopkIi poct (Puc.
3). Oco0klil MHTepec BBI3BAJIO CyXXeHue pacupeesieHns
IIOBTOPSAEMOCTH alBEJUIMHIOB IO MecsllaM U KOHIIeH-
Tpalys anBeJUIMHTOB B aBrycte B 1970-2023 rr. (Puc.
4). OTMeueHO TakXe Iepepacipe/iesieHIe anBeJJIMHIOB
B CTOpPOHY OOJIBbIIIEel IPOAOJIKUTESIBHOCTH U OOJIBIIEro
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Puc.6. ITIoBTOpAEMOCTD BEJIMYMHEI IOHWXXEHUSA TeMIlepa-
Typbl BOABI IpU anBesuirHre B 1941-1969 u 1970-2023 rr.
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Puc.7. IloBTOpsieMOCTh amnBesUIMHIOB (%), pa3BHUBalo-
MUXCSA NIPY BeTpax Oolpefe/IeHHOr0 HalpaBJIeHUs B TeyeHue
JIByX TIEPHOJIOB.
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MOHIMXeHUsA TeMnepaTyp nocje 1970 r. mo cpaBHEHUIO
¢ penbiAyumm mnepuogaom (Puc. 5, 6).

Yucsio NOJIHBIX alBeJUIMHIOB YMEHBIIAJIOCh C
KaxapIM fnecatuiietTueM: ¢ 12 B 1940-x rr. 7o ogHOro
B 2010-x rr. ITocsie 2020 r. moJiHbBIe aNBeJUIMHIU IIOKa
He HaOJII01aJINCh.

YroObl BBIACHUTH BO3MOXHBIE NPUYMHBI 3THUX
TeHAeHIUl, HeoOXOOWMO IIpOaHaJIU3UpOBaTh, Kak
MeHsJICA BeTep B 3TU nepuoAnl. CieqyeT OTMETHTh,
YTO CKOPOCTH BeTpa B IOCJeHUE [OecATUJIeTUA
CcTajivu 3aMeTHO Huxe, 4yeM B cepeaunHe 40-50-x romos
npomnuioro Beka (Arnac ..., 1977). CpaBHeHUe cpelHUX
CKOpOCTell BeTpa MO OTAeJdbHBIM MecAnaM 1959-
1968 rr. n 2000-2022 rr. BBHIABUJIO UX yMEHBIIEHNE B
utoHe-aBrycte Ha 0,8-1,1 Mm/c, B ceHTsAOpe-HOosAOpe — Ha
1,1-2,0 m/c. ITogoOHBIe M3MeHEeHMs HaOJIIOAAI0TCA Ha
GoJipielt yactu Teppuropun Poccun (Bulygina et al.,
2013) u, BepOATHO, BBI3BAHBI YCKOPEHHBIM IIOTeILIe-
HHeM B ADKTUKe U yMeHbllIeHHeM rpajueHTa TeMIe-
paTypsl MeXxJy 5KBaTOpPOM M IOJIIOCOM, 4TO OTpaxa-
eTcs Ha CpeJHelNPOTHON aTMoc(epHOI HUPKYJILUN U
uHTeHcuBHOCTHU BeTpoB (Coumou et al., 2015).

[TockoyibKy TNepBOHauyajbHble JAaHHBIE O BeTpe
OBLIM JOCTYIHBl TOJIBKO [JIA AT amnBeJUIMHIA, MBI
HCIOJIb30BaJI W3BECTHHIN peaHann3 EBpomerickoro
LIeHTpa CpeJHEeCPOYHBIX IIPOTHO30B IOTOABl B €ro
mocaeaHeM moApo6HoM Beimycke ERA5-Land (Mufioz-
Sabater et al., 2021), 11eJ1bI0 KOTOPOTO ABJIAETCS 00be-
AuHeHHe TJI00aJbHOU CeTH MeTeOpOJIOTUYECKOTO
MOHUTOPUHIA Ha OCHOBE YeThIpeXMepHOI BapHalu-
OHHOM CHUCTEMBl AaCCUMWIALUU PETPOCIEKTHUBHBIX
JaHHBIX, COOPAHHBIX B HauboJIee MOJTHOM 6a3e JaHHbIX
(c marom cetku 0,1° 1 BpeMeHHBIM paspelieHueM 1
yac).

beumn oTOOpaHBl OMHOPOAHBIE YAaCOBBIE PSAIBI
BeTpoB B Jlucteanke c¢ 1950 mo 2022 rr. Breimos-
HEHO CYyTOYHOe ocpeJHeHHe U IpoaHaJIu3UpoBaHa
BpeMeHHasd W3MEeHUYMBOCTh IOBTOPSAEMOCTH BeTpPOB
B JIeTHME MecsAlbl 110 8 OCHOBHBIM HANpPaBJIAHUAM C
maroM 45°, a Takxe pacCUMTaHbl cpefjHNe BeKTOPHBIe
U CKaJIIpHBle CKOPOCTH M YCTOUYMBOCTb BeTpa.
[TockosbKy B IOcjefqHUe rojbl HabJoJaeTcs yBeJu-
yeHHe IIOBTOPAEMOCTH alBeJUJIMHIOB, OBbLIO pelleHO
[IPOAHAJIM3UPOBATh 3TOT IEPUOJ OTJEJIBHO.

V3yueHue BeTPOB 3a UIOJIb-CEHTAOPh (Koraa
IIPOMCXOAUT 00JIbIlIas 4acTh alBeJUIMHIOB) II0KAa3aJlo,
YTO CcpefHeMecsAYHas CKOpPOCTb BeTpa IIOCTeleHHO
BO3pacTaeTr ¢ WIOJiA Mo ceHTAOph (2,2, 2,5 u 3 m/c,
COOTBETCTBEHHO), MOBBIIIAETCSA U YCTOUUYUBOCTDH BeTpa
(0,27, 0,33 u 0,52, coorBeTcTBeHHO). [Ipu 3TOM MpouUc-
XOOUT CMeHa OCHOBHBIX HallpaBJIeHUIl BeTPOB: B HI0JIe
npeobJiafaioT BeTpbl W HanpasJjieHUs, B aBrycTe 3Ha4u-
TeJIbHO yBeJInuuBaeTrcs 01 BeTpoB NW HanpaBsiieHus,
a K CeHTAOpI0 OHM CTAHOBATCA JOMUHMPYIOIWKUMU. [Tpu
9TOM OTMeuYeHa IIoCTelleHHas TpaHcpopmalus po3bl
BeTpoB 3a aBryct. Eciu B 50-60-e rr. npomwioro seka W
BeTpH! cocTasyAnu 33,5%, a cesepo-3anagusie — 20,1%
OT O0I1Llero 4rcJjia BeTPoB, TO B NIOC/IeAHee AecATUIeTHe
13-3a KJIMMaTUYeCKUX U3MEeHEeHU CPOKU IepecTpONKU
BETPOB CMECTHJINCh, Y, COOTBETCTBEHHO, N3MEHUJIach
IIOBTOPSAEMOCTb 3TUX BETPOB B asrycre: 28,6% u 29,4%
COOTBETCTBEHHO.
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Puc.8. KosruecTBO NOJIHBIX alBeJIJIMHIOB M0 JeCATUIETHAM.

W3yuyeHue Ao0JM IBYX OCHOBHBIX HAallpaBJIEHUN
BETPOB B aBryCTe, BBI3bIBAIOIINX AIBEJUIUHT B JINCTBEH-
HyuuHOM 3asymBe (Puc. 7), BBIABMJIO HE3HAUYMTEJIBHOE
TOCTENeHHOE YBeJINYeHNEe [0 CEBEPHBIX BETPOB,
BhI3bIBaOIMX croH (¢ 1% B 1950-e rr. 10 2% B 1960-
2020-e rT. u 3% 3a mocjegHee necATuseTue). IToBTO-
pseMocTb SW BETPOB TakXe HECKOJIbKO YBeJIMYUIach
(c 2% B 1950-e rr. mo 3,1% B mocjiegHee OeCATU-
Jjetue), HO ObUTa OHMXKeHa 00 1,7% B TeueHue 1960-
2010-x 1T., YTO, BEPOATHO, ABJIAETCA OJHOUN U3 MPUYUH
YMEeHbIIIEHNUA KOJIMYEeCTBA alBeJUIMHIOB B 3TOT MEePUOL]
(Puc.3).

Eciu mojcuutaTh CymMMapHyI0 MOBTOPSEMOCTD
N u SW BeTpoB B aBrycre 3a Asa nepuoga: Ao 1969
r. u ¢ 1970 r., TO MOXHO OTMETUTb, YTO OHa yBeJIU-
ypiack ¢ 3,6% 10 5%, coorBeTcTBeHHO. Habsoga-
eMBI POCT JOJIM BETPOB, BBI3BIBAIOIIUX AaNBeJUIMHTU,
COBIIAZlaeT C POCTOM 4YHCJA 3aperucTPUPOBAHHBIX
anBeJUIMHIOB B aBrycre 1970-2023 rT. 10 CpaBHEHUIO
¢ npeasiAymuM nepuogoM (Puc. 4). MeHsbllee Kojmye-
CTBO amnBeJIJIMHIOB B UI0JIe OOBACHAETCA TeM, YTO IJIA
3TOro Mecslla XapaKTepHbBl MHHHMaJIbHble CKOPOCTHU
BeTpa 3a Bech JIeTHe-OCEHHUN Nepuoj 1 MUHUMAaJIbHasA
YCTOMUYUBOCTDh BeTpa. JlojiA amnBeJUIMHIOB B CEHTAOpe
Takxe MeHbllle, HECMOTpPsI Ha oflllee ycuseHHe BeTpa.
[TprunHOI 3TOr0 ABJIAETCA 3HAYMTEIbHOE YBeJInueHue
ycroiiunBoctd NW BeTpoB (>0,5), a Takxe CHIXeHUe
Jgoau SW BetpoB Ao 2% (mo cpaBHeHuio ¢ 4-5% B
aBrycre).

Habmomaemoe — mepepacripefiejieHrie — amBel-
JIMHTOB B CTOPOHY OOJiblliell MPOAOIKUTEJIBHOCTU U
¢ 66JsIpIMM TTOHWXeHNeM Temiepartypsl B 1970-2023
IT. IO CPAaBHEHUIO C MpeabAyM nepuogomMm (Puc. 5,
6) uMeeT OOIIYI0 MPUYNHY. DTO HAMPAMYIO CBS3aHO C
yBeJIMueHreM JOJI amnBeJIJIMHIOB B aBrycTe. ABIyCT
XapakTepusyeTcsa caMoOW TeIJsIof BOAOU JINTOpAasy,
Y, COOTBETCTBEHHO, BO3HUKAWIIUN amNBeJUIMHT MpPU
OJINHAKOBOM TeMmepaType MNOAHUMAIOIIUXCA BOJ
BBI30BET OOJIbIIee MOHMXEHNEe TeMIepaTyphl B aBTyCTe,
yeM B Apyrue MecAnsl. U, COOTBETCTBEHHO, MOCTyma-
IolIlell XOJIOMHOI BOJie 1M3-3a CBOEI BHICOKOI TEII0eM-
KoCTU notpedyeTcs ropasno 6oJibiiie BpeMeHU, YTOOBI
MPOTPETHCA A0 CBOMX M3HAYAIBHO BBICOKUX 3HAYEHUN
TeMIlepaTyphl.

O BJIUSAHUM MapaMeTpPOB BeTpa Ha pa3BUTHE
MOJIHBIX AaNBeJUIMHIOB MOXHO CYOWTh, aHaJINU3Upys
MEeTeOopOJIOTNYECKHe JaHHBIE BO BPEMSI IIOJTHOTO allBeJl-
guHra 11-21 centsa6psa 2011 r., xorja napameTpsl
BETPAa U3MEPSINCH C BBICOKOW AUCKPETHOCTHIO aBTOMA-
TUYeCKOU MeTeocTaHIuel. Ycroiuusbiii BeTep WNW
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HalnpasJieHus HavyasicA BeuepoM 11 ceHTAOpA u MpoaoJi-
Kasea Tpu AHA. CKOpOCTh BeTpa gocturania 17 m/c u
cocTasysia B cpegHeM 8,7 m/c. Temneparypa BoAbl B
HayvaJie anBeJuinHra 6esuta 10,6°C, k 15 ceHTAOps noHU-
3uiack A0 4,0°C, a mocJjie peJjiakcaliu anBeJIMHra
21 centsA0psA cocrtaBuia 6,8°C. CrelyeT OTMETUTb,
YTO He TOJIBKO CHJIa M MPOAOJIKUTEJIbHOCTh BETpa,
HO U €ro yCTOMYMBOCTh HeoOXoAquMma AJjiA pa3BUTUA
noJiHoro ansesuiuHra. Hanpumep, 16-27 asrycra 2023
I. IPM MaKCUMaJIbHBIX HabOJrofaeMblXx CKopocTsax W
BeTpa (cpenHss ckopocTh 14 M/c, MOPBIBH A0 35 M/C)
TemnepaTtypa BoAsl ynana ¢ 19,4°C mo 4°C. OpHaxo,
IIOCKOJIBKY BeTep MHOTOKpPaTHO YMEHbIUAJICA U CHOBAa
ycusiBasica B TedeHue 10 AgHel, ObUIM 3aperucTpupo-
BaHBI KoJiebaHus TeMIepaTypsl Bojbl oT 4 no 10-15°C
¢ nepuojoM OT 12 1o 24 4. oOpasys Tak Ha3blBaeMBbIi1
repeMexarnIuiica anBeJUTMHr. HecMoTpsA Ha TO, 4TO
BOJla M3 TUIIOJMMHHOHA BBIXOJWJIA Ha IMOBEPXHOCTH,
HeyCTONYMBBIE BETPHl He IO3BOJIAJIA BOBJIEYb B 3TO
JBIKeHHe OOJIbIliie BOAHbIE MACCHI, U IIPU MaJleiiieM
ocsabjeHUM BeTpa BOJa HeMeAJIeHHO 3aMeHssach
TEeIJIO TOBEPXHOCTHOM BOJoOH. I[losToMy MBI He
OTHECJIU JaHHBIH CJTyYail K MOJIHOMY alBeJUIMHTY.

BriB/IeHHBIE ~ 3aKOHOMEPHOCTH  M3MeHeHUAd
yciaoBuil (HOpMUPOBaHUA U CyL[eCTBOBAHWA alBeJl-
JIMHTOB B JIMCTBEHHWYHOM 3aJIBe IMO3BOJIAIOT BbICKa-
3aTh cJeyomue mpeanosioxeHusa. C OAHON CTOPOHBI,
yMeHbIlleHe  KOJIM4YeCcTBa IIOJIHBIX  alBeJIJIMHIOB
JIOJDKHO HOBJIMATH Ha 00beM TpaHCIOpTa OLOreHOB U3
TUIIOJIMMHMOHA B JInTOpaJib. C Ipyroii CTOPOHEL, YMeHb-
IieHye MOBTOPSAEMOCTU alBeJJIMHIOB JOJDKHO COIIPO-
BOXIAThCSI TMOBHIIIEHHEM CpPeqHEH MOBEPXHOCTHOMU
TeMITepaTypPsl B MPUOPEXHOU 30HE B JIETHUU CE30H, UTO
yBeJIMYMBaeT BepTUKaJIbHbIEe I'PAAUEHTHl IIJIOTHOCTU B
BEPXHUX CJIOSAX Y MOXeT BBI3BaTh 3BTPOGUKAIINIO JIUTO-
panu. Kak cieficTBue, HabJII0JaeMBbIil B IIOCJIEJHIIE TOIbI
Pe3KUii BCILJIeCK pocTa BofopocJiell Spirogira B 3auBe
JluctBennnunsii (Kpasmosa u fp., 2012; TUMOMIKUH 1
ap., 2014; Timoshkin et al., 2018) MoxeT GHITH CBA3aH
C KOMIUIEKCHBIM BJIMSHHEM BoO3pacTalouieil aHTpOIO-
reHHOU Harpy3ku (1 60raToro nocryrsieHus 6MOreHOB
CO CTOYHBIMU BOJAaMM) U KJIMMAaTHYECKUX HN3MEHEeHUH
(ITnmapaeB u Tpounkas, 2018). IlocseqHue, B CBOIO
ouepe/ib, OKa3bIBAIOT [JBOsKOE BJIMAHNE Ha MOBBIIIEHNe
TeMIlepaTyphl JINTOPAJIN: KaK 3a cueT OOJIBIIEro more-
IJIeHUA u3-3a OoJjiee BHICOKMX TeMIlepaTyp BO3ZyXa,
Tak U 3a cYeT MeHee 4acToro BogoooMeHa (M, Kak cJieI-
CTBUe, MeHbIIero OXJIaXxAeHns) ¢ rJIyOMHHBIMU BOAaMU
03. baiikan. Takum o6pa3om, MOryT chopMHUpOBaTHCS
Ooslee OGnaronmpuATHble (u3NUecKre U Tpoduueckue
yCJI0BUA AJIA pa3BUTHUA BOJOPOCJIEH, He XapaKTepHBIX
Ju1s iutopasy baiikasna.

5. BoiBOADI

B uTore mpejcraByieHHOW pabOThl ObLINM IIpoa-
HaJIM3UPOBAHEl JJaHHBIE O TeMIlepaType MpUOPeXHON
BOABl U BeTpax B 3anuBe JIMCTBEHHUYHBIH. BhIAB-
JIeHbl JIeTHHe IpubpexHble anBeJUIMHTH, PaHXUPO-
BaHBI 10 NPOJOJIKUTEJIbHOCTH, MOHMXEHUAM TeMIle-
paTyphl BOJIbl, HAIpaBJIeHUIO 1 CHUJIe COIyTCTBYIOMIUX
BeTpOB. [loslyyeHHbIe JaHHbIE OB pa3/esieHbl Ha ABa
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repuoja, COOTBETCTBYIOL[He HAOJII0JaeMbIM KJIUMaTU-
YeCKHM TeHJIeHITHSAM.

YcTaHOBJIEHO, YTO OCHOBHBIE BETDHI, BbI3bIBa-
e anesUtuHr, umeloT N u SW HampaByieHus, 4To
noATBepXxaaeTcss MopdoMeTpuel 3aiuBa. AHaIU3
pacnpefiesieHHsi anBeJUIMHTOB IO TroAaM IoKasaJl,
yto 0 1960 r. HabsoAasioch MOCTENEeHHOe yMeHb-
IeHMe yrcJia anBesutuHroB B rofd. C 1960 mo 2016 rog
cpe/iHee KOJINYeCTBO COOBITUI OBLIIO MPUMEPHO MOCTO-
SIHHBIM 1 COCTABJIAJIO OKOJIO 2,5 alBeJIJIMHIOB B 'O/l U B
nocsieHre 8 JieT HaOII0aeTcsA UX HebOoJIbIIoe yBeJIu-
yeHre. MakcuMaJbHOe KOJIMUEeCTBO AaIllBeJIJIMHIOB
(13) otmeueHo B 1943 r. [TpoAOXUTEJIBHOCTD allBeJI-
JIMHTOB B CpeJJHEM COCTaBJiseT 7 CyT, MaKCUMaJsbHasA —
21 cyT (B 1979 r.). TemnepaTypa BoAbl OOBIYHO MaJAET
npuMepHo Ha 5°C, MakUMaJIbHBIN Ilepernaji COCTABUJI
13,5°C B 2016 1.

OO6HapyXeHO yBeJIMueHNe J0JIM alBeJUJINHIOB B
aBTyCTe 10 CPaBHEHUIO C APYTUMU MecAIlaMU B IepUo.
1970-2023 rr. BreisABiIeHO Takxe mepepacrpeneseHue
anBeJUJIMHTOB B CTOPOHY UX 0OJIblllell MPOAOJIKUTENTb-
HOCTH W OOJBIIMX TIEPEeNnajioB TeMIlepaTyphl IOCTe
1970 r. mo CcpaBHEHMIO C MIpeAbIAYIIMM [NePUOOM.
[IprunHON 5THUX W3MEHEeHUU CTaJl IJI00aJIbHBI XO.
CHIXEHUS BeTPOBOU aKTUBHOCTH, CBA3aHHBIN ¢ HaOJII0-
JaeMbIMM KJIMMaTHUYeCKMMU KM3MeHeHUsMU, a TaKxke
ocoboe mepepacrpenenenvie goau N u SW BeTpoB B
3ajIMBe B [IepPUOJ MCCJIeJOBAaHUI.

Uncsio TOJIHBIX aNBEJUIMHITOB YMEHBIIAJIOCh C
KaxaeiM JecAatusieteMm: ¢ 12 B 1940-x rT. 10 BCero
oaHoro B 2010-x. ITocsie 2020 rofa noJiHble alBeJITUHTU
rnoka He HabJiofaarch. OnrcaHbl ¥ COMOCTaBJIEHBI ABa
cjydas IMOJIHOTO U TepeMeXarwlerocs anBeJIMHIOB.
BrickazaHO mpeamnoiokeHWe O BO3MOXKHOM 3SKOJIOTH-
YeCcKOM BO3elCTBUM Ha 3ajJUB JIMCTBEHHUYHBIN 13-3a
KOMOMHHMPOBAHHOTO BO3AENCTBUS yBEJIMUEHUs] aHTPO-
TOTE€HHOW Harpy3ku MW yMEeHbBIIEHUs YaCTOTHI allBeJl-
JIMHTOB.
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