ISSN 2658-3518

> abiotic and biotic water components;
> ecosystem-level studies;
> systematics and aquatic ecology;
> paleolimnology and environmental histories;
> laboratory experiments and modeling

. ; / A 4¢
7 f) 7R R (][
Y/ 4 :”" - '

e 7
o A W o
3 - : y
> Ay 7,3 — S b 025, N— 6
/I g \ A\ “’ai’}\“ . A
/ - n N Arsil7 AN Zis d & o
J i > s ) bog




Limnology and Freshwater Biology 2025 (6): 1249-1267 DOI:10.31951/2658-3518-2025-A-6-1249

Original Article

LIMNOLOGY
FRESHWATER
BIOLOGY

M

Thermohydrodynamic processes in Lake
Ladoga: 3D model verification

Zverev 1.S.1%, Karetnikov S.G.!, Pozdnyakov Sh.R.3, Golosov S.D.%%*

I Institute of Limnology RAS - St. Petersburg SPC RAS, 9 Sevastyanova Str., St. Petersburg, 196105, Russia
2 Shirshov Institute of Oceanology RAS, 36 Nakhimovsky Prospekt, Moscow, 117997, Russia
3 Saint-Petersburg Branch RAS, 5 University Embankment, Saint-Petersburg, 199034, Russia

ABSTRACT. The results of adapting a three-dimensional mathematical model of the hydrodynamics
of an inland sea to the conditions of Lake Ladoga are presented, followed by its verification using
field and remote measurements. During adaptation, a spherical B-type computational grid with a spa-
tial resolution of 1 km X 1 km was constructed. The equation of state for seawater was replaced by
an equation for weakly mineralized water with a maximum density at a temperature close to 4 °C.
A procedure was implemented to calculate the inflow of heat and dissolved substances into the lake
through liquid boundaries with the waters of tributaries. The flow of the Neva River was taken into
account. Atmospheric forcing from NCEP/NCAR reanalysis with a spatial resolution of 2.5° X 2.5° has
been replaced with the European equivalent ERA5 with a resolution of 0.25° X 0.25°. Verification of
the new model version was performed for three areas of the lake: the southern shallow area (= 40 m),
the central area (—~50 m), and the northern deep area with depths up to 230 m. To assess the impact
of climate change on thermohydrodynamic processes, calculations were performed from 1990 to 2020.
Both contact measurements from the Institute of Limnology of the Russian Academy of Sciences and
images from NOAA and MODIS Terra/Aqua satellites were used for verification. The verification results
showed that the model adequately reproduces the main features of thermohydrodynamic processes
in Lake Ladoga, namely: the vertical thermal structure of the lake’s water mass, the beginning of the
formation and spread of the vertical frontal zone - the thermobar. Accounting for inflow waters allows
tracking their further distribution in the lake. Replacing atmospheric forcing has led to a significant
improvement in calculations of ice conditions in the lake. The results of verification of the new version
of the model should be considered satisfactory. Some shortcomings of the model have also been noted.

Keywords: Lake Ladoga, thermohydrodynamic processes, 3D mathematical modeling, temperature profile, ice
cover, thermobar, satellite information
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1. Introduction Due to the large spatial extent of Lake Ladoga

(~ 250 %130 km) the presence of sharp depth differ-
ences (maximum depth ~ 230 meters), coupled with
a highly indented coastline, THD processes in the lake
have a pronounced spatial and temporal heterogene-
ity. Therefore, the one-dimensional approach widely
used in limnology (see, for example, the FLake model,
www.lakemodel.net), which assumes that vertical vari-
ability of processes prevails over horizontal variability,
is insufficient for their modeling. To correctly repro-
duce THD processes in Ladoga, it is necessary to use a
3D (three-dimensional) approach, which was initially

One of the main problems in modern limnology is
the adequate assessment of the mechanisms of variabil-
ity of thermohydrodynamic (THD) processes in lakes,
as well as the understanding of their future changes
associated with global and regional climate change.
Thermohydrodynamic processes largely determine the
conditions for the functioning of aquatic ecosystems,
thereby affecting water quality in water bodies. One
effective method for studying THD processes is mathe-
matical modeling.
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widely used in meteorology and oceanography, and
then in limnology. To date, there are a significant num-
ber of three-dimensional mathematical models devel-
oped specifically for lakes, or ocean models adapted to
lake conditions. A detailed description of the history of
the application of the three-dimensional approach in
modeling different types of lakes is given in the mono-
graph by Menshutkin V.V. (Menshutkin et al., 2013).

Among the three-dimensional lake models spe-
cially developed for Lake Ladoga, the model of the St.
Petersburg Economic and Mathematical Institute of
the Russian Academy of Sciences (Astrakhancev et al.,
1986; 1987; 1992; 2003), which has been successfully
used to solve THD and environmental problems for Lake
Ladoga and Lake Onego. The biggest drawback of this
model is that it does not take into account the direct
impact of the atmosphere on the lake. The heat flux
through the free surface of the lake is not calculated
from the heat balance equation, but is estimated from
direct estimates of changes in the heat content of the
lake. The latter significantly limits the applicability of
the model in solving problems related to the impact of
regional climate variability on THD processes in lakes
and their ecological status. In addition, the insufficient
spatial resolution of the model did not allow the entire
spectrum of hydrophysical processes in the lake to be
reproduced. Currently, due to the reorganization of the
scientific development team, this model is not available
for use in further studies of Lake Ladoga.

In recent years, the mathematical model of
internal sea hydrodynamics (MISH), developed at the
Institute of Numerical Mathematics of the Russian
Academy of Sciences (Ibraev, 2001; 2008), has become
increasingly widespread (at least in the Russian
Federation). The MISH was originally designed to
reproduce THD processes in the Caspian Sea (Ibraev,
2008). Later, it was refined for studies of circulation in
the World Ocean and its basins (Ushakov and Ibraev,
2018a; Ushakov and Ibrayev, 2018b).

Compared to the ocean, inland seas have a num-
ber of characteristics that must be taken into account
when modeling them (Ibraev, 2008). An important
element of the THD of inland seas is the presence of
intra- and interannual variability in water surface
levels as a response of the water body to a non-zero
water balance. In addition, water exchange through
liquid lateral boundaries (river inflow and outflow) is
important in inland seas, as it affects the formation of
the thermal regime and chemical composition of the
main water mass. Another important feature of inland
seas is that global (basin) circulation is superimposed
by movements of smaller spatial and temporal scales
— synoptic and topographic, which requires the entire
spectrum of movements to be described in the model.
The latter requires the construction of higher spatial
resolution grids for inland seas.

In this work, due to the similarity of Lake
Ladoga to an inland sea in terms of the above char-
acteristics (Filatov and Balagansky, 2021; Filatov and
Rumyantsev, 2021), an attempt has been made to adapt
the first version of the MISH, which has been success-
fully tested in the Caspian Sea, to the conditions of the
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freshwater Lake Ladoga, and the results of its verifica-
tion based on field observations at Lake Ladoga and
available satellite information are presented.

2. Materials and methods

In the MISH, the system of three-dimensional
equations of thermohydrodynamics of the internal
sea is approximated in the hydrostatic and Boussinesq
approximations on a spherical grid of type B using the
finite volume method in vertical z-coordinates (Marshall
et al., 1997). The model has transitioned from a “rigid
cover” condition to a description of a free sea surface,
which allows for the description of the propagation of
fast barotropic motions, as well as the variability of sea
level depending on the variability of the water balance
(Ibraev, 2008). The main characteristics of the model
are given in Table 1.

Thus, Table 1 shows that the following changes
were made to the model during the adaptation of the
MISH to the conditions of Lake Ladoga:

a high-resolution spherical calculation grid of type
B (= 1 km X 1 km) was constructed;

the sea water state equation was replaced with a
weakly mineralized water state equation that takes
into account the maximum density at a tempera-
ture close to 4 °C;

a procedure was implemented to calculate the
inflow of heat and dissolved substances into the
lake through liquid boundaries with tributary
waters, as well as the outflow of the Neva River;

atmospheric forcing from NCEP/NCAR reanalysis
with a spatial resolution of 2.5°x2.5° has been
replaced with the European equivalent ERA5 with
a higher resolution of 0.25° x 0.25°.

the sea ice formation model uses freshwater param-
eters (density, freezing temperature, latent heat of
fusion of ice, heat capacity of ice). The salinity of
sea ice has been replaced with the mineralization
of freshwater.

Calculations were made for the entire lake area
for the period from 1990 to 2020, but verification was
carried out for three areas: the northern area (with
depths of more than 200 meters, station 105 area),
central (50-60 meters, station 55 area) and shallow
southern with depths up to 40 meters (station 25 area).
Figure 1b shows the location of the stations selected
for model verification. These stations were selected for
verification because they have been included in the
mandatory field research program of the Institute of
Limnology of the Russian Academy of Sciences since
the mid-1960s. Over the years, a significant amount of
factual material has been accumulated at these stations.

Vertical thermal sounding data during the open
water period was used to verify the model, as well as
year-round satellite observations of ice conditions and
the spatial distribution of surface water temperature in
Lake Ladoga from 1990 to 2020.
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To verify the MISH in terms of the quality
of ice conditions and thermal bar reproduction,
images obtained from NOAA satellites (https://
www.class.ngdc.noaa.gov) and MODIS Terra/Aqua
[https://oceancolor.gsfc.nasa.gov) were used. All
of these satellites are equipped with high-resolu-
tion multispectral instruments (AVHRR) that can
calculate water surface temperature. The satellites
fly over Lake Ladoga several times a day. To verify
the model, images obtained during daylight hours
when there was no cloud cover over the lake were
used. To reduce atmospheric correction, images
with the object located nadirally in the image
were selected. The atmospheric influence on the
thermal radiation of the water surface was taken
into account using the method developed by the
Space Research Institute of the Russian Academy
of Sciences, which utilizes the difference in the
atmospheric influence on the passage of thermal
radiation from the underlying surface in different
parts of the thermal spectral range (Zakharov et
al., 1993).

3. Results and discussion
3.1. Atmospheric forcing and ice
conditions in the lake.

The initial meteorological information used
in the MISH was based on NCEP/NCAR reanalysis
data (a joint project of the National Centers for
Environmental Prediction (NCEP) and Atmospheric
Research (NCAR), USA), (www.cdc.noaa.gov).
The data from this reanalysis is presented on a
regular grid of 2.5 degrees latitude and longitude,
which does not allow for the spatial heterogeneity
of meteorological parameters over the lake area
to be taken into account. As an alternative to the
NCEP/NCAR reanalysis, the ERA5 reanalysis from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) was used to model the atmo-
spheric impact on the lake. ERAS is the fifth gener-
ation of ECMWF reanalysis, representing a further
modernization of the well-established ERA Interim
reanalysis of global climate and weather over the
past decades. The spatial resolution of the ERA5
reanalysis used in this study is 0.25° on a regular
grid of latitudes and longitudes. Figure 1a shows
the coverage of Lake Ladoga by the grids of both
reanalyses.

The replacement of atmospheric effects on
the lake was primarily due to the fact that model
calculations showed unsatisfactory reproduction
of ice conditions when using NCEP/NCAR reanal-
ysis. This is mainly due to the underestimation of
air temperature in the winter months compared
to weather station data. As an example, Figure 2
shows a comparison of data from both reanalyses
with meteorological observations in Petrokrepost
Bay in different seasons of the year. The same fig-
ure also shows the results of ice thickness calcu-
lations based on reanalysis data in the same bay.
There is clearly a significant underestimation of

Table 1. Main characteristics of the MISH

Model title

Model of Inland Sea Hydrodynamics
(MISH)

Bottom topography

Horizontal grid
Horizontal resolution*

Vertical grid
Vertical resolution*

Parameterization of
vertical turbulence

Parameterization of
horizontal turbulence
for momentum

Horizontal turbulence
scheme

Solution method

Convection
Equation of state *
Wind friction stress

Heat fluxes on the lake
surface:

1) Shortwave radiation*
2) Long-wave radiation:
a) incoming*

b) outgoing

3) Explicit heat flux
4) Latent heat flux
Bottom friction

Ice model*

Tributaries *

Time step

Calculation time for 1
model year on a laptop
with an Intel Core I5
2.6GHz x 4 configu-
ration with the spec-
ified calculation grid
parameters

Data from the Institute of Limnology of
the Russian Academy of Sciences

Spherical grid B (Marshall et al., 1997)

Ap=0.54", A\ =1.08"
(= 1kmx1km)

z-coordinate
Az=2mat0 < z <5

Az=25mat5 =z <10
Az=5mat10 < z < 40
Az=10mat 40 < z < 50
Az=25mat50 < z < 225

Munk-Anderson scheme (Munk and
Anderson, 1948)

Smagorinsky’s scheme (Smagorinsky et
al., 1965)

K, =const=>5 m?/s

The solution is divided into two parts:
the solution of 3D equations for baro-
clinic motions and the solution of 2D
shallow water equations for barotropic
motions (Ibrayev, 2001).

Convection “adjustment”
(Chen and Millero, 1986)

According to Launiainen and Vihma
(1990)

ERAS reanalysis

ERADS reanalysis
Stefan-Boltzmann law

According to Launiainen and Vihma
(1990)

According to Launiainen and Vihma
(1990)

Parameterization of bottom friction
(Ibrayev and Trukhchev, 1998)

The Hibler sea ice model (Hibler, 1980).
No ice drift. Freshwater parameters
(density, freezing point, latent heat of
fusion, and heat capacity of ice) were
used in ice formation calculations. Sea
ice salinity was replaced by freshwater
mineralization.

Specified volumetric discharges, heat
and matter fluxes from inflowing rivers

300 s

8 hours

Note: * - parameters and schemes changed at the adaptation of
the MISH to the conditions of Lake Ladoga.
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Fig.1. (a) - Topography of the Lake Ladoga bottom used in the calculations, and coverage of the Lake Ladoga water area by
the NCEP/NCAR (solid lines) and ERA5 (dashed lines) reanalysis grids. (b) — Location of the observation station areas selected

for model verification.

air temperature by the NCEP/NCAR reanalysis in the
winter months, which is reflected in the calculation of
ice thickness, which, according to observations, ranges
from 0.5 to 0.7 m in the bay (Lake Ladoga. Atlas, 2002).

Due to complex hydrometeorological conditions
on Lake Ladoga during the ice season, no contact obser-
vations are conducted in the lake’s water area. The ice
situation is assessed either by observations at coastal
weather stations or by remote sensing data. Figure 3
shows examples of MISH verification using satellite
data on the temporal dynamics of ice cover on Lake
Ladoga in 2001. The model calculations were per-
formed with two atmospheric forcing. As noted above,
the NCEP reanalysis with a 2.5-degree grid, which is
coarse for lake scales, reproduces ice processes in the
lake extremely poorly. The data in Fig. 3 confirm this.
As of March 13, according to satellite data and calcu-
lations using the ERAS reanalysis, the northern part of
the lake is still ice-free, while the calculation with the
NCEP reanalysis shows that the lake is completely cov-
ered with ice. The same is true for ice melt calculations.
As of April 25, satellite data and ERA5 calculations

Temperature, °C

-16

show the lake surface to be ice-free. The NCEP reanaly-
sis calculation, on the other hand, leaves a good half of
the lake under ice. Accordingly, the timing of ice melt
on the lake is shifting to June, which has never hap-
pened in the history of observations on Lake Ladoga.

At the same time, the ERA5 calculation at least
qualitatively coincides with satellite information. Fig. 4
shows the results of assessing the degree of ice cover-
age of the lake surface based on satellite and model
data in the form of long-term dynamics of the relative
ice cover index of Lake Ladoga (RICI), proposed in the
paper (Karetnikov and Naumenko, 2013). The index is
the ratio of the total area under the curve of lake ice
cover change for a specific winter season to the area
bounded by the median values calculated from all
available observations.

There is a noticeable, almost systematic discrep-
ancy in the assessment of minimum RICI index values
between satellite and model data, while the maximum
values are similar in magnitude. Such differences in
assessments may be related to differences between the
minimum sensitivity threshold of the image interpre-

1.1.01 61.01 11.1.01 161.01 21.1.01 26.1.01 31.1.0

T T T T T
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Fig.2. Air temperature in winter and summer 2001 in Petrokrepost Bay in accordance with meteorological reanalysis data
(a) and (b), and seasonal variability of ice thickness according to modeling data (c).
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Fig.3. Water surface temperature (°C) — color area and ice thickness (m) — black-and-white area on March 13 and April 25,
2001, calculated using NCEP/NCAR and ERAS reanalysis data, as well as lake surface images obtained from the Modis satellite.
The dotted line shows the position of the ice edge based on the satellite image.

tation method and the minimum ice thickness value
specified in the model. In the model, the minimum ice
thickness can be set to any small number, while the
image interpretation method involves determining the
presence/absence of ice based on the color range of the
underlying surface in the image. If the underlying sur-
face is a field of thin transparent ice, it is identified as
water during interpretation. Therefore, in the model,
the ice cover at the beginning of the ice season occu-
pies a larger area compared to satellite data. The results
of a numerical model experiment performed with an
increased minimum ice thickness value (5 cm) are
shown in Fig. 4 as a dotted line. The experimental data
showed that the discrepancies in the RICI index values
obtained from the model and from image interpretation
were significantly reduced.

In addition, RICI variability can serve as an indi-
rect indicator of climate change in the region during the
winter period. It is difficult to identify any significant
trends in the temporal dynamics of the index in Fig. 4.
However, dividing the time interval under consider-
ation into parts allows us to conclude that since approx-
imately the early 2000s, there has been a downward
trend in the temporal dynamics of RICI, i.e., the ice
cover of Lake Ladoga is decreasing. The latter indicates
a warming of the regional climate in the winter period.
Figure 5 shows the results of the temporal dynamics
of RICI for the periods 1990-2002 and 2002-2020,
obtained from the model and from the interpretation
of satellite images.

Thus, the correspondence between satellite and
model data, at least in terms of the degree of ice cover-
age of the lake surface, appears to be satisfactory.

3.2. Vertical thermal structure of the lake

When comparing simulation results with field
observation data, it should be borne in mind that the
measured temperature profiles cannot be obtained at
a point with the same strictly fixed geographical coor-
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dinates. This is due to the specifics of taking measure-
ments from a research vessel, which, for various reasons
(error in determining the coordinates of the measure-
ment point, drift of the vessel during operation, etc.),
cannot be positioned with absolute accuracy in the
same place on different dates. The spread in the coordi-
nates of the measurement points is small, but can reach
hundreds of meters, which is insignificant in terms of
the scale of the entire lake. Nevertheless, given the
complex relief of the lake bottom, even a small spread
in station coordinates can lead to a spread in the depth
of the measurement location. Therefore, when compar-
ing simulation data with field data, it is appropriate to
talk about the model reproducing the vertical tempera-
ture distribution not at a strictly defined observation
station, but in its vicinity.

To assess the quality of the MISH reproduction
of the vertical thermal structure in Lake Ladoga in
different seasons of the year, the years with the high-
est reliability of field observations were selected from
the database of the Institute of Limnology. It should
be noted that all observations refer to periods of open

1990
—e—RICI satellite

1995 2000

——RICI model

2005 2010 2015 2020

— = =RICI experimental

Fig.4. Long-term variability of the ice coverage index
of Lake Ladoga. The red line with markers represents sat-
ellite imagery data, the solid blue line represents modeling
results, and the dotted line represents experimental calcula-
tion results.
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Fig.5. Variability of the ice cover index of Lake Ladoga RICI in different periods: a) — modeling results, b) — satellite image

data.

water. Winter observations were not carried out due
to the complex ice conditions on the lake. Fig. 6 shows
the results of calculations of the vertical distribution
of water temperature in the lake for the three selected
stations during the summer warming of the lake (June-
August) and developed autumn convection (October) at
the beginning and end of the entire calculation period.

Despite the generally satisfactory agreement
between the calculated and measured profiles, it should
be noted that the model best reproduces the tempera-
ture profile at all stations when there is a pronounced
upper mixed layer (UML) of wind or convective ori-
gin in the lake. In cases where the water mass in the
upper layers is stably stratified, the model gives under-
estimated temperature values. This may be due to the
fact that the model does not calculate the temperature
directly at the water surface. Due to the peculiarities
of the calculation grid, the first calculated temperature
value is at a depth of 1 m. With stable stratification of
the surface layer, the temperature difference between

the surface and a depth of 1 m can reach several
degrees. Conversely, with a pronounced upper mixed
layer, this circumstance does not play a role — the tem-
perature in the UML is practically uniform vertically.
This can be seen at all “October” stations in both 1991
and 2018. Another drawback of the model is the lack
of a complete equation for density convection. Instead,
a so-called “convective adjustment” is used, which is
triggered when the density of water in the upper cell
becomes greater than that in the lower cell. The model
then automatically equates the temperature to the aver-
age value for both calculation cells. This procedure is
justified for small vertical cell sizes. With large dimen-
sions, a situation may arise where, under natural con-
ditions, convective mixing has not reached a depth cor-
responding to the dimensions of the lower cell, but the
temperature in it is already considered average for the
two cells. An example of such a situation is shown in
Fig. 7.

1991, N2 25 1991, N2 55 e 1991, N2 105 _—
0 10 20 0 10 20 1} 10 20
0 e 0 - et 0 ik ;
. ("'
5 1 104 ¢~
10 4 < st} 50 4 * ® L
B s b )
= 30 4 1001
", 20
7] 10 4
2
21 . 1501
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Fig.6. Calculated (lines) and measured (symbols) vertical temperature profiles in Lake Ladoga for different stations.
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3.3. Thermal bar (thermobar)

One of the “hallmarks” of freshwater bodies is
the thermobar, a vertically oriented frontal zone that
occurs when the water mass is heated/cooled to tem-
peratures close to the maximum density temperature
T _=3.98 °C. The nature of the thermobar is as fol-
lows. In spring, when the water begins to warm up, the
shallow coastal zone of the reservoir warms up faster
than the deep-water zone away from the shore. The
temperature field becomes horizontally heterogeneous.
Due to the peculiarity of the equation of state of fresh
water — the presence of a maximum density tempera-
ture — the density stratification on both sides of the
maximum density isotherm behaves differently: stable
density stratification is observed in the shallow zone
and unstable stratification in the deep zone, where at a
water temperature T < T__, density convection devel-
ops with a strong downward current in a narrow strip
between the zones. The corresponding frontal bound-
ary of the division is called a thermal bar. As the water
body warms up, the thermal bar shifts toward the deep
water zone. This process continues until the tempera-
ture of the cold deep water zone reaches T __ . A similar
phenomenon can be observed in autumn: the shallow
coastal zone cools faster than the deep water zone. Its
temperature drops below the maximum density tem-
perature earlier. Further cooling of the lake, while
maintaining the thermal convective regime in the deep
water zone, leads to the formation of hydrostatically
stable stratification in shallow water.

As a frontal zone, the thermobar slows down the
exchange processes between coastal and deep-water
masses, thereby exerting a significant influence on THD
processes and the ecological state of the water body. It
is precisely because of the thermobar that biogenic ele-
ments accumulate in coastal areas, ensuring high bio-
logical productivity. On the other hand, the thermobar

T,°C
10

St. 55

—
=

[
=}

Depth.m

=

[}

model
e 26.10.1996

=
=}

50

*.

60

Fig.7. Example of incorrect reproduction of the tempera-
ture profile in the near bottom zone at station 55 on October
26, 1996. Symbols — sounding data, black line — calculation
according to the model.

contributes to the accumulation of pollutants in shal-
low water areas, which worsens their ecological con-
dition. Thus, the thermobar plays an important role in
both THD processes and ecological processes in water
bodies. The fact that the physics of thermobar is related
to the temperature of maximum water density makes
its identification in space and time quite convenient.
To determine the time of formation and degradation
of the thermobar, as well as its distribution across the
water area, it is necessary to determine the location
of the 4-degree isotherm on the surface of the water
body based on contact measurements or using remote
sensing methods. In addition, in the modeling of lake
systems, the ability of the model to correctly reproduce
the thermobar is a good criterion for its quality.

Figure 8 shows the results of determining the
position of the thermobar based on the results of mod-
eling and processing satellite images.

Fig.8. Distribution of the thermal bar in Lake Ladoga in the spring and early summer of 1997 and 2018. The red line shows
the thermal bar position based on satellite images; the black line shows the model calculation. The color scale shows the water

temperature (°C).
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The data in Fig. 8 show that the model repro-
duces the distribution of thermobar across the lake area
in a qualitatively and quantitatively satisfactory man-
ner. The position of the front in the deep northern part
of the lake almost exactly coincides with remote sensing
data. This is quite understandable. At great depths, the
water mass warms up very slowly, as a result of which
the thermobar forms late. The differences observed in
the shallower areas of the lake are explained by the fact
that the formation and movement of the thermobar is
determined not only by the proximity of the water tem-
perature to the maximum density temperature, but also
largely by the topography of the bottom. In the model,
the bottom relief of the lake is approximated by rect-
angular cells, which naturally introduces errors in the
reproduction of the true relief, leading to differences
between the model and remote sensing data.

Of particular interest is the dynamics of the tem-
poral parameters of the frontal zone, namely, the start
and end dates of the thermal bar in the lake, as well as
its duration. Figure 9 shows the results of model calcula-
tions and satellite image interpretation, demonstrating
the temporal variability of these parameters between
1994 and 2020. From 1990 to 1993, the Institute of
Limnology’s database does not contain satellite images
of the surface of Lake Ladoga at the necessary points
in time.

Based on the results of modeling and satellite
imagery data, it is impossible to draw a definitive con-
clusion about the temporal dynamics of the parame-
ters of the thermobar passing through the lake’s water
area. According to the results of satellite image pro-
cessing, there is a slight negative trend in the start and
end dates of the thermal bar. Modeling results did not
reveal such trends. At the same time, the duration of
the thermobaric passage through the lake area remains
constant according to both satellite and model data.
Thus, based on indirect evidence, there is no reason to
speak of a warming of the regional climate during the
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open water period, in contrast to the ice period, where
ice index values tend to decrease.

4. Conclusion

This paper presents the results of adapting a
three-dimensional mathematical model of the hydro-
dynamics of an inland sea to the conditions of Lake
Ladoga, followed by its verification using field and
remote measurements. Replacing atmospheric forcing
led to a significant improvement in calculations of the
ice situation in the lake. The long-term temporal dynam-
ics of the relative ice index of Lake Ladoga (RICI) have
been calculated. The negative trend in the dynamics of
the index over the last 20 years indicates a softening of
winter conditions in the Lake Ladoga region.

The verification results showed that the model
adequately reproduces the vertical thermal structure
of the lake water mass, with the exception of isolated
cases when reproducing the temperature profile in the
bottom layers under autumn-winter convection condi-
tions. This shortcoming of the model can be eliminated
either by using a full-fledged submodel describing con-
vective mixing, which will complicate the already com-
plex 3D model, or by changing the vertical resolution of
the model, which will increase the computational costs
of the calculations.

The results of the thermobar modelling—an
important phenomenon both in terms of the thermo-
hydrodynamics of the lake and the functioning of its
aquatic ecosystem—were close to those obtained from
the interpretation of satellite images.

In the future, it is planned to further use the
model to study a wide range of thermohydrodynamic
and ecological processes in Lake Ladoga. These include
the formation, development, and degradation of
upwelling/downwelling processes, the spread of tribu-
tary waters in the lake’s water area, and the prediction
of the consequences of possible man-made disasters,
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Fig.9. The start (a), end (b) and duration (c) of the thermal bar in Lake Ladoga in the period from 1994 to 2020. The mod-
eling results are shown in black, and the results of satellite image interpretation are shown in red.
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etc. In addition, it is expected that the MISH will be
supplemented with appropriate modules to describe
chemical and biological processes, which will allow it
to be used as a model of the lake’s ecosystem.
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TepmoruapoaAMHamMmuuyecKue npoueccobl
B AapoXxckom o3epe: sepudukauuna 3D
MOAEAU

3BepeB U.C.1?, Kapetnukos C.I'.!, [To3ausakos II1.P.3 T'omocos C.[1.1%*

T HHcmumym o3epogedeHus PAH — CIT6 ®HL] PAH, ysi. CesacmbsaHoga, 9, Cankm-Ilemepbype, 196105, Poccua
2 HHcmumym okeaHoJstoeuu um. ILIT. IMupwosa PAH, Haxumoackuti npocnekm, 36, Mockea, 117997, Poccusa
3 Cankm-Ilemep6ypeckoe omdesieHue PAH, YHugepcumemckas HabepedxcHas, 5, Cankm-IlemepOype, 199034, Poccua

AHHOTALIUA. IlpencraBsieHbl pe3ysbTaThl afanTaluy K ycaoBuAM JIafoXCKOro o3epa TpexMepHOH
MaTeMaTHUYeCKON MOJeJIN TUAPOAUHAMUKY BHYTPEHHEro MOPs C MOCJIeAYIoIel ee Bepudukamnuen mo
JaHHBIM HaTYPHBIX U AUCTaHIMOHHBIX M3MepeHui. [Ipu afganranuu nocrpoeHa chepruyeckas pacueTHas
ceTka THINa B ¢ mpocTpaHCTBEHHBIM pa3pelieHreM 1KM X 1kM. YpaBHEHKE COCTOAHUA MOPCKOH BOJBI
3aMeHeHO Ha ypaBHeHUe cJIabOMUHepal30BaHHOU BOJBl C MaKCMMyMOM IIJIOTHOCTH IIpU TeMIlepa-
Type, 6J113koi K 4 °C. Peann3oBaHa npolefypa pacueTa MOCTYIIEHN Telljla M PaCTBOPEHHBIX BellecTB
B 03epOo uyepe3 XUJKKe I'PaHuLbl C BoJaMy IPUTOKOB. YUTeH cTOK peku HeBrl. ATMocdepHEBIiT GOpCUHT
n3 peaHaymza NCEP/NCAR c npocTpaHCTBEHHBIM paspenieHueM 2,5° X 2,5° 3aMeHeH Ha eBpOIelCKu
anasior ERAS c pa3pemenuem 0,25° X 0,25°. Bepudukanysa HOBOY BepCUU MOJIeJIN BRIIOJIHEHA JJI TPpeX
PaliOHOB 03epa - FXXKHOTro MeJIKOBOAHOro (< 40 M), neHTpasbHOro (~50 M) U ceBepHOro IIyO00KOBO-
aHoro ¢ riryouHamu Ao 230 m. J[Jis OLleHKY BJIUSAHUA KJIMMaTUYeCKUX M3MEeHEeHUN Ha TEPMOTHIPOIU-
HaMHYeCKHe IPoLecch pacdyeTsl npoBoAuanchk ¢ 1990 no 2020 r. [{na BepuduKanuy UCnoJb30BaInCh
KaK JaHHble KOHTAKTHBIX M3MepeHull MHcTUTyTa 03epoBefeHus PAH, Tak M CHUMKHU CO CIlyTHHUKOB
NOAA u MODIS Terra/Aqua. Pe3ysibpTaTsl BepudrKanuy Iokasaiyd, YTO MOAEb aleKBaTHO BOCIIPOU3-
BOAUT OCHOBHbIE 0COOEHHOCTH TepMOTrUApOANHAMNYECKHX IIpolieccoB B JIalokCKOM o3epe, a UMEeHHO:
BepTUKAJIbHYI0 TEPMHYECKYI0 CTPYKTYPY BOJHON Macchl 03epa, Hauajio GOopMUPOBaHUA U paclpocTpa-
HeHUs BepTUKaJIbHOI (POHTAIBHOM 30HH - TepMobapa. YueT BoJ IIPUTOKOB II03BOJIAET IPOCIEAUTh UX
JajibHellllee paclpocTpaHeHNe B o3epe. 3aMeHa aTMochepHOro ¢GopcuHra nprsesia K 3HaYuTeJIbHOMY
yJIy4lIeHUI0 pacyeToB JieJOBOi 00CTaHOBKU B 03epe. Pe3ysibTaThl BeprduKayy HOBOM BepCry MOJeIn
cJlefyeT IpU3HaATh yAOBJIETBOPUTEJIbHEIMU. Takxke OTMeUeHbl U HeJOCTaTKU MOZEJIU.

Kitioueavie ciroga: Jlafoxckoe 03epo, TepMOTHIPOAUHAMUYECKHE TIpoliecchl, 3D MaTeMaTH4ecKoe
MozeupoBaHue, Mpodusib TeEMITEPATYPHI, JIEJOBUTOCTh, TEPMOOAp, CITyTHUKOBas MHGOPMAIIUS

Jna outupoBanusa: 3eepeB U.C., KapernukoB C.I'., Ilosgasakos II.P., Tomoco C.[J. TepmoruapoauHamMuyeckue Ipo-
neccsl B JlagoxckoMm o3epe: Bepudukanua 3D moaenn // Limnology and Freshwater Biology. 2025. - Ne 6. - C. 1249-1267.
DOI: 10.31951/2658-3518-2025-A-6-1249

1. Beepenne BBuny 60J1bI10I1 MPOCTPAHCTBEHHOM MPOTSIKEH-

OaHOl U3 OCHOBHBIX Hpo6jeM COBpeMeHHOMH
JIMMHOJIOTUH fABJIAeTCA aJieKBaTHasd oOljeHKa Mexa-
HU3MOB U3MEHUYMBOCTU TepMOTUAPOJANHAMUYECKUX
(TT1) mporeccoB B 0O3epax, a TakKXe MpeCcTaBJIeHHE
00 nx OyaOyIIuX N3MeHEHHUAX, CBA3AHHBIX C rJ100ajib-
HBIMU U peruoHaJIbHBIMHA M3MEeHeHUAMM KJMMara.
TepmorupoauHaMuyeckye MPOLECCH BO MHOTOM
ONpEJIEJIIIOT  YCJIOBUA (DYHKIIMOHUPOBAHUA BOAHOU
SKOCHCTEMEBI, BJIMAA TeM caMbIM Ha KauyecTBO BOZHI B
Bojoemax. OgHUM U3 3(PGPEKTUBHBIX METOJ0B UCCIIe-
posanua TI'Jl mpoleccoB SABJIAETCA MaTeMaTHUYecKoe
MoJieJIipOBaHue.

Hoctu Jlagoxckoro o3epa (~ 250 X 130 kM), HaIUYUA
B HEM pe3KUX IlepernajioB riiyouH (MakcuMasibHasA IiIy-
6uHa ~ 230 MeTpOB), CONPsDKEHHBIX C BBICOKOH CTerle-
HBIO U3pe3aHHOCTU GeperoBoii jmuuu, TT'J] npoiiecch
B 0O3epe MMEKT SPKO BBIPAXEHHYI0 IPOCTPAHCTBEH-
HO-BPEMEHHYI0 HEOAHOPOAHOCTh. [loaToMy A ux
MOJEJINPOBaHUA HEAOCTAaTOYHO IPHMMEHEHUs LINPOKO
pacnpoCcTpaHeHHOI'O B JIMMHOJIOTMY OAHOMEPHOrO MO~
xona (cMm, Hanpumep, mofenab FLake, www.lakemodel.
net), B paMKax KOTOpPOTO CUMUTaeTCs, YTO BepTHKAaJIb-
Has M3MEHYMBOCTh IIPOLIECCOB NpeBaJIUpPYyeT HaJ rOpu-
30HTaIbHOM. J[Jis1 KOppeKTHOTO BocnpousseeHus TI'/]
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nponeccoB B Jlagore Heo6xoauMo npuMeHeHue 3D
(TpexmepHOro) mojxoAa, KOTOPHIY M3HAYaJIbHO TOJIY-
YlJI HNIMPOKOE paclpocTpaHeHHe B METeOpOJIOTUU U
OKeaHoJIOrMH, a 3aTeM M B JuMHojoruud. K Hacros-
meMy BpeMeHH KOJIMYeCTBO TpeXMepHBIX MaTeMaTH-
YecKUX MoJjiesieli, pa3pabOTaHHBIX CIelUaJbHO MOJiA
o3ep, JIMOO OKeaHCKUX MojfeJsiell, afalnTUPOBaHHBIX K
03epHBIM YCJIOBUAM, ABJIAETCA BeCbMa 3HAYMTEe/IbHBIM.
INlogpo6Hoe ommcaHue WUCTOPUM IpPHUMEHEHU:A TpeX-
MEpHOro MOAX0Ja B MOJEJMPOBaHWU Pa3sHOTUIIHBIX
o3ep mnpuBefeHO B MoHorpagpuu MeHmyTkrHa B.B.
(MenmryTkuH u fip., 2013).

Cpeau 03epHBIX TpeXMEpHBIX MojeJiel, CcIelu-
ajbHO paspaboTaHHBIX [Jid JIagoXkCcKoro o3epa, B Iep-
ByI0 ouepefb HeoOXOOUMO OTMeTUTh Mojejb CaHKT
— Ilerepbyprckoro 3DKOHOMMKO- MaTemMaTu4ecKoro
Unctutyra PAH (ActpaxaHueB u fp., 1986; 1987;
1992; 2003), koropasg He(e3ycClellHO MpUMeHs-
Jjack g peweHus TI'J[ v skosiornyeckux 3amay Aiid
Jlapoxckoro u OHexckoro ozep. CaMbIM 0OJIBIINM
HeI0OCTaTKOM [aHHOH MOJesU SABJISeTCA TO, 4TO B
Hell OTCYTCTByeT ydeT HeNOCpeICTBEHHOIO BO3[el-
cTBUA arMocdephbl Ha 03epo. TemoBoil NOTOK Yepe3
CcBOOOJHYI0O IIOBEPXHOCTb O3epa He pacCYUTHIBAETCHA
U3 ypaBHeHHA TeIUioBoro OajiaHca, a OLleHHUBaeTcCA
U3 TPAMBIX OLEHOK W3MeHeHUA TeIJIoCoAepKaHuA
o3epa. [locyienHee cyllecTBEHHO OrpaHHUYMBAaeT NpU-
MEeHHMOCTb MOJieJI1 NpU pelleHnU 3aJad O BJIUAHUU
U3MEHYMBOCTU peruoHajibHOro kaumara Ha TI'Jl npo-
I[ecCHl B 03epax 1 UX 5K0JIOrn4eckoe cocTosgHue. Kpome
TOro, He[JOCTaTOYHOe IIPOCTPAHCTBEHHOE pa3pellieHune
MOJieJI1 He I03BOJIAJIO BOCIPOWU3BOAUTH BeChb CIEKTP
rupodu3nyecKux IMpoleccoB B o3epe. B Hacrosmee
BpeMsA BBUJly peopraHM3allliy HayYHOH IpyNbl-pas3pa-
060TUMKOB, AaHHasA MoOJeJslb HeJOCTyNHa JJi HCIOJIb-
30BaHUA B AaJIbHENIIMX KccjeAoBaHUAX JIagokKcKOro
o3epa.

B mocnemHue roasl Bce OoJiblliee pacnpocTpa-
HeHUe (1o kpaiiHeil Mepe, B Poccutickoii ®efeparnuiu)
nmojyyaer MaTeMaTuieckas MoJesb T'MAPOAWHA-
MUKU BHyTpeHHero Mmops (MI'BM), paspaboraHHas
B MWHcTuTyTe BBIUMCINTENBHON MaTeMaTuku PAH
(M6paes, 2001; 2008). MI'BM n3HavasabHO Oblia mpen-
HasHayeHa [UiA BocnpoussefneHus TI'JI 1mporeccos
B Kacmuiickom mope (M6paes, 2008). Ilo3gHee oHa
ObUs1a gopaboTaHa AJA UCCJIeIOBAHUM ITUPKYJIALUU B
MupoBoM okeaHe U ero H6acceiiHax (Ymakos u Vbpaes,
2018; Ushakov and Ibrayev, 2018).

[Io cpaBHeHMI0O C OKeaHOM BHyTpeHHHE MOopsA
obsamaloT psAgoM ocobeHHOCTel, KOTopble HeobXo-
JAUMO YuYWTHIBaTh IIpu HUX MopesnupoBaHuu (HUOpaes,
2008). Tak BaxHbBIM 37eMeHTOM TI'J[ BHYTpPeHHUX
Mopeli ABJIAeTCA HaJlu4yKe B HUX BHYTPU- U MeXI'0JJ0BOM
W3MEeHYUBOCTH YPOBHS IOBEPXHOCTH BOABI KaK peak-
UM BoJloeMa Ha HeHyJieBOM BOJHBIN OanaHc. Kpome
TOrO, BO BHyTPEeHHEM MOpe BakeH 0OMeH BoJaMU yepe3
KUJKUe OOKOBBle TpaHUIIB (IPUTOK U CTOK pek), 4TO
BjusAeT Ha GOpMHUpOBaHHE TEPMHUYECKOrO pexuma U
XMMHUYECKOIro CoOCTaBa OCHOBHOM BOJHOM Macchl. Takxke
BaXXHO! 0COOEHHOCTbI0O BHYTPEHHHUX MOpeH ABJAeTcA
TO, UTO B HUX Ha I106asbHyl0 (6acceiHOBYI0) IIUPKYJIA-
LMI0 HAKJIQABIBAIOTCA JBIPKEHHUA MEHBIIMX IIPOCTpaH-
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CTBEHHO-BPEMEHHBIX MacIITa00B — CHHONTUYECKUX U
Tonorpauyeckux, 4To TpebyeT OnMcaHusA B MOAEIU
Bcero crekTpa Asrxenuil. [locnenHee TpebyeT nocTpo-
eHUA AJ1A BHYTPEHHUX MOpeH ceTok 0Oojiee BBICOKOTO
IIPOCTPAHCTBEHHOI'O pa3pelleHNsl.

B Hacroseil paboTte 13 cooGpaxeHUl CX0XKeCTU
Jlajoxckoro osepa I0 IepedyrcIeHHBIM BhIllle NpU3Ha-
KaM ¢ BHyTpeHHUM MopeM (®uinaros u banaraHckuii,
2021; dunatoB u Pywmsannes, 2021) npeanpuHsaTa
MONBITKA ajalTalyuyd K YCJIOBUAM IPECHOBOAHOIO
Jlapoxckoro osepa nepBoil Bepcuu MI'BM, npomen-
el ycnemHylo anpobanuio Ha Kacmuiickom Mope, a
TakXe IPUBOJATCA pe3yJsbTaThl ee BepupUKalU IO
JIaHHBIM HaTypHBIX HabyroaeHul Ha JlagoxckoM o3epe
1 JOCTYNHOM CIIyTHUKOBOHN MH(MOPMaLUH.

2. MaTtepuanbl U MEeTOAbDI

B MI'BM cucrtema TpexMepHBIX YpaBHEHUI Tep-
MOTMJPOANHAMUKN BHYTPEHHEro MOps amlpOKCHMHU-
pyeTca B NpUOJIMXeHUAX TMAPOCTaTUKU U ByccrHecka
Ha cdepuueckoil ceTke TUNa B MeTOAOM KOHEYHBIX
00bEeMOB B BEPTUKAJIBHBIX 2 — KoopanHatax (Marshall
et al.,, 1997). B Momenu OCyIIEeCTBJIEH TEPEXOHd OT
YCJIOBUSA «KECTKOU KPBIIIKU» K OMHUCAHUI0 CBOOOIHOM
[IOBEPXHOCTHY MOPS, YTO I03BOJIAET ONMCHIBATH PACIpO-
cTpaHeHMe OBICTPhIX 6APOTPONHBIX ABMKEHUH, a TaKXe
HM3MEHYHMBOCTb YPOBHA BOABL B MOpe B 3aBUCUMOCTH
OT U3MeHUYMBOCTU BoAHoro OamnaHca (M6paes, 2008).
OCHOBHBIE XapaKTepUCTUKUA MoAesyd IMpuBefeHb B
Tabaune 1.

Taxum o6pa3oM u3 nmanHeix Tabmunbsl 1 crie-
AyeT, uTo B mpouecce agantauuu MI'BM k ycioBuam
Jlajoxckoro osepa B MoAeJsib ObLJIM BHECEHH CJIeAylo-
mye U3MeHeHUs:

* 1nocTpoeHa cdepuueckas pacueTHas ceTKa THIIA
B BBICOKOr'0 IIPOCTPAHCTBEHHOI'O paspenieHus (=
1xM X 1xkM);

* ypaBHeHHe COCTOSIHHUA MOPCKOI BOJBI 3aMeHEeHO
Ha ypaBHeHHe COCTOSHHUA cJIaboMMHepaIn30BaH-
HOI BOJBI, yYUTHIBaIOIlee Hajau4le MaKcuMyMa
IJIOTHOCTH IIpU TeMmnepaType 6Jiu3koii K 4 °C;

* peann3oBaHa Ipoleaypa pacyeTa IOCTYyIJICHUsA
yepes KUJAKKWE TPaHUIbl TelJla U PacTBOPEHHBIX
BEIIeCTB B 03€pPO C BOJAMHU IMPUTOKOB, a TaKXe
cTOK p. HeBurr;

* artMmocdepHbli dopcuHr u3 peananuza NCEP/
NCAR ¢ [0OpoCTpaHCTBEHHBIM pa3spelleHreM
2,5° X 2,5° 3aMmeHeH Ha eBporelickuil aHaior ERAS
¢ 6oJiee BrICOKHUM paspemeHueM 0,25° X 0,25°.

* B MoJes1 GOPMHUPOBAHNUA MOPCKOTIO JIbJ]a UCIIOJIb-
30BaHbl IIapaMeTpHl MpecHON BOABI (IJIOTHOCTH,
TeMIlepaTypa 3aMep3aHMdA, CKpBITad TemsoTa
IIJIaBJIEHU JIbJA, TEIJIOEMKOCTh JibJja). COJIeHOCTh
MOPCKOIro JIbJja 3aMeHeHa Ha MHHepaJIM3aLuio
MIpEeCHOU BOJBI.

PacueTl mpoBoguiuch AJA BCeH aKBAaTOpUU
o3epa Ha nepuof ¢ 1990 nmo 2020 rr., HO BepuduKa-
{151 POMU3BOIUJIACH JJIA TpeX pailoHOB — ceBepHOro (c
riybuHamu 6oJsiee 200 MeTpoB, patioH craHnuu 105),
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nenTpasbHoro (50 — 60 meTpoB, palioH
CTaAHIIMU 55) ¥ MeJIKOBOJHOI'O I0XHOIO C
riybuHamu 1o 40 metpoB (paiioH cTas-
uuu 25). Ha Puc. 16 npepacrasieHo pac-
MOJIOKEHWe CTaHLWM, BBIOPAaHHBIX MJIA
Bepubukauum Mofeau. JlaHHBIe CTaH-
nuy ObUIM BBIOpaHB! AJiA BepuduKanuu
Tak Kak OHU BKJIIOYEHBH B IIPOrpaMMy
00g3aTesIbHBIX II0JIEBBIX HCCJIeOBaHUM
HuctutyTa o3epoBemenusas PAH c cepe-
AVHBL 60-X rO0B MPOLJIOro Beka. 3a 3TU
robl IO 3TUM CTaHIUAM HaKOILJIeH 3Ha-
YUTEJIbHBIN (paKTUYeCcKUll MaTepuaJl.

Jma BepudUKanuu MoJes
HCIIOJIb30BaJINCh JaHHbIE BEPTUKAJIbHOIO
TepMHYECKOro 30HAWPOBaHUA B NepUO.
OTKPBHITOM BOJBI, a TakkXe KpyIrJOrogud-
Hble JaHHble CIYTHHUKOBBIX HaO/I0feHui
3a JIeJoBOl OOCTAHOBKOM M IpOCTpaH-
CTBEHHBIM paclipejieJieH1eM II0BepXHOCT-
HOH TeMIlepaTyphl BoAbl B JlamoskcKoM
osepe B nnepuof ¢ 1990 no 2020 rr.

Jna sepudukanuu MI'BM B yactu
KayecTBa BOCIpOU3Be[eHUs JIeJOBBIX
ycJIoBUM U TepMobapa HCIOJIb30Ba-
JIUCh CHUMKH, IOJIyYeHHBIEe CO CIIyTHU-
koB cepunn NOAA, (https://www.class.
ngdc.noaa.gov) u MODIS Terra/Aqua
[https://oceancolor.gsfc.nasa.gov). Bce
nepevyncseHHble CIYTHUKU OCHAIeHB
MHOT'OCIeKTPaJIbHOH anmapaTypoii BbICO-
KOro IPOCTPAHCTBEHHOI'O paspelleHus
(AVHRR), mnosBojswied  pacCUUTHI-
BaThb TeMIlepaTypy IIOBEPXHOCTH BOJBL
YacToTa NpoJieToB CIyTHUKOB HaJ akBa-
Topueil JIagoXKCKOro o3epa — HECKOJIBKO
pa3 B cyTKU. A BepuduKauuu Moaesn
B paboTe MCI0JIb30BAJINICh CHUMKH, I10JIy-
YyeHHble B CBeTJIOE BpeMsA CyTOK IIpU
OTCYTCTBUM OOJIaYHOCTH HaJ akKBaTo-
pueil osepa. [l yMeHbIIEHUS aTMOC-
depHOI1 KOPpeKI[Y BEIOMPaINCh CHUMKHU
C HaAUPHBIM paclnoJioXkeHHeM oObeKTa
Ha CHUMKe. YueT aTMoC(epHOro BJIUA-
HUA Ha TeIUIOBOe U3JIydeHHe MOBepXHO-
CTH BOJBI OCYIIECTBJIAJIOCH [0 METOAUKe
WK PAH, ucnoss3yiomel pazinune B
arMoc¢epHOM BJINAHUU Ha IPOXOXIeHNe
TEIVIOBOTO M3JIydeHus OT IOACTUJIalo-
el IOBepXHOCTH B pa3/IMYHbIX y4acTKax
TeIVIOBOTO CHEeKTPaJbHOTO Auana3oHa
(Baxapos u ap., 1993).

3. Pe3ynbTatbl M 06Ccy)xpeHue
3.1. AtmocdepHbid GOPCUHT U
AeAOBbIe YCAOBMSA B o3epe.

B xauecTBe MCXOJHOI MeTeOpOJIO-
ruveckoil uH@opmanuu B MI'BM wusHa-
YaJIbHO UCIIOJIb30BAJIMCh JaHHbBlE peaHa-
m3a NCEP/NCAR (coBMmecTHBINI ITPDOEKT
Hanuonanbabix Llentpos IlpenckasaHus

Ta6smna 1. OcHoBHbIe XapakTepucTUku MI'BM.

HazBaHue Mmoaein

Mozeyib TUAPOAMHAMHUKYN BHYTPEH-
Hero mopsa (MI'BM)

ITosie rnyOun™

l'opusoHTasibHas ceTka
l'opusoHTasbHOE paspelieHne™

BepTukasnibHasa ceTka

BeprukasisHOe paspenieHue”

[TapameTpu3sanys BepTUKaIbHON
TypOYJIEHTHOCTH

IMapameTpu3anysa ropu3oH-
TaJIbHON TypOyJIeHTHOCTH AJIs
UMITyJIbCa

Cxema ropr3oHTaIbHON TypOy-
JeHTHOCTU IiA T u S

Mertop pelieHus

Kousexius
YpaBHeHUE COCTOSHUA®
HanpsoxeHue TpeHus BeTpa

TToToKHU Temyia Ha TOBEPXHOCTHU
o3epa:
1) KopoTKOBOJIHOBas1 paguaiys®

2) JITMHHOBOJTHOBAsA paguialus:
a) BxomAImas™
0) ucxonsmas

3) ABHBII OTOK TeIlsIa
4) CKpBITHIH OTOK TeIIa
JloHHOe TpeHue

Mopens apga*

Pexkn*

[Tar no BpemeHun

Bpewms pacuera 1 MofesibHOro
roaa Ha HOyTOyke B KOHGUTY-
panuu Intel Core I5 2.6GHz x 4
Ipy yKa3aHHBIX [TapaMeTpax pac-
YeTHOM CeTKU

JlaHHbBIe UHCTUTYyTa o3epoBefeHusa PAH

Cdeprueckas cerka B (Marshall et al.,
1997)
Ap=0.54’, A\ =1.08’

(= 1kMm X 1xM)
2-KOOpAuHaTa
Az=2muopu0 < z <5
Az=25mMnpus5 < z < 10
Az=5mnpu 10 < z < 40
Az=10mnpu 40 < z < 50
Az=25Mnpu 50 < z < 225

Cxema Manka-AHnepcona (Munk and
Anderson, 1948)

Cxema CmaropuHckoro (Smagorinsky et
al., 1965)

K, =const=5 m?/c

PemeHnue aenuTcs Ha JiBe 4acTH - pellie-
Hue 3D ypaBHeHU!I A1 6apOKJIMHHBIX
ABIDKeHUN U pelleHne 2D ypaBHeHU

MeJIKOH BOJBI [iJ1A 6apOTPONHEIX ABHXeE-

uuii. (Ibrayev, 2001).
KOHBEKTHUBHOE «IIPUCIOCOOIeHIE»
(Chen and Millero, 1986)

ITo craTthe (Launiainen and Vihma,
1990)

U3 peananuza ERAS

U3 peananusa ERAS
3akoHn Credana-bospmana

ITo craThe (Launiainen and Vihma,
1990)

o cratbe (Launiainen and Vihma,
1990)

[MapameTpu3alys JOHHOTO TPEHUS
(Ibrayev and Trukhchev, 1998)

Mopgesnp Mopckoro Jipfa Xubiiepa
(Hibler, 1980), orcyTcTBue Apeiida
abpaa. B pacuerax popmripoBaHus Jiba
HCIIOJIb30BAJIMCh TapaMeTpPHl IPecHOM
BOJibI (IJIOTHOCTD, TeMIepaTypa 3aMep-
3aHUA, CKphITas TEeIUIoTa IJIaBJIeHUs
JIbJ1a, TEIJI0EMKOCTD JibAa). COJIeHOCTh
MOPCKOTr0 JIbJja 3aMeHeHa Ha MUHepa-
JIN3aluio IpecHOM! BOJBIL.

3agaHHble OOBbEMHEIE PAcXObl, IOTOKU
TelJIa U COJIU M3 BIAJAOIINX PeK.

300 ¢

84

5

IIpumeyanmue:

*- mapaMeTphl U CXeMbI, U3MEeHEeHHbIE NPU aJanTaluu

MI'BM k yciioBusaM Jlaoxckoro osepa
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~ 150

Puc.1. (a) - Tomorpadus gHa JIagoXCKOro 03epa, MCIOJIb30BaHHAA NMPU pacyeTaxX, U MOKPHITUE akBaTOpUU JIaJJ0KCKOTO
o3epa cetkamu peaHann3oB NCEP/NCAR (cmiomuele siuaun) U ERAS (myHKTHpHBIe JIuHuU). (6) — pacmosioxeHue patioHOB
CTaHIUH HaOII0AeHYsA, BHIOPaHHBIX U BepUUKAILMH MOJEH.

okpyxatomeiri cpenst (NCEP) u  ATMocdepHBIX
HUccneposanuii (NCAR), CIIA), (www.cdc.noaa.gov).
JlaHHBIE 3TOro peaHayjM3a NpeAcTaBJIeHbl Ha peryJsp-
HOH ceTKe MMPOT U JOJIrOT 2,5 rpagyca, YTo He II03BO-
JIieT y4ecTh IPOCTPAHCTBEHHYI0 HEOJJHOPOJHOCTh MeTe-
OpOJIOTMYECKUX ITapaMeTpoB HaJ akBaToOpuel osepa.
B kauectBe asbTepHaTuBbl peaHanuzy NCEP/NCAR
JUI1 MOZAEJINPOBaHuA aTMOCHEpHOro BO3AEHCTBUA Ha
o3epo ObL1 B3AT peaHann3 ERAS EBpomnelickoro 1jeHTpa
cpeJiHeCPOYHOro IporHosuposanusa norogsl (ECMWE).
ERAS5 - 310 peaHamu3 nAaroro nokosieHus ECMWE,
npeAcTaBiAlIMNI €060l [NajbHEHNNIylI0 MOoJepHH3a-
LU0 XOpOILO 3apeKoMeHAOoBaBLIero cebs peaHasn3a
rJ100aJIbHOrO KJIMMaTa U IOroAbl 3a MocjiefHue Aecs-
tusietuss ERA Interim. [IpocTpaHCcTBeHHOe paspelie-
Hue peaHayiuza ERAS, 1cnosib30BaHHOTO B HACTOsAIIEl
paboTe, cocrapsaer 0,25° Ha peryJIApHOH CeTKe MUPOT
n pgoirotT. Ha Puc. 1a mokasaHoO IIOKpHITHE aKBaTOpUU
Jlajoxckoro o3epa ceTkaMy 0O0OMX peaHaJIn30B.
3amena aTMocdepHOro BO3AEHCTBHUA Ha 03€pO
Oblyla BBI3BaHA IIpEXXAEe BCEro TeM, YTO pacyeThl IIO

Tesmepatypa, °C

-16 T
1.1.01 6.1.01

T T T T 1
11.1.01 16.1.01 21.1.01 26.1.01 31.1

—ERAS ——NCEP

-

1

MeteocTanmas

B

=
e

=
=Y

R

Toammua asga, M
S
-

=
[

0

Temmepatypa, °C

0

MoJesy MoKa3ajau HeyJOBJIETBOPUTEJIbHOE BOCIPOU3-
BeJleHUe JIeJIOBbIX YCJIOBUII NPU MCIOJIB30BAaHUU pea-
Haynmsa NCEP/NCAR. Css3aHO 3TO B IepByI0 ouepeab ¢
3aHIXXeHHeM TeMIlepaTyphl BO3/lyXa B 3UMHUE MeCHAI[bI
[0 CpaBHEHUIO C JaHHBIMU MeTeocTaHIUHU. B kauecTse
nmpuMepa Ha Puc. 2 mpuBefieHO cpaBHeHHEe AJaHHBIX
oboux peaHasN30B C JAaHHBIMU MeTEOHAOJIIO[IeHUI B
OyxTe IleTpoKkpenocTs B pa3JjinuHble Ce30HH rofa. Tam
e MMOoKa3aHBl pe3yJIbTaThl pacyeTa TOJIIMHAL JbJa M0
JaHHBIM peaHaJIu30B B TOH ke OyxTe. OueBUIHO CUJIb-
HOe 3aHIXeHUe TeMIlepaTyphl BO3[AyXa peaHaIN30M
NCEP/NCAR B 3uMHHE MecCsALbl, YTO OTpaXkaeTcs Ha
pacdeTe TOJIIMHBI JibAa, KOTOpasA IO AAaHHBIM HaOJIO-
JeHui kosebsercs B Oyxre ot 0,5 1o 0,7 M (JIagoxckoe
o3epo. Atiac, 2002).

BBuay CJIOXKHBIX T'HMAPOMETEOPOJIOTMUYECKUX
ycsioBuli Ha JlajokcKOM o3epe B Iepuoj JiedocTaBa
KOHTaKTHBble HaOJIIO[leHs1 B aKBaTOpPUN 03epa He IMpo-
BomATcA. JlemoBass oOcTaHOBKa olleHHBaeTcsA JIMOO0 1o
HaOJTI0jleHusAM Ha 6eperoBbIX MeTeoCTaHIMAX, JINO0 Mo
JaHHBIM AWCTaHIMOHHOro 3oHAupoBaHusa. Ha Puc. 3

3

e - )
= th = th = fh

th

T T T T T
6.7.01 11.7.01 16.7.01 21.7.01 26.7.01
—ERAS

NCEP

+ MeTeocTanmus

L1.01 1.4.01

30.6.01

28.9.01 27.12.01

—ERA ——NCEP

Puc.2. TemnepaTypa Bo3ayxa 3umoi u jeroM 2001 roga B 6yxTe [IeTpoKpeInocTs B COOTBETCTBUU C JAaHHBIMU MeETe0pOJIOo-
ruyeckux peaHasnusoB (a) u (6), U ce30HHAsA U3MEHYMBOCTD TOJIIMHEI JIb/Ia IO JaHHBIM MOJieJIIpOBaHus (B).
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Puc.3. TemnepaTypa nosepxHoctu Bojbl (°C) - 1iBeTHas 06J1acTh U TOJIMIMHA JibAa (M) — yepHoO-6esas obyacte 13 Mapra u
25 anpena 2001 roga, paccuuTtaHHble 1o JaHHBIM peaHann3oB NCEP/NCAR, ERAS, a Takxe n3o0paxeHUs IOBEPXHOCTU 03epa,
nosy4eHHsle co cuytHuka Modis. [TyHKTHUpHAasA JIMHUA — MOJIOXKEeHE KPOMKH JIbAa MO CIyTHUKOBOMY HM300paXeHUIO0.

npeacTaBjeHbl npuMepsl Bepudukauuu MI'BM o cyT-
HUKOBBIM JJaHHBIM O BpPeMEeHHO! AUHaMUKe Jie[JOBOrO
nokposa Ha JlagoxckoM o3epe B 2001 roay. PacueTnl
10 MoAeJsIy ObLJIN BBIIIOJIHEHE! ¢ AByMsA aTMOc(hepHbIMU
dopcunramu. Kak yxe oTmevasoch BhIIe, peaHaIN3
NCEP c rpy6oii fjis o3epHBIX MacimiTaboB 2,5 rpaayc-
HOU CeTKOH KpaiiHe Hey[OBJIETBOPUTEJIbHO BOCIIPO-
U3BOAUT JieJOBbIe Ipolecch B o3epe. JlaHHble Puc. 3
3TO MOATBepXAaT. Tak IO cOCTOAHMUIO Ha 13 mapra
10 CIIyTHUKOBBIM JAHHBIM U II0 pacyeTaMm C KCI0JIb30-
BaHueM peananu3a ERAS ceBepHasa yacTh o3epa erje
cBOOOJHA OTO JibAa, TOTAA Kak pacyeT C peaHasl30M
NCEP mnokaspiBaeT, 4TO 03€pO IOJHOCTbI0 IOKPHITO
JbA0M. TO ke IPOUCXOAUT U C paCueTOM TasHUA JIbJa.
ITo cocTtosHMIO Ha 25 amnpeJsisa CIyTHUKOBEIE aHHBIE U
pacuet o ERAS5 neMoOHCTpUpPYIOT CBOOGOIHYIO OTO JIbJa
MOBepXHOCTh o3epa. Pacuer xe c¢ peaHammsom NCEP
OCTaBJIAET MO0 JIBAOM J00pYyI0 MOJIOBHUHY O3€pa.
COOTBETCTBEHHO Y CPOKM TasHWUA Jib[a Ha O3epe CABU-
raloTcsA Ha MIOHb, Yero HUKOrJa He OBLIO 3a BCIO HMCTO-
puro HabJoieHni Ha JIagoxxCcKoM o3epe.

IIpu stom pacuer ¢ ERAS kak MUHUMYM Kaue-
CTBEHHO COBINAJaeT CO CIYTHUKOBON uHOpManuei.
Ha Puc. 4 npeacrasJiieHbI pe3yJibTaThl OLIEHKU CTeNeH!
MOKPBITHA JIbIOM [IOBEPXHOCTHU 03€pa II0 CIIyTHUKOBBIM
Y MOZeJIbHBIM JaHHBIM B BHJle MHOTOJIeTHEel JUHAMUKU
OTHOCUTEJIBHOIO MHAEKca JIeAOBUTOCTU JIaJoXCKOro
o3epa RICI, npemiioxeHHoro B pabore (KapeTHUKOB U
Haywmenko, 2013). Uugekc npeacTasiisieT coOoi OTHO-
meHre CyMMapHOH IUTOMIAAU MOJ] KPUBOUM HM3MeHeHUs
JIeJOBUTOCTU O3epa 3a KOHKPETHHI 3MMHUMI Ce30H
K IUIomaay, OrpaHUYeHHOM MeJuWaHHBIMM 3Ha4YeHU-
AMM, PaCCYMTAHHBIMU IO JAHHBIM BCEX HMEIIIUXCA
HabJII0 IeHUT.

Obpamaer Ha cebs BHUMAaHUE IPaKTHYECKU
CcHCTEMAaTHYECKOe pACXOXJeHVe B OLleHKe MUHHMAaJIb-
HbIX 3HaueHuil uHpekca RICI mexAay cIyTHUKOBBIMU
U MOAEJIbHBIMU AaHHBIMH, TOTAa KaK MaKCHMaJibHble
3HaueHus OJM3KU 1O cBoell BesuuuHe. Takoro popda
pasauuusa B OLIEHKaxX MOTyT OBITh CBsA3aHBI C pasJu-
YyuAMUA MeXIOy MUHHUMAJIbHBIM IIOPOrOM 4yBCTBU-
TEJIBHOCTU METOAVKU AeU(PUPOBAHUA CHUMKOB U
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3afjlaHyeM MHMHHMAaJIbHOI'O 3HaueHWs TOJIIMUHBI JbAa
B Mofenyd. B Mojenu MuHMMabHasA TOJIKHA JbAa
MoOXeT OBIThb 3aJjaHa CKOJIb YrOAHO MaJIbM YHCJIOM,
TOrJa Kak MeToAuKa Aeln@pupoBaHus IipeanoaraeT
onpejesieHre HaJIN4KA/OTCYTCTBUA JIbJa IO IIBETOBOM
raMme IOJACTUJIAloIIell NMOBEpXHOCTU Ha CHHUMKe. B
TOM CJIydae, ecjii NOJACTUJIalIlas NOBEPXHOCTh Iped-
craBJisieT coboil JieJoBOe TMO0Jie TOHKOr'0 NMPO3pavyHOro
JbpAa, TO npu AemirdpUpOBaHUU OHA UAeHTUDULUUPY-
eTca kak Boja. [TosToMy B Mopesy JieJOBBHINI ITOKPOB
B Hayajle jilefocTaBa 3aHUMaeT OOJIbIIYIO IJIOMaAb 110
CPaBHEHUIO CO CIIyTHUKOBBIMHU JaHHBIMU. Pe3yJsibTaThl
MOJIeJIbHOT'O YMCJIEHHOT'O 3KCIepHUMEeHTa, BBIIIOJIHEeH-
HOI'O C yBeJIMYeHHBIM 3HaueHHeM MUHHMAaJIbHOM TOJI-
muHb Jibaa (5 cm), mpescrasyeHb Ha Puc. 4 nmyHKTUp-
HOU juHMel. [laHHBIe 3KCIepHMeHTa IoKazajid, 4YTO
pacxoxaeHusa B 3HaueHUAX uHAekcosB RICI, monyuen-
HBIX IO MOJeJM U Ipu AemudpUpoBaHUN CHUMKOB
3HAYUTEJIbHO CHU3UJIUCE.

Kpowme Toro, namenunBocts RICI MOXeT C1yXUThb
KOCBEHHBIM IIOKa3aTeJsieM KJINMaTUYeCKUX M3MeHeHUN
B pervoHe B 3uMHuUi nepuoa. Ha Puc. 4 ciioxHo Bbife-
JIUTh Kakue-JI100 3HaYMMble TeHJAeHLIUU BO BpeMEeHHOU
JuHaMuke uHAekca. OgHako, pa3OueHHe paccMaTpH-

RICI

0
1990

1995 2000 2005 2010 2015 2020

——RICI no cnyremky —— RICI mo mopgenn = = =RICI skcnieprament

Puc.4. MHoroJjieTHssa W3MEHUYMBOCTh HHAEKca Jieo-
ButocT Jlagoxckoro osepa. KpacHasa jivHUA ¢ MapkepamMu
— JlaHHble CIOYTHUKOBBIX CHHMMKOB, CIUIONIHAsA CUHAA JIMHUA
— pe3yJIbTaThl MOJIeJINPOBAHUsA, IyHKTUPHAsA JIMHUA — Pe3yJlb-
TaThl 3KCIIepUMeHTaJIbHOrO pacyeTa.
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BaeMOro BpeMEHHOI'0 MHTepBaJjla Ha 4acTU N03BOJIAET
cAesaTh 3aKJIl0YeHue, YTo NpUOJIM3UTEesIbBHO ¢ Hadaja
2000-x rogos Bo BpeMeHHOU nuHamuke RICI mpociie-
JKBaeTCcs TeHAEHLUA K CHUXEHUIO, T.e. JIEJOBUTOCTh
Jlagoxckoro oszepa yMmeHbaercs. [locienHee cBue-
TEJICTBYET O MOTENJIEHUN PErMoHajJbHOIO KjinMara B
3uMHuM nepuof. Ha Puc. 5 npe/icTaBieHbl pe3yJIbTaThl
BpeMeHHol quHamuku RICI B nepuozst ¢ 1990 — 2002
n 2002 - 2020 rr., nojJy4eHHble O MOJEJIN U MpU
AemnppUpOBaHUN CIIyTHUKOBBIX CHUMKOB.

TakuM 00pa3oM COOTBETCTBUE MEXIY CIIyTHU-
KOBBIMHU M MOJIeJIbHBIMU AaHHBIMY, [10 MeHbIlIell Mepe,
B CTeIleHU MOKPHITUA IIOBEPXHOCTU 03epa JIbJIOM IIpef-
CTaBJIAETCA YAOBJIETBOPUTEJIBHBIM.

3.2. BepTukanbHana TepmuueckKan
CTPYKTypa o3epa

[Tpu cpaBHeHUM pe3yJIbTaTOB MOJIeIMPOBAHUS C
JaHHBIMM HaTYPHBIX HabI0AeHUN HeoOX0OUMO UMETh
BBU/Y, YTO H3MepeHHble NpodUIN TeMIlepaTyphl He
MOTYT OBITh IOJIy4eHBl B TOYKE C OJHUMH U TEMU XKe
cTporo 3adUKCUPOBaHHBIMU Treorpad®uiyeckKuMU KOOp-
AUHaTaMU. JTO CBA3aHO €O CHelu(pUKON BBHITOJIHEHUS
u3MepeHuii ¢ 60pTa Hay4YHOro Cy[iHa, KOTOPOe B CUJTy
Pa3JIMYHBIX IPUYKH (omubKa onpeieeHusA KOOpAUHAT
TOYKU U3MepeHUus, apeld cyaHa BO BpeMs pabOTH U
Ap.) He MOXeT ObITh abCOJIIOTHO TOYHO MO3UINOHU-
pOBaHO B OJTHOM U TOM e MeCTe B pa3jIMyHble AaThl.
Pa3bpoc B koopAMHaTaxX TOUeK U3MepeHUs HeBeJIUK, HO
MOXeT JOCTUTraTh COTeH MEeTpPOB, UTO IO Maclitabam
BCEro ozepa HeMHOro. TeM He MeHee YUUTHIBAs CJIOX-
HBIN pesibed HA o3epa, Aaxe HeOOJBIION pa3bpoc B
KOOpAMHATAaX CTAHLUM MOXeT IMPUBOAUTH K pazbpocy
B IiyOuHe MecTa u3MepeHus. [loaToMy npu cpaBHe-
HUU JJaHHBIX MOJIeJIMPOBAHUSA C HATYPHBIMU JTaHHBIMU
YMECTHO TOBOPUTb O BOCIPOM3BEeJEHUN MOJeJIbI0
BEPTUKAJIBHOTO paclpefiejieHUsl TeMIlepaTypbl He Ha
CTpPOro OIlpeJieJIeHHOH CTaHIMU HaOJIlo[eHuil, a B ee
patioHe.

Jluia oljeHKU KadecTBa BocmpousseneHus MI'BM
BEPTUKAJIBHON TEPMUYECKOL CTPYKTYPH B JIajoKCKOM
o3epe B pa3JInuHble Ce30HHBI I'ojla U3 UMelIuxcs B 6ase
naHHBIX MHCTUTyTa O3epoBedeHUs ObUIM BBIOpaHBI
roasl ¢ HaubOosbilell 06ecreYeHHOCThI0 HaTypPHBIMU
HabmogeHusaMU. Ilpu 3ToM HE06XOAWMO OTMETUTh,
YTO BCe HaOIOAeHNA OTHOCATCA K MepuojiaM OTKpHI-
TOU BoOABL. 3uUMHHE HaOIIOAeHUsA BBUIY CJIOXHOU
JeJoBOl1 0OCTaHOBKM Ha o3epe He MpoBojwiIuch. Ha

y=0.0093x - 17.728
R*=0.0338

R*=10.3965

0.8
0.6
0.4
0.2

0

RICI

1990 1995 2000 2005 2010 2015

—RICI Mogens (1990-2002) ——RICI Mopens (2002-2020)

y =-0.0265x + 54.054

RICI

202¢

Puc. 6 npexacTaByieHBl pe3yJIbTaThl pacueToOB BepTH-
KaJIbHBIX paclipefleJIeHUI TeMIepaTyphl BOABL B 03epe
JUIA BBIOpaHHBIX TPeX CTaHIUK BO BpeMs JIETHero Mpo-
rpeBa o3epa (MIOHb — aBI'yCT) U Pa3BUTOL OCeHHell KOH-
Bekuu (OKTAOph) B Hayajle U B KOHIle Bcero nepuoa
pacueTos.

HecmoTps Ha ofuee yaoBJIeTBOPUTEJBHOE
coBnajieHre MeXAy pacCUYMTaHHBIMM U U3MepeHHbIMU
npoduiaMH, TeM He MeHee HEOOXOOMMO OTMETUTH,
4TO MOJAeJb JIydllle BCero BOCIPOM3BOAUT MPOPHIIb
TeMIlepaTyphbl Ha BCeX CTAHIMAX B Te MOMEHTHI, Koraa
B 03epe IPUCYTCTBYyeT BhIpa’KeHHBII BEpXHUII IlepeMe-
maHHbIN cyoil (BIIC) BeTpoBoOro b0 KOHBEKTUBHOI'O
IpoucxokaeHus. B Tex ciyyasx, korga BogHas Macca B
BEpPXHUX CJI0OAX YCTONYMBO cTpaTuduurpoBaHa Moesib
JlaeT 3aHWXeHHble 3HaueHNs TeMIlepaTyphl. OTO MOXeT
OBITb BBI3BAHO Te€M, YTO B MOJEJIM He pacCUMTHIBA-
eTcs TeMIlepaTypa HeloCcpeACTBEHHO Ha IIOBEPXHOCTHU
Bofbl. M3-3a 0coOeHHOCTENl IOCTPOEHUs pacueTHOMN
CeTKH IlepBoe pacueTHOe 3HaueHUe TeMIepaTyphl Ipu-
xoauTes Ha rinyouny 1 m. Ilpu ycroiiuuBoil ctpatudu-
Kal[iy NpUINOBEPXHOCTHOIO CJIOS pa3HUIla TeMIlepaTyp
Ha NOBEPXHOCTU U Ha IIyOMHe 1 M MOXeT JOCTUTraTh
HECKOJIbKUX rpajycoB. 1 Ha060poT, Npy BbIpakeHHOM
BepxHeM I[lepeMellaHHOM CJIoeé 3TO OOCTOATEeJIbCTBO
posu He urpaeT — TeMmneparypa B BIIC mpakTudecku
OAHOPOJHA IO BepTHUKaJU. JTO MpocjexuBaeTcs Ha
BCeX «OKTAOPbCKUX» CTaHIMAX Kak B 1991, tak u B
2018 romax. Emje oguH HeOoCTaTOK MOJIEJU 3aKJIo-
qyaeTcAd B OTCYTCTBUM IOJIHOLIEHHOIO ypaBHEHUA AJIA
IJIOTHOCTHOM KOHBeKIUH. BMecTo Hero ucnoJb3y-
eTca T.H. «KOHBEKTUBHOe MpucrnocobieHne», KOTopoe
cpabaThiBaeT B TOM cJjIydae, KOrja ILJIOTHOCTb BOAHI B
BepxHel suelike CTaHOBUTCA OOJIbIlIel MO CpaBHEHUIO
¢ Hkesiexaieil. Torga Mojeslb aBTOMaTU4YeCKU MpU-
paBHUBaeT TeMmueparypy K cpeJHeMy 3HA4eHUI0 IJiA
o0enx pacueTHBIX sfyeeK. Takas Ipolieypa OIpaBAbl-
BaeT cebsA NpU MaJjblX BepTHUKAJIbHBIX pa3Mepax sueek.
[Tpu GonpIINX pa3Mepax MOXeT CJIOXKUATbCS CUTyalus,
KOrJla B IPUPOJHBIX YCJIOBUAX KOHBEKTUBHOE IepemMe-
MmyBaHWe He JOCTUIJIO IJIyOMHBI, COOTBETCTBYIOIIEN
pa3Mepam HIXHeH sf4yeliKy, a TeMIlepaTypa B Hell yxe
cuyTaeTrcs cpefHel AJiA AByX AdeeK. IIpumep Takoi
cUTyaluy IpoJeMOHCTpUpoBaH Ha Puc. 7.

3.3. Tepmobap

O,E[HOIZ N3 BU3UTHBIX KAapTOYEK MNPECHOBOAHBIX
BOOOEMOB ABJIAETCA TepM06ap — BE€pPTHUKaAJIbHO OpUEH-

y=0.0148x - 28719
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Puc.5. smeHunBoOCTh MHeKca jgefgoButoctu Jlagoxckoro ozepa RICI B pazyinuHble Mepruobl: a) — pe3yJIbTaThl MOJIeJINPO-

BaHUs, 6) — JaHHBIE CIIYTHUKOBBIX CHUMKOB.
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Puc.6. PaccuntanHele (JIMHUY) U U3MepeHHbIe (CHMBOJIBI) BepTHKaJIbHBIE IPOGIIIN TeMIIEPATypsl B JIaJOKCKOM O3epe AJIs

Pa3HBIX CTAaHIUH.

TUpOBaHHAas (GpoHTaJbHAsA 30HA, BO3HUKAIOWIAA IPU
[IporpeBe/OXJIAXXAeHUN BOJHOM MaccChl O 3HayeHHH
TeMIlepaTypsl, 6JIM3KOH K TeMIepaType MaKCHMaJIbHON
wiotHoctu T, =3,98 °C. [Ipupoaa TepmobGapa 3aKJiio-
yaeTcs B cjleiylolieM. BecHoll, Korjga HauMHaeTCs po-
I'PeB BOJIbI, MEJIKOBOJIHAS MpUOpexHas 30Ha BojoeMa
mporpepaeTcs GeIcTpee, YeM yajieHHas oT Oepera IJiy-
6oxoBoHasA 30HA. TeMIlepaTypHOe IOJie CTaHOBUTCS
TOpU30HTAIBHO HEOJJHOPOIHHBIM. BeienctBue ocobeH-
HOCTH yPaBHEHUs COCTOSIHUA NIPeCHOM BOABI — HAJTNYNA
TeMIlepaTyphbl MaKCHMaJIbHOU IJIOTHOCTU — cTpaTudu-
Kalys IJIOTHOCTU 10 06e CTOPOHBI OT M30TepPMEl MakK-
CHMaJIbHOH IJIOTHOCTH BeJieT cebsi o-pasHOMY: YCTOM-
yyBas IUIOTHOCTHasA cTpartudukanus Habionaercs B
MeJIKOBOJHOMH 30He 1 HeyCTOHYNBas cTpaTuduKaus B
ry1yGOKOBOZHOM, rjie npu Temmneparype ol T < T,
pasBuBaeTcs IJIOTHOCTHAsA KOHBEKIHA C CUJIBHBIM HHC-
XOIAMUM TedeHHeM B Y3KOI IOoJIoce MeXAy 30HaMHU.
CootBeTcTByIOImaA (GpoHTaNIbHAA TpaHULlA pasjesa
HasbIBaeTcs TepMuyeckuM 6apoM. B mporjecce nporpesa
BojoeMa o6JsiacTh TepMobapa cMellaercs B CTOPOHY
I1yOOKOBOAHO 30HBL. JTOT IIPOIECC IIPOJOJIKAETCSA 10
TeX NOop, NoKa TeMIlepaTypa X0JIOJHO IrJIyOOKOBOJHOM
30HBI JOCTUTAET 3HaueHuA T . AHAJIOTMYHOE sABJIEHKE
MOXHO HabJIIoAaTh OCEHBIO: MeJIKOBOAHAsA IpUOpex-
Has 30Ha OXJIaXAaeTcs OBICTpee, YeM IJIyOOKOBOIHAA.
Ee TemMnepaTypa oIycKaeTcs HUKe TeMIlepaTyphbl Mak-
cUMyMa IUIOTHOCTU paHblle. JlajbHelllllee oxJiaxje-
HUe 03epa, COXPaHsA TeIJIOBOM KOHBEKTHBHBIN PeXuM
B TJIyOOKOBOJHOM 30He, NPUBOAUT K 00pa3oBaHUIO
TUAPOCTATUYECKN YCTONYMBON cTpatudukanuu Ha
MeJIKOBOJIbE.
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SABJsAsAch ppoHTAIBHON 30HOM, TepMObap 3ameI-
JsileT oOMeHHBIe MpoIlecchl MeXJy NPUOPeXHBIMU U
rJiyDOKOBOOHBIMU BOJHBIMM MaccaMM, OKa3blBasg TeM
cambiM GoJibiioe BiussHUe Ha TT'/] mpoljecchl U 5K0JI0-
ru4eckKoe cocTosgHue BogoeMa. MIMEHHO u3-3a TepMo-
6apa MpoMCXOAUT HaKOIJIeHHe B IPUOPEXHBIX paliloHax
OMOTeHHBIX 3JIEMEHTOB, YTO ObOecneynBaeT BBICOKYIO
610JIOrMYecKy0 IPpOAYKTUBHOCTb. C OPYTrOM CTOPOHHI,
TepMobap CrnocoOCTBYeT HAKOIUIEHUIO 3arps3HAOIINX
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Puc.7. [Ilpumep HEKOPPEKTHOI'O BOCIPOU3BEAEHUA

npodusa TeMmnepatypsl B IPUJOHHON o6jacTu Ha CT. 55
26.10.1996 r. CuMBOJIBI — AaHHBlE 30HAWPOBaHUsA, YepHadA
JINHUA — pacyeT 110 MOJeJIN.
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Bell[eCTB B MeJIKOBOJHBIX paliOHaxX, 4TO yXyAIlaeT uX
JKOJIOTUYecKoe cocTosHue. Takum o6pa3oM, Tepmo-
O6ap urpaet BaxHyI0 poJib Kak B TI'J[, Tak 1 B 3KOJIO-
rMYecKHUx Ipolleccax B BogoeMax. To, uTo ¢usnka
TepMobapa cBsi3aHAa C TeMIepaTypoil MaKCHUMaJlb-
HOH IUIOTHOCTU BOABI, AejlaeT ero WAeHTU(UKAIUIo B
IIPOCTPAHCTBE U BpeMeHU JOCTAaTOYHO yA0OHOH. [iA
omnpefiejieHds BpeMeHU 3apoxXJeHus Hu Jerpajanuu
TepMoOapa, a Takke ero pacupocTpaHeHHs IO akKBa-
TOPUH HeoOXOAUMO OIpeAeUTh MeCTOIoJIoXeHne 4-X
rpagycHO¥ M30TepMbl Ha I[OBEPXHOCTU BoAoeMa IO
JaHHBIM KOHTAKTHBIX M3MepeHU! WM C UCIOJIb30Ba-
HUeM AMCTaHIMOHHBIX MEeTO0B 30HAUpoBaHuA. Kpome
TOrO, B MOJIeJINPOBaHUU O3€PHBIX CHCTEM CIIOCOOHOCTD
MOJieJI [IPaBUJIbHO BOCIIPOU3BOAUTH TepMobOap ABJIA-
eTcsA XOpOIINM KpUTepueM ee KadyecTBa.

Ha Puc. 8 npeacraBJiieHsl pe3ybTaThl ollpeferie-
HUA N0JIOXeHUs TepMoOapa Mo pe3yJibTaTaM MOJeJIu-
poBaHus 1 00pabOTKU CIIYTHUKOBBIX U300paskeHUH!.

W3 pauubIX Puc. 8 cienyer, 4To Mopesb Kaue-
CTBEHHO U KOJINYECTBEHHO YAOBJIETBOPUTEJIBHO BOC-
IIPOM3BOJUT paclpocTpaHeHHe TepMmobOapa IO akBa-
Topuu o3epa. [TosoxeHue GpoHTa Ha rJ1IyOOKOBOJHOM
ceBepe o3epa NpaKTUYeCKH TOYHO COBHafaeT C JaH-
HBIMU JIMCTAHI[MOHHOIO 30HAMPOBAHUA. JTO BIIOJIHE
o0bAcHUMO. Ha Oospminx IyiyOMHaxX BOAHAsA Macca
IporpeBaeTcsa oueHb MeJJIEeHHO, BCJIeICTBUE Yero Tep-
Mobap (opmupyercsa nos3gHo. Pasnnuud, HabsoAa-
fomuyecs B OoJjiee MeJKOBOAHBIX palioHaxX o3epa, 00b-
ACHAIOTCA TeM, 4To (GopMHpOBaHUE U NPOABUXEHNE
TepMoOapa ompejesiseTcsa He TOJIbKO OJM30CThI0 TeM-
neparypsl BOAB K TeMIlepaType MaKCHUMaJbHOH IIJIOT-
HOCTH, HO ¥ BO MHOroM Tomnorpadueil aHa. B mogesnu
pesibed OHA o3epa amMpOKCUMHUPYeTCsA IPSAMOYTOJib-
HBIMU f4YeliKaMH, YTO eCTeCTBeHHHIM 00pa3oM BHOCHUT
cBOM OmMOKYU B BOCIIPOU3Be/ieHre CTUHHOIO pesbeda,
YTO ¥ IPUBOAUT K Pa3jIn4uAM B MOZAEJIbHBIX U JUCTaH-
LMOHHBIX JaHHBIX.

OThesibHBIEI  MHTepec IpefcTaBjAeT JAWHa-
MHKa BpeMeHHBIX IapamMeTpoB (POHTAJIbHON 30HEHI, a
MMEHHO — CPOKOB Hayajla U OKOHYaHUA TepMoOapa B
o3epe, a Takxe ero mnpogospxuresnbHoctu. Ha Puc. 9
IIpefiCTaBJeHbl pe3yJIbTaThl pacyeToB IO MOAEIU
1 JemudprUpoBaHUA CIYTHUKOBBIX M300pakeHUH,
JeMOHCTpHpYyIollie BpeMeHHYI W3MeHYHBOCTb YKa-
3aHHBIX ITapaMeTpoB B nepuon ¢ 1994 nmo 2020 rr. C
1990 no 1993 rr. COyTHUKOBBIE CHUMKU ITOBEPXHOCTU
Jlajoxxckoro o3epa B He00OXOAMMEIE MOMEHTHI BpeMeH!
B Oase MHCTUTyTa 03epoBeJileHUA OTCYTCTBYIOT.

[lo pesynapraraM MOAEIMPOBAaHUA WU JAaHHBIM
CIYTHUKOBBIX CHHMKOB HeJIb3s ciejlaTh OJJHO3HAYHOI'0
3aKJIIOUEeHHA O BpeMeHHOHM JUHaMUKe IapamMeTpoB
IIpOXOXJAeHus TepMoOapa IO akBaTopum osepa. Ilo
pesyJibTaTaM 00pabOTKU CIYTHUKOBBEIX CHUMKOB IIPH-
CyTCTByeT He3HAuWTeJIbHBI OTpHUIaTesIbHBIN TpeH[I B
CpoKax Hauajla M OKOHYaHUA TepMobOapa. Pe3ysbTaThl
MOJIeJIMPOBaHNA TaKuUX TPeHAOB He BBIABUIU. Ilpu
3TOM IPOAOJDKUTESIBHOCTh IIPOXOXKAeHHUA TepMobapa
II0 aKBAaTOpHUU oO3epa OCTaeTcs IOCTOSHHON Kak Mo
CIYTHUKOBBIM, TakK Y [0 MOJEJIbHBIM JaHHBIM. Takum
00pa3oM IO KOCBEHHBIM IIpHM3HakaM HeT OCHOBaHUI
FOBOPUTHh O IOTEIUIEeHWU PeruoHaJbHOro KjUMaTa B
[epuoj OTKPHITOM BOABI B OTJIMYKE OT IepuoAa Jefo-
CcTaBa, rfle 3HaueHWA HHJeKca JIeJOBUTOCTH WMeEIOT
TeHJEHIMI0 K YMeHbIIeHUIO.

4. 3aKknloueHue

B Hacrosmell paboTe mpeAcTaBeHbl pe3yJIbTaThl
ajanTanuy K ycjaoBuaM JlaJoXXCKOro o3epa Tpexmep-
HOM MaTeMaTH4ecKoH MoJeJy TMAPOJAUHAMHUKU BHY-
TPpEHHero Mops c IocJjeAdylolleil ee Bepuduxanuen
[I0 JaHHBIM HATYPHBIX M AMCTAHLMOHHBIX M3MepeHUI.
3ameHa atmocdepHoro ¢opcuHra mnpusesga K 3Ha-
YNTEJIbHOMY YJIYUIIEHUIO pacyeToB JieJoBOil obOcTa-
HOBKU B o3epe. PaccuntaHa MHOroJieTHAA BpeMeHHas

05.06.1997

Puc.8. PacnipocTpanenue TepMmobapa B JIaoxkckoM o3epe BecHOM U B Havaste jieta 1997 u 2018 rr. KpacHas auHUsA — noJio-
’)keHUe TepMobapa I10 CIIyTHUKOBBIM CHHUMKaM, 4yepHas — pacueT o Mofenu. l|BeTHas mkasa — teMnepaTypa BoAsl (°C).
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Puc.9. Cpoku Havasa (a), okoHuaHus (6) ¥ NPOJOJDKUTEIFHOCTD cyllecTBoBaHUs (B) TepMmobapa B JIaloxKCKOM o3epe B
nepuof ¢ 1994 no 2020 rr. YepHBIM [[BETOM IPeACTaBJIEHbl Pe3yJIbTaThl MOAEJIMPOBAHNUSA, KPACHBIM — pe3yJIbTaThl Aemudpupo-

BaHUS CIIyTHUKOBBIX N300pa’keHLII.

AVHaMMUKa OTHOCUTEJIbHOTO MHJeKca JIeJOBUTOCTU
Jlagoxckoro oszepa RICI. Hanuuue oTpuLiaTesbHOIoO
TpeH[a B JUHaMMKe NHAeKca B nocjieauue 20 jeT cBu-
JeTeJIbCTBYeT O CMArYeHUM 3UMHUX YCJIOBUH B palioHe
Jlagoxckoro osepa.

PesysibTaThl BepuuKanuu IOKasaad, 4TO
MOJeJIb BIIOJIHE a[ieKBaTHO BOCIIPOU3BOAUT BEPTUKAJIb-
HyI0 TEPMUYECKYI0 CTPYKTYPY BOJHOI Macchl 03epa, 3a
HCKJIIOUeHUEM OTHAEJIbHBIX CJIy4aeB IPU BOCIIPOU3Be-
JeHUU Npoduiia TeMIiepaTypsl B IPUAOHHBIX CJIOAX B
YCJIOBUAX OCEHHe-3MMHel KOHBeKIUU. JlaHHBI Helo-
CTaTOK MOJieJI1 MOXeT OBITh yCTpaHeH JIMOO HCIOJIb-
30BaHUeM B Hell NOJIHOILIEHHO! MOAMOAeJsIH, OIMCHIBA-
Iollell KOHBEKTHMBHOe IlepeMelllBaHue, 4TO IpuBefeT
K yCJIoXKHeHUI0 U1 6e3 Toro ciaoxHoil 3D monenu, amubo
U3MEeHEeHNEeM BepTUKAJIbHOI'O paspellleHus MOJeJu,
YTO IpUBELET B POCTY BBIUMCJIMTEJIbHBIX 3aTpaT INpU
NpOBeIEHNH paCyeToB.

PesysibTaThl BOCIIpOM3BeeHUsA MOJIEJIbI0 TEPMO-
6apa — BaXXHOTO fABJIEHHUA KaK C TOUYKU 3pPeHus TepMo-
TUAPOAMHAMUKA 03€epa, TaK U PYHKLNOHUPOBAHUSA ero
BOJHO!M 3KOCHCTEMBl — OKa3aJIuCh OJIM3KMMH K TaKoO-
BBIM, IIOJIy4€HHBIM IIPU AeIN(PPUPOBAHUN CIIyTHUKO-
BBIX CHHUMKOB.

B nepcnekTuBe IUIaHHWpyeTcA JaJibHelillee
HCNOJIb30BaHWe MOJeJU [Jid HCCJIeJOBAaHUN IHPO-
KOTro Kpyra TepMOTrMAPOAVUHAMUYECKUX M 3KOJIOTU-
yeckux npoueccos B JlagoxckoM osepe. Cpean HUX
popmuposaHue, pasBuTHhe U Jerpagaunus IpoLEeccoB
anBeJJIMHra/AayHBeJUJIMHIA, paclpoCcTpaHeHue BOJ
IIPUTOKOB B aKBAaTOpHUU O3epa, MPOrHO3 IOCJIeACTBUI
BO3MOXHBIX TeXHOIeHHBIX KaTtacTpod u 1p. Kpome
Toro, mpefmnoJsaraercs, uto MI'BM OyaeTr momosiHeHa
COOTBETCTBYIOINUMU MOAYJIAMU [JI ONKCAHUA XUMMU-
KO-OMOJIOTMYEeCKUX IIPOLeCCOB, YTO MO3BOJIUT HCIIOJIb-
30BaTh €e yxe Kak MoJeJIb 3KOCHUCTEMBI 03€epa.
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ABSTRACT. Harmful algal blooms (HABs) are increasingly frequent due to anthropogenic nutrient
enrichment, posing significant ecological and economic threats. It includes hypoxia, toxin production,
and a decline in tourism due to odour pollution. This study investigates the HAB event in Karimunjawa
National Park (KNP) on September 19, 2023, attributed to nutrient loading from inadequate wastewa-
ter treatment in the shrimp pond. The bloom coincided with the shrimp harvest season, indicating a
strong correlation between pond effluents and coastal eutrophication. To identify the dominant algal
species and primary environmental drivers of bloom formation, nutrients and water quality parameters
were analysed using field and satellite observations from three locations in KNP. Pearson’s correlation
analysis was applied to assess linear relationships among variables, while principal component analysis
(PCA) was employed to determine key contributors to HAB development. The findings indicate that
Trichodesmium erythraeum was the dominant bloom-forming species, proliferating due to biogeochem-
ical imbalances induced by excessive nutrient enrichment. Phosphate (r=0.952), silicate (r=0.832),
ammonia (r=0.670), and nitrate (r=0.653) were identified as key factors influencing bloom dynam-
ics. Lower ammonia concentrations suggest uptake by phytoplankton, whereas microbial decompo-
sition contributed to elevated phosphate levels. Additionally, high sunlight exposure (r=0.877) and
low-currents hydrodynamic conditions (r=0.197) further facilitated bloom persistence. These findings
underscore the urgent need for enhanced wastewater management policies in shrimp ponds and stricter
environmental policies to mitigate future HABs occurrences and protect marine ecosystems and coastal
economies.

Keywords: wastewater treatment, eutrophication, HAB, sunlight, hydrodynamics, biogeochemical cycle
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1. Introduction Indonesia, highlighting that even marine protected

areas are not immune to the pressures of human-in-
duced nutrient pollution and environmental change.
KNP is a marine conservation area of high eco-
logical significance, supporting diverse coral reefs, reef
fish, mangroves, and seagrass beds. These ecosystems
contribute to coastal resilience, biodiversity conserva-
tion, and fisheries sustainability (Yuliana et al., 2017,

The increase in harmful algal blooms (HABs) due
to anthropogenic (human-driven) factors has become a
major environmental concern. Key drivers include agri-
cultural runoff (fertilizers), sewage discharge, indus-
trial waste, and urban stormwater, all of which con-
tribute excess nutrients to coastal waters and promote
algal overgrowth. Recently, the HAB event had been

documented in Karimunjawa National Park (KNP),

Wijayanti et al., 2018;). The park’s pristine marine
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environment attracts domestic and international tour-
ists, with activities such as snorkelling, diving, and
cultural tourism driving a growing ecotourism industry
(Satya et al., 2023). This sector has become a key eco-
nomic driver, providing employment and supporting
local livelihoods (Wijaya et al., 2021).

The KNP community has expanded into the
Vannamei shrimp (Litopenaeus vannamei) pond, a key
Indonesian fishery export commodity (Sidqi et al.,
2022). However, its rapid expansion within KNP lacks
adequate wastewater treatment, leading to unregulated
effluent discharge and coastal water degradation due to
insufficient regulatory oversight (Purnomo et al., 2022).
Excessive nutrient enrichment from shrimp farming
had contributed to HAB characterized by uncontrolled
algal proliferation and toxin production, posing risks to
marine biodiversity, human health, and coastal ecosys-
tems (Endean et al., 1993).

The local community expressed significant con-
cern over the HAB outbreak in KNP on September
19, 2023, following noticeable seawater discoloration
(green, red, and black hues) and a strong unpleasant
odour. These phenomena were reported in several
coastal areas, particularly near shrimp ponds and pop-
ular beach locations, including Bobby Beach, Legon
Lele Beach, and Menjangan Besar Island (Fig. 1).
Recognizing the potential negative impact on tourism,
residents initiated remedial actions to restore beach
conditions. On September 22, 2023, a cleanup initia-
tive was undertaken, involving seawater extraction
using pumps to mitigate the effects of HAB.

HAB has detrimental impacts on the aquatic
ecosystem of KNP. One notable consequence of HAB
was the fish mortality in fishponds near Menjangan
Besar Island, attributed to elevated nutrient levels from
shrimp pond effluents, which contain excess shrimp
feed residues and metabolic waste. These nutrient-rich
conditions, coupled with optimal sunlight expo-
sure, facilitated algal proliferation, leading to a sharp
increase in dissolved oxygen (DO) consumption by
algae. As a result, DO levels dropped below seawater

quality standards, causing hypoxia-induced fish mor-
tality (Boyd et al., 1975). Beyond direct fish mortal-
ity, HABs also contribute to seafood contamination,
particularly in fish and shellfish, posing serious public
health risks. Contaminated seafood may contain toxins
responsible for amnesic, diarrhetic, azaspiracid, neu-
rotoxic, and paralytic shellfish poisoning (Morabito et
al., 2018). Following the HAB events, the subsequent
algal decomposition process further exacerbates marine
ecosystem degradation. Decomposing algae settle on
the seabed, leading to sedimentation, which obstructs
sunlight penetration and increases organic matter accu-
mulation. This triggers microbial activity, resulting in
oxygen depletion, reduced pH levels, and coral tissue
degradation, ultimately threatening coral reef sustain-
ability (Weber et al., 2012).

HAB can be quantified using Chlorophyll-a (Chl-
a) concentrations, a key indicator of phytoplankton bio-
mass (Wang et al., 2017) and water fertility (Doering et
al., 2006). HAB formation is typically driven by nutri-
ent enrichment (ammonia, phosphate, nitrate, and sili-
cate) (Paerl et al., 2007), water quality variables (total
suspended solids (TSS), temperature, dissolved oxygen
(DO), salinity, and pH) (Harvey et al., 2019), and hydro-
dynamic factors (currents, waves, and tides) (Qijun,
2010). However, the complex interactions between
these factors and HAB dynamics remain poorly under-
stood. This study aimed to explore the causes of HAB in
KNP by identifying the main algal species involved and
their links to nutrient input from shrimp ponds, water
quality, and ocean currents.

Understanding the dominant algal species and
the key environmental drivers of bloom formation is
essential for predicting and managing HABs. Since dif-
ferent species vary in toxicity and ecological impact,
identifying them improves risk assessment and response
strategies. Environmental factors such as nutrient load-
ing, temperature, and salinity, along with water quality
indicators like TSS, DO, and pH, offer a critical insight
into bloom dynamics. Together, these variables support
improving the understanding of HAB dynamics and

-

.

Fig.1. HABs in Karimunjawa, September 19, 2023 at: a) Mangrove area near fishpond; b) Bobby Beach; c) Menjangan Besar
Island; and d) fish mortality in fish pond near Menjangan Besar Island.
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guide effective water quality management. The objec-
tives of this study were to: (i) identify bloom-forming
algal and measure microalgae abundance; (ii) assess
quantitatively distribution value of Chl-a, nutrients,
TSS, water quality, and current patterns during and
after the bloom, and (iii) examine the relationships
between these factors. The results offer new insights
into the HAB development and its environmental driv-
ers in KNP.

2. Materials and Methods
2.1. Materials

KNP comprises 27 islands, with Karimunjawa
Island being the largest and most densely populated.
However, Vannamei shrimp farming has expanded
rapidly, with the plot of 33 shrimp ponds identified
along Karimunjawa Island’s coastline by 2022 (Fig. 2),
raising concerns about coastal environmental impacts.
This study utilizes field data (Table 1) and satellite data
(Table 2).

HAB and their interactions with Chl-a, TSS, and
nutrients are strongly influenced by seawater quality
and ocean surface currents. Due to the limited avail-
ability of field data, seawater parameters (sea surface
temperature, DO, salinity, and pH) and surface cur-
rents on September 19 and 22, 2023, were obtained
from satellite and numerical model sources (Table 2).
While satellite data provides high temporal resolution,
its spatial limitations, particularly in coastal areas,
necessitate interpolation, which may reduce accuracy
(Apostolopoulos et al., 2020). Despite these constraints,
satellite-derived data enables the identification of spa-

tiotemporal patterns during and after HABs cleanup,
offering a comprehensive assessment of environmental
dynamics.

During the field visit to Karimunjawa National
Park (KNP) on September 22, 2023, the authors
encountered a special situation: HABs had already been
cleaned up by the local community to reduce impacts
on marine tourism. As a result, direct sampling of the
HABs was not possible at that time. However, samples
from the most severely affected areas characterized by
red-coloured seawater around Menjangan Besar Island
and green-coloured seawater at Bobby Beach were
obtained from local community members, who had col-
lected surface water samples during the bloom event
(September 19, 2023). These samples are indicated
with red circles in Fig. 2. Consequently, the available
HAB-related samples are limited in both spatial and
temporal coverage. Nevertheless, these few samples
provide valuable insight into the severity of the HAB
event, even after the clean-up.

Post-cleanup surface water samples (2L each)
were collected on September 22, 2023, from the shrimp
pond outlet, Legon Lele Beach, Bobby Beach, and
Menjangan Besar Island. At the shrimp pond outlet, a
single sample was taken, while at the other sites, three
samples were collected from different zones, including
the shoreline, the mid-zone, and the furthest accessible
point (indicated with green circles in Fig. 2). All sur-
face water samples (2L each) were analysed for Chl-a,
TSS, and nutrient concentrations, including ammonia,
silicate, phosphate, and nitrate, under two conditions
such as during the HAB event (September 19, 2023)
and after the clean-up (September 22, 2023) (Table 1).
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Table 1. Data source of field observation for Chl-a, TSS, and nutrients

Data Samples Date Method
Chl-a APHA, 2005

Total Suspended Solid (TSS) 1. During algal blooming on September 19, Chan et al., 2008

2023, in Bobby beach and Menjangan Besar
Island

Ammonia Surface water Zadorojny and Saxton, 1973;
samples of 2 2. g\ge; gggal blooming cleanup on September Parsons et al., 1984
ili Liters for each > > ; : .
it station in Bobby Beach (3 stations), Mggigoizii{;lleyi;gis’
Legon Lele Beach (3 stations), 2
Phosphate Menjangan Besar Island (3 stations), Murphy and Rilley, 1962;
shrimp pound channel (1 station) Parsons et al., 1984
Nitrate Morris and Riley, 1963;

Parsons et al., 1984

2.2. Methods

Surface water samples were analysed in the labo-
ratory following standardized protocols. Samples were
stored in sealed bottles within a cool, dark environment
to prevent degradation. Processing methods for Chl-a,
TSS, and nutrients are detailed in Table 1. Chl-a was
analysed via APHA spectrometry (Johan et al., 2014),
while TSS was determined by measuring suspended sol-
ids in 1 L of filtered water (Chan et al., 2008). Nutrients
were analysed using established method including
ammonia (Parsons et al., 1984; Zadorojny and Saxton,
1973), nitrate (Morris and Riley, 1963; Parsons et al.,
1984), phosphate (Murphy and Rilley, 1962; Parsons et
al., 1984), and silicate (Mullin and Riley, 1955; Parsons
et al., 1984). Algal species were identified using bin-
ocular microscopy (400 X magnification) (Lessard and
Swift, 1986; Veldhuis and Kraay, 2000), and microal-
gae abundance was calculated using Stirling’s formula
(Stirling, 1999):

N="2 (),

-
where N - total phytoplankton cells per Liter, n — aver-
age phytoplankton cells in 1 mL of sample, v — volume

of plankton concentrates (mL), and V — volume of water
filtered (L). The result is expressed as cells per Liter
(cells/L).

This study aims to identify key parameters influ-
encing the HAB occurrence, focusing on nutrients, TSS,
and water quality. Statistical analysis was conducted
using Pearson’s correlation and principal component
analysis (PCA) to examine intervariable relationships.
Pearson’s correlation quantifies linear relationships
between two variables (Liu, 2019), while PCA extends
this approach to identify patterns among multiple vari-
ables. The Pearson correlation matrix is particularly
useful in PCA when variables have different scales or
units, necessitating standardization to ensure equal
contributions. This allows PCA to emphasize relation-
ships rather than absolute values (Polak et al., 2009).
PCA offers several advantages, including dimensional-
ity reduction, which condenses complex datasets while
preserving key variance, facilitating clearer pattern
identification. Additionally, PCA also provides dimen-
sionality reduction, mitigates multicollinearity, and
enhances data visualization, making it a powerful tool
for analysing complex environmental interactions such
as HAB formation (Patel et al., 2024).

Table 2. Data on water quality (SST, pH, Salinity, and DO) and hydrodynamics (currents) from satellite data

Data Source Spatial Temporal Access Website
resolution resolution date
Sea surface Operational Sea Surface 0.05° X 0.05° Daily Dec 20, https://data.marine.copernicus.eu/product/
temperature Temperature and Ice 2024 SST GLO SST L4 NRT OBSERVATIONS 010 001/
Analysis (OSTIA) description
pH Numerical model results 0.25° % 0.25° Daily Dec 20, https://data.marine.copernicus.eu/product/
2024 GLOBAL ANALYSISFORECAST BGC 001 028/
description
Salinity NASA’s Soil Moisture 0.125°x0.125° Daily Dec 20, https://data.marine.copernicus.
Active Passive (SMAP) dan 2024 eu/product/MULTIOBS GLO
ESA’s Soil Moisture Ocean PHY S SURFACE MYNRT 015 013/
Salinity (SMOS) description
Dissolved oxy- | Numerical model results 0.25° % 0.25° Daily Dec 20, https://data.marine.copernicus.eu/product/
gen (DO) 2024 GLOBAL _ANALYSISFORECAST BGC 001 028/
description
Sea surface Numerical model (The 0.083° % 0.083° Daily Dec 28, https://data.marine.copernicus.eu/product/
currents Operational Mercator 2024 GLOBAL ANALYSISFORECAST PHY 001 024/
global ocean analysis and description
forecast)



https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001/description
https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001/description
https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013/description
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013/description
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013/description
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_BGC_001_028/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY_001_024/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY_001_024/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY_001_024/description
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3. Results and discussion
3.1. Type and abundance of algal species
HAB in KNP, Indonesia

Microalgal species identification was con-
ducted through binocular microscopy at two loca-
tions at Bobby Beach and Menjangan Besar Island.
Observations based on taxonomic classification (Guiry
and Guiry, 2023) confirmed that Trichodesmium
erythraeum Ehrenberg ex Gomont, 1892 was the
bloom-forming  species.  Trichodesmium  eryth-
raeum is classified within the phylum Cyanophyta
(Cyanobacteria) due to its peptidoglycan-containing
cell walls (Fraga et al., 2025). As a prokaryotic organ-
ism, it lacks a true nucleus and forms filamentous
colonies (Fig. 3). Instead of a nucleus, it contains a
pseudo-nucleus with thylakoids, which play a crucial
role in light absorption through specialized pigments
called phycobilin (Frankenberg et al., 2001).

Trichodesmium erythraeum is a filamentous,
diazotrophic cyanobacterium that fixes nitrogen in
oligotrophic, subtropical, and tropical oceans, includ-
ing Indonesian waters, sustaining marine productiv-
ity (Ding et al., 2022). Its blooms, driven by warm
temperatures, nutrient inputs, and climate variability,
shift from green (phycocyanin and allophycocyanin)
in early stages to red (phycoerythrin and carotenoids)
during senescence, releasing nutrients and potentially
contributing to oxygen depletion and toxin produc-
tion (Coll et al., 1978; Garcia et al., 2021; Leney et al.,
2018; Yamaji, 1980). Anthropogenic eutrophication,
particularly nitrogen and phosphorus enrichment,
intensifies bloom occurrence, with significant impacts
on biogeochemical cycles and marine ecosystems
(Sultana et al., 2022; Zhang et al., 2022). This phe-
nomenon was observed near Menjangan Besar Island
on September 19, 2023, where distinct red discoloura-
tion indicated an advanced bloom stage. These find-
ings suggest that the bloom initiation likely occurred
prior to September 12, 2023. However, spatiotempo-
ral variation in the HAB development was observed

at Bobby Beach and Legon Lele Beach, where green
discolouration was recorded on September 19, 2023,
indicating differences in bloom onset and progression
across sites.

The level of toxicity is influenced by the spe-
cific type of microalgal present. Previous studies in
KNP identified Prorocentrum lima, a toxic dinofla-
gellate linked to seagrasses (Widiarti et al., 2019).
However, on September 19, 2023, HAB was domi-
nated by Trichodesmium erythraeum, a bloom-forming
cyanobacterium that disrupts biodiversity (Mohanty
et al., 2010). Characterized by a 7-14-day life cycle,
Trichodesmium erythraeum thrives under high nutri-
ents, temperature, and low turbulence, releasing
aerosolized cyanotoxins that cause respiratory issues,
skin irritation, seafood contamination, and gastroin-
testinal illness. Additionally, it promotes secondary
toxic blooms, compounding ecological and human
health risks (Flores-Chavarria et al., 2023; Guo and
Tester, 1994).

A HAB event is defined by an algal concentration
exceeding 1,000,000 cells/L, which induces adverse
ecological impacts (Sarkar, 2018). In this study,
algae abundance was quantified using Stirling’s for-
mula (Stirling, 1999), with measurements conducted
in triplicate, yielding a mean value of 18,496,000
cells/L. Accordingly, the observed event in KNP meets
the threshold for HAB classification (Table 3).

Table 3. Calculation of microalgae abundance

Calculation of microalgae Results of the calcula-
abundance tion of the abundance of
Trichodesmium erythraeum
(cells/L)

1% calculation 18,581,000

2n calculation 18,258,000

3 calculation 18,649,000

Average microalgae abundance 18,496,000

Fig.3. Trichodesmium erythraeum with magnification: a) 100x; b) 400x; c¢) harmful algal blooms (HABs) in surface water of
Bobby Beach on September 19, 2023; d) green foam formed on Bobby Beach on September 19, 2023; e) algal blooming in surface
water of Menjangan Besar Island on September 19, 2023.
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3.2. Distribution values of Chl-a, nutrients,
water quality, and current-hydrodynamics
during algal blooming and post-HAB
cleanup

The concentrations of Chl-a, nutrients, and
water quality parameters during the HAB occurrence
(September 19, 2023) and post-cleanup (September 22,
2023) are presented in Table 4. A clear relationship
is observed between Chl-a and total suspended solids
(TSS), where Chl-a primarily represents organic partic-
ulate matter, while TSS encompasses both organic and
inorganic suspended particles larger than 2 pum, includ-
ing sediment, algae, and bacteria (Yuan, 2021). This
study confirms that phytoplankton, as indicated by Chl-
a, contributes to TSS. However, TSS values consistently
exceed Chl-a concentrations due to the presence of
additional non-algae particles. During the HAB event in
KNP, Chl-a concentrations reached exceptionally high
levels of 198.557 ug/L at Bobby Beach and 569.679
ug/L at Menjangan Besar Island. TSS levels mirrored
this trend, with values of 499.667 mg/L and 237 mg/L,
respectively, demonstrating a direct correlation when
Chl-a values are converted from pg/L to mg/L.

Table 4 reveals distinct Chl-a and TSS patterns at
Menjangan Besar Island and Bobby Beach, indicating
different wastewater sources. Menjangan Besar Island,
influenced by Shrimp Pond A (west Karimunjawa
Island), exhibits red seawater due to higher Chl-a con-
centrations, likely intensified by the bacterial decom-
position of Trichodesmium erythraeum, which can tem-
porarily sustain elevated Chl-a if algal cells remain
intact (Satpathy et al.,, 2007). In contrast, Bobby
Beach, affected by Shrimp Pond B (east Karimunjawa
Island), shows higher TSS levels, driven by multiple
factors, including suspended algal biomass, contribut-
ing to particulate matter. Moreover, extracellular poly-
meric substances (EPS) and mucilage secretion from

Trichodesmium erythraeum, forming aggregates and
high metabolic processes, release fine organic parti-
cles into the water column (Sudo, 1978). Furthermore,
decomposition of particulate organic matter (POM)
into dissolved organic matter (DOM), which interacts
with metals in seawater, forming inorganic TSS (Du et
al., 2022), and metal binding with sediments, clay, and
silt, further increase TSS levels. These variations high-
light the complex interactions between HAB activity,
decomposition, and suspended solids, shaping water
quality differences between the two sites.

The spatial distribution of Chl-a, TSS, and nutri-
ents (ammonia, nitrate, phosphate, and silicate) during
the HAB event on September 19, 2023, is illustrated in
Fig. 4. Menjangan Besar Island exhibited higher Chl-a,
lower TSS, and red seawater, contrasting with Bobby
Beach, which remained in an earlier HAB phase. This
pattern suggests advanced nitrogen cycle progression
at Menjangan Besar Island, driven by bacterial decom-
position, which transformed POM into DOM (Du et al.,
2022), accumulating in water and sediment (Mickle,
1993). As a result, silicate, phosphate, and nitrate
increased, while ammonia declined, indicating more
active nitrification at Menjangan Besar Island than at
Bobby Beach.

Nitrification is a crucial process in the marine
nitrogen cycle, converting nitrogen into bioavailable
forms essential for marine biota (Soratur et al., 2024).
This biogeochemical cycle regulates nutrient availabil-
ity, supports ecosystem productivity, and influences
global nitrogen dynamics (Capone, 2008). Nitrification
occurs in two stages (Arp and Stein, 2003), including
ammonia (NH,) oxidation to nitrite (NO,) by nitrify-
ing bacteria, requiring dissolved oxygen and providing
energy for microbial metabolism. Moreover, nitrite
(NO,) oxidation to nitrate (NO;), the primary nitrogen
form assimilated by marine organisms (Beman et al.,
2013). During the HAB event, Menjangan Besar Island

Table 4. Values of Chl-a, nutrients, water quality, and surface current hydrodynamics during algal blooming and after beach

cleaning
Location and | Chl-a TSS |Silicate |[Phosphate| Ammonia| Nitrate | Tempe- DO pH |[Salinity| DIN | Currents
condition (pg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L) |rature ("C)| (mg/L) (%o0) : DIP (m/s)
Bobby Beach |198.557[499.667| 0.005 0.453 0.584 46.029 28.747 6.244 7.926 | 33.487 |102.842 0.145
(AB)
Menjangan |569.679|237.000| 0.035 14.102 0.760 23.528 28.744 6.244 | 7.926 | 33.427 | 1.722 0.128
Besar Island
(AB)
Shrimp Pond A | 20.651 |392.667| 0.019 0.009 0.456 0.224 28.494 6.448 | 8.027 | 34.675 | 76.921 0.133
(ABC)
MB1 (ABC) 1.807 | 28.333 | 0.003 0.031 0.146 0.238 28.492 6.448 8.027 | 34.688 | 12.402 0.120
MB2 (ABC) 1.587 | 19.667 | 0.005 0.011 0.036 0.163 28.492 6.448 | 8.027 | 34.688 | 18.062 0.120
MB3 (ABC) 1.484 | 24.667 | 0.005 0.042 0.602 0.143 28.491 6.448 8.027 | 34.688 | 17.724 0.120
BB1 (ABC) 12.043 |180.000| 0.007 0.011 0.511 0.190 28.496 6.448 | 8.027 | 34.701 | 63.410 0.130
BB2 (ABC) 2.671 | 17.667 | 0.004 0.062 0.036 0.156 28.496 6.448 | 8.027 | 34.701 | 3.115 0.130
BB3 (ABC) 3.141 | 18.000 | 0.004 0.007 0.002 0.109 28.496 6.448 8.027 | 34.702 | 16.634 0.130
LLB1 (ABC) | 13.542 |119.333| 0.010 0.128 0.128 1.238 28.497 6.448 | 8.027 | 34.697 | 10.646 0.132
LLB2 (ABC) 2.559 | 49.667 | 0.003 0.007 0.018 0.136 28.497 6.448 8.027 | 34.697 | 23.253 0.132
LLB3 (ABC) 2.969 | 21.000 | 0.003 0.044 0.073 0.020 28.497 6.448 | 8.027 | 34.697 | 2.111 0.132

Note: AB (algal blooming); ABC (after beach cleaning); MB (Menjangan Besar); BB (Bobby Beach); LLB (Legon Lele beach);
DIN (dissolved inorganic nitrogen); DIP (dissolved inorganic phosphorus)
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Fig.4. Distribution of Chl-a, TSS, silicate, phosphate, nitrate, and ammonia under HAB condition on September 19, 2023.

exhibited lower ammonia concentrations, suggesting
active nitrification, as evidenced by higher nitrate
levels compared to Bobby Beach. However, ammonia
remained the dominant nutrient, indicating that eutro-
phication from shrimp pond wastewater, particularly
from feed and fertilizer runoff, was the primary driver
of elevated ammonia levels.

The DIN:DIP ratio indicates the balance between
Dissolved Inorganic Nitrogen (DIN) and Dissolved
Inorganic Phosphorus (DIP), reflecting nutrient balance
and helping identify the limiting nutrient for phyto-
plankton growth (O’Neil et al., 2024). The Redfield ratio
(16:1, N:P) represents optimal conditions (Knapp et al.,
2012). In this study, DIN includes ammonia and nitrate,
while DIP is based on phosphate (Table 4). DIN:DIP >
16, found at Bobby Beach, indicates phosphorus lim-
itation and potential for HABs. Conversely, DIN:DIP
< 16 at Menjangan Besar Island suggests nitrogen
limitation, likely post-bloom. Moreover, the DIN:DIP
ratio plays a role in regulating phytoplankton biomass.
An imbalance in this ratio can favour the growth of
certain phytoplankton species, potentially leading to
the dominance of harmful algal species under nutri-
ent-enriched conditions (Ma et al., 2025). These results
underscore the DIN:DIP ratio as a governing factor of
HAB dynamics.

The post-cleanup spatial conditions of HAB-
affected areas (September 22, 2023) are depicted in
Fig. 5. Sampling was conducted at Menjangan Besar
Island, Bobby Beach, Legon Lele Beach, and a shrimp
pond outlet, with shrimp pond A analysed for nutri-
ent contributions. Of the 33 shrimp ponds in the study
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area, only the two closest (shrimp ponds A and B)
were included. Following HAB cleanup via pumping,
Chl-a, TSS, and nutrient concentrations significantly
decreased compared to September 19, 2023.

Following post-HAB cleanup, Chl-a, TSS, and
nutrient concentrations were significantly higher in
the shrimp pond A outlet compared to other locations,
confirming that shrimp pond effluent was the primary
source of contamination. Although seawater from the
shrimp pond A channel showed no visible discoloration
on September 22, 2023, Chl-a (20.651 pg/L) and TSS
(392.667 mg/L) remained elevated. Conversely, due to
the greater distance from shrimp pond A, prior HAB
removal, and seawater dilution, Chl-a and TSS levels
at Menjangan Besar Island were substantially lower, at
1.807 pg/L and 28.333 mg/L, respectively.

On the east side, shrimp pond B discharge chan-
nel is located closest to Legon Lele Beach, followed by
Bobby Beach. As a result, Chl-a concentrations were
slightly higher at Legon Lele Beach (13.542 pg/L) com-
pared to Bobby Beach (12.043 pg/L) due to its closer
proximity to the nutrient source. However, TSS levels
were higher at Bobby Beach (180 mg/L) than at Legon
Lele Beach (119.333 mg/L) likely because of HAB con-
ditions, further supported by the role of ocean currents
in distributing TSS across the area. During the bloom,
algae released mucus secretions and formed aggregates,
contributing to increased suspended particles and the
release of fine organic matter into the water column.
Additionally, Chl-a and TSS values decreased further
offshore due to dilution and hydrodynamic mixing (Liu
et al., 2023).
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Fig.5. Distribution of Chl-a, TSS, silicate, phosphate; nitrate, and ammonia under after HAB clean-up

September 22, 2023.

The Chl-a and TSS patterns at Legon Lele Beach
and Bobby Beach exhibit notable similarity, likely due
to their proximity. However, a significant disparity is
observed in ammonia concentrations, with Legon Lele
Beach recording levels 10 times higher than Bobby
Beach. This difference is attributed to the proxim-
ity of Legon Lele Beach to shrimp pond B wastewater
discharge channel, which contains elevated ammonia
levels. These findings indicate that the seawater in the
area is heavily influenced by ammonia-rich effluent
from shrimp pond B.

Hydrodynamic processes play a critical role in
the formation and progression of HABs, influencing
mixing, nutrient distribution, and water stratification
(Yan et al., 2024). The results indicate that Chl-a, TSS,
and nutrient concentrations generally decrease from
the coastline seaward, primarily due to dilution by
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ocean currents, which facilitate water mass distribution
and mixing. In this study, surface ocean currents, a key
hydrodynamic factor, were analysed and are illustrated
in Fig. 6.

Surface current patterns, derived from the
numerical model, were classified into two conditions,
including during HAB (Fig. 6a) and post-HAB cleanup
(Fig. 6b). Hydrodynamic conditions significantly
influence HAB development, with low current speeds
(<0.24 m/s) promoting algal growth, enhancing energy
metabolism and nutrient absorption (Song, 2023). In
contrast, strong currents (>0.5 m/s) can disrupt algal
metabolism, reduce oxidation levels, and cause cellular
damage, limiting HAB persistence.

As shown in Fig. 6, surface current veloci-
ties ranging from 0.12 to 0.15 m/s were classified as
low-current conditions during HAB and after clean-up

0.20

Current Speed (m/s)

0.00

Fig.6. Sea surface current numerical model under: a) HAB condition at September 19, 2023; b) after HAB clean-up condition

at September 22, 2023 (source: The Operational Mercator global
eu/product/GLOBAL ANALYSISFORECAST PHY 001 024/descript

ocean analysis and forecast, https://data.marine.copernicus.
ion).
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conditions, which facilitated optimal algal growth and
contributed to HAB formation. Low-current hydrody-
namics contributes to HAB persistence, reducing mix-
ing and keeping algae in surface layers by trapping
nutrients and supporting prolonged bloom growth.
Moreover, it enhances aggregation, increasing bloom
intensity, and limits dispersal, leading to localized
eutrophication. These factors collectively contribute to
HAB persistence and expansion in low-energy aquatic
environments.

The HAB event in September 2023 was influenced
by the east monsoon, characterized by east-to-west
winds, which played a significant role in hydrodynam-
ic-driven nutrient transport. Surface currents facilitated
the movement of effluent from shrimp pond A toward
Menjangan Besar Island, leading to nutrient accumula-
tion and HAB development. Similarly, discharges from
pond B were transported toward Legon Lele Beach and
Bobby Beach, further impacting coastal water quality
and contributing to localized eutrophication.

3.3. Correlation between Chl-a, nutrients,
water quality, and current hydrodynamics
in KNP, Indonesia

PCA of Chl-a, nutrients, seawater quality, and
current hydrodynamics (Table 5) quantifies linear rela-
tionships among variables, offering insights into key
drivers of HAB formation and distribution. Results indi-
cate a strong correlation between Chl-a and nutrient
levels, with phosphate (r=0.952), silicate (r=0.832),
ammonia (r=0.670), and nitrate (r=0.653), confirm-
ing that nutrient enrichment is a primary factor in HAB
proliferation. These findings emphasize the role of
eutrophication in sustaining algal blooms and highlight
nutrient-driven mechanisms influencing bloom inten-
sity and spatial distribution.

Additionally, Chl-a exhibits a positive correlation
with sea surface temperature (r=0.877) but negative
correlations with salinity (r=-0.892), dissolved oxygen
(r=-0.880), and pH (r=-0.880), indicating the influ-
ence of water quality parameters on HAB development.
A moderate correlation was observed between Chl-a
and TSS (r=0.448), while currents showed a weak cor-

relation (r=0.197), suggesting a limited direct impact
on HAB intensity but a potential role in HAB disper-
sion and spatial distribution. These findings highlight
the critical role of nutrient enrichment and seawater
quality in HAB formation, while hydrodynamic factors
primarily influence their spread rather than initiation.

HAB formation is driven by sunlight, low cur-
rents, and nutrient dynamics. Nutrient levels peak
before blooms and decline as microalgal metabolize
them, with the DIN:DIP ratio playing a key role where
nitrate triggers blooms, while phosphate limits growth
(Sidabutar, 2016). Empirical evidence shows that high
nitrate (DIN:DIP >16) at Bobby Beach coincided with
active algal growth (green water), whereas phosphate
dominance (DIN/DIP <16) at Menjangan Besar Island
was linked to algal decomposition (red water). This
supports findings by (Satpathy et al., 2007) concen-
rning DIN:DIP that nitrogen initiates HABs (ammonia,
r=0.525; and nitrate, r=0.457), while phosphate reg-
ulates their limiting factor (r =-0.242).

High ammonia levels and photosynthesis effi-
ciency driven by solar radiation (r=0.877) enhance
algal growth, increasing bacterial activity and deplet-
ing dissolved oxygen. This process also lowers salin-
ity and pH induced by algal ion uptake. Salinity is
slightly reduced (r=-0.892), while CO, release during
decomposition increases acidity (r=-0.880). Algae
species exhibit varying salinity tolerances, including
Aureoumbra lagunensis (Shi et al., 2024) and Karenia
mikimotoi (Buskey et al., 1998) thriving in low-salin-
ity waters, as well as Halimeda spp. tolerating hypersa-
line conditions. Additionally, green algae demonstrate
a broad salinity range of 6.8-27.2 PSU (Taylor et al.,
2001).

TSS showed a moderate correlation with Chl-a
(r=0.448) and a strong correlation with the DIN:DIP
ratio (r=0.845), reflecting the combined influence of
living phytoplankton and dead organic matter. A high
correlation with ammonia (r=0.745) suggests signifi-
cant biogeochemical interaction, beyond the presence
of inorganic particles like sand and mud. This relation-
ship is likely driven by organic waste and industrial
effluents, where both TSS and ammonia contribute to
eutrophication and HAB formation (Li et al., 2022).
Additionally, a positive correlation with low-current

Table 5. Pearson correlation of Chl-a, TTS, nutrients, seawater quality, and currents.

Variables Chl-a TSS |Silicate |Phosphate| Nitrate |Ammonia| Tempe- DO pH |Salinity| DIN: [Current
(ug/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) (mg/L) |rature (°C)| (mg/L) (ppt) DIP (m/s)

Chl-a (ng/L) 1.000 0.448 0.832 0.952 0.653 0.670 0.877 -0.880 | -0.880 | -0.892 | -0.001 | 0.197
TSS (mg/L) 0.448 | 1.000 | 0.443 0.218 0.657 0.745 0.670 -0.668 | -0.666 | -0.663 | 0.845 | 0.694
Silicate (mg/L) | 0.832 | 0.443 | 1.000 0.878 0.630 0.307 0.560 -0.564 | -0.563 | -0.586 | -0.011 | 0.043
Phosphate (mg/L)| 0.952 | 0.218 | 0.878 1.000 0.552 0.414 0.692 -0.696 | -0.696 | -0.714 | -0.242 | -0.031
Nitrate (mg/L) | 0.653 | 0.657 | 0.630 0.552 1.000 0.572 0.650 -0.655 | -0.656 | -0.665 | 0.457 | 0.159
Ammonia (mg/L)| 0.670 | 0.745 | 0.307 0.414 0.572 1.000 0.943 -0.942 | -0.941 | -0.932 | 0.525 | 0.632
Temperature (°C) | 0.877 | 0.670 | 0.560 0.692 0.650 0.943 1.000 -1.000 | -1.000 | -0.999 | 0.330 | 0.501
DO (mg/L) -0.880 | -0.668 | -0.564 | -0.696 -0.655 -0.942 -1.000 1.000 | 1.000 | 0.999 | -0.328 | -0.487
pH -0.880 | -0.666 | -0.563 | -0.696 -0.656 -0.941 -1.000 1.000 | 1.000 | 1.000 | -0.326 | -0.483
Salinity (ppt) -0.892 | -0.663 | -0.586 | -0.714 -0.665 -0.932 -0.999 0.999 | 1.000 | 1.000 | -0.314 | -0.466
DIN:DIP -0.001 | 0.845 | -0.011 -0.242 0.457 0.525 0.330 -0.328 | -0.326 | -0.314 | 1.000 | 0.609
Current (m/s) 0.197 | 0.694 | 0.043 -0.031 0.159 0.632 0.501 -0.487 | -0.483 | -0.466 | 0.609 | 1.000
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hydrodynamics (r=0.694) supports the role of water
retention in facilitating algal accumulation. These find-
ings highlight the importance of suspended particles in
nutrient transport and their broader impact on water
quality and ecosystem health.

PCA was conducted to simplify complex multi-
dimensional relationships and extract meaningful pat-
terns within the dataset (Patel et al., 2024). This tech-
nique reduces the number of variables while preserving
essential information by generating uncorrelated prin-
cipal components (PCs), which are linear combinations
of the original variables (Lever et al., 2017). The pri-
mary objective of PCA is to maximize variance capture,
allowing for optimal data interpretation while mini-
mizing information loss. By facilitating pattern recog-
nition and dimensionality reduction, PCA enhances the
efficiency and clarity of statistical analysis, making it a
valuable tool for identifying key environmental drivers
in the dataset.

PCA of HABs in KNP (Fig. 7) illustrates the rela-
tionships among nutrients, water quality, and hydro-
dynamic factors. Red arrows represent environmental
variables, with similar directions indicating positive
correlations, and longer arrows reflecting stronger
influences on PCs. Rightward vectors, contributing pre-
dominantly to PC1, are closely associated with bloom
conditions. PCA results align with Pearson correla-
tions, showing strong associations between Chl-a and
both phosphate and silicate, while ammonia shows the
weakest nutrient correlation. DO, pH, and salinity are
negatively correlated with Chl-a, indicating that HABs
favour low-oxygen, low-salinity, and acidic conditions.
TSS is strongly linked to Chl-a, reflecting increased
algal biomass. Hydrodynamic influence appears at low
currents, reinforcing nutrient enrichment as the pri-
mary driver of HABs. Additionally, DIN:DIP maintains

a positive correlation with HABs, supporting its role in
both bloom development and post-bloom conditions.

PCA results indicate that Bobby Beach, repre-
senting the active bloom phase, is strongly driven by
nutrient enrichment, particularly nitrate and ammonia.
In contrast, Menjangan Besar Island, associated with
the bloom decomposition phase, is more influenced
by silicate and phosphate, with lower overall nutrient
input. Green-marked cleanup sites (Shrimp Pond and
MB1-MB3) show improved water quality, while blue
and purple sites (BB1-BB3 and LLB1-LLB3) reflect fur-
ther nutrient reduction, confirming cleanup effective-
ness. The clear distinction between green, blue and
purple sites implies varying effluent sources influenc-
ing spatial differences in water quality.

The correlation analysis provides insights into
HAB formation (Fig. 8), characterized by elevated Chl-a
concentrations driven by high nutrient availability,
particularly POM from shrimp pond waste. Microbial
activity converts DOM into bioavailable nutrients,
releasing ammonia, phosphate, and silicate. Through
nitrification, ammonia is oxidized to nitrite and subse-
quently to nitrate, fuelling phytoplankton growth illus-
trated in Fig. 8(C1). Sufficient sunlight and low-current
hydrodynamics further enhance HAB outbreaks.

HAB depletes DO through algal respiration and
microbial decomposition of dead algae, leading to
hypoxic or anoxic conditions that may trigger toxin
production, threatening marine ecosystems depicted
in Fig. 8(C2). HAB also impact water quality, causing
slightly lower salinity due to ion uptake during algal
growth and reduced pH as decomposing algae release
CO,, forming carbonic acid and increasing water acidity
shown in Fig. 8(C3). Additionally, TSS levels rise due
to increased algal biomass (organic TSS) and inorganic
TSS from DOM binding with metals and sediments.

Bobi Beach (Alga Blooming)

Menjangan Besar Island (Alga Blooming) . BB2 (After beach cleanup)
3 Shrimp Pond (After beach cleanup) . BB3 (After beach cleanup)

MB1 (After beach cleanup) . LLB1 (After beach cleanup)

MB2 (After beach cleanup) . LLB2 (After beach cleanup)

MB3 (After beach cleanup) . LLB3 (After beach cleanup)
2|

Silicate (mg/L)
Chl-a (ug/L)

PC2 (19.66%)

DIN:DIP

Phosphate (mg/L)

Nitrate (mg/L)
Temperature (°C)

Ammonia (mg/L)

TSS (mag/L)

Currents (m/s)

BB1 (After beach cleanup)

) 0 2

PC1 (66.61%)

Fig.7. PCA analysis of Chl-a to nutrients, water quality, and hydrodynamic factors.
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4. Conclusions

The HAB outbreak in Karimunjawa National
Park (KNP) on September 19, 2023, occurred under
optimal bloom conditions, primarily driven by ele-
vated nutrient inputs linked to Vannamei shrimp har-
vest cycles. These anthropogenic inputs were further
intensified by intense sunlight during the dry season
peak and the presence of low-current hydrodynamics,
which collectively created a favourable environment
for algal proliferation. The bloom event exemplifies a
disturbance in the coastal biogeochemical cycle. It ini-
tiates with nutrient enrichment (chemical phase), tran-
sitions into rapid microalgal growth (biological phase),
and proceeds to decomposition (geochemical phase).
This terminal stage can result in hypoxic conditions,
increasing the risk of secondary HABs that may exhibit
heightened severity due to toxin production and further
oxygen depletion.
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ABSTRACT. We examined the blood cell profiles of the Iberian pond turtle, also known as the
Mediterranean pond turtle (Mauremys leprosa) in two habitats in northeastern Algeria with markedly
contrasting water quality. Blood smears were prepared from 38 adult turtles collected at a polluted
reference site (Bouhamra) and an unpolluted site (Brabtia). Differential leukocyte counts and erythro-
cyte morphometrics (length, width, and surface area) were quantified. At Brabtia Reserve, heterophils
were the most abundant leukocyte type (41.35%), followed by lymphocytes (27.54%) and monocytes
(10.16%). At the Bouhamra site, heterophils are also dominant (57.86%), followed by monocytes
(21.40%) and lymphocytes (12.80%). The average ratio of heterophils to lymphocytes (H/L) was 4.39
in the polluted site, Bouhamra, which is about three times higher than the ratio of 1.60 in the pris-
tine, indicating elevated physiological stress. Erythrocyte dimensions differed significantly between
sites. In turtles from Brabtia, mean erythrocyte length, width, and surface were 24.10 um, 13.68 um,
and 260.97 um?, respectively. Corresponding values in turtles from the degraded habitat (Bouhamra)
were larger (25.07 um, 13.96 um, and 274.95 um?). Nuclear length, nuclear width, nuclear surface,
and nuclear shape index (NL/NW) did not vary between habitats. Our results show that contamination
mainly affects the size of red blood cells, while the morphological parameters of the nucleus remain
stable. The higher H/L ratio at the polluted site (Bouhamra) also supports the use of leukocyte profiles
as solid indicators of chronic environmental stress in freshwater turtles.
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1. Introduction

Mauremys leprosa (Schweigger, 1812), also
known as the Mediterranean pond turtle, is a freshwa-
ter turtle species endemic to southwestern Europe and
northwestern Africa (Palacios et al., 2015; Laghzaoui
et al., 2020). Two subspecies are present in the north-
west of Africa: M. leprosa leprosa and M. leprosa saharica

(Fritz et al., 2006; Verissimo et al., 2016). The subspe-
cies M. L saharica is widely distributed in Algeria, from
the coastal zones to the Sahara (Rouag et al., 2024).
The population of this species is decreasing for several
reasons, and the reasons for this decline are numerous,
including habitat loss, urbanisation, intensified agri-
culture, and habitat fragmentation (Mateo et al., 2003;
Rouag et al., 2024; Diaz-Paniagua et al., 2015).
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In the present study, we evaluate the morphol-
ogy and size of blood cells of M. leprosa in contrasted
habitats to measure the impact of habitat quality on
turtle physiology. The haematological profile is a com-
monly used practical method for assessing environ-
mental effects. While many studies have described the
blood profiles of reptiles (Sypek and Borysenko, 1988;
Campbell, 1998; Stein, 1996; Mader, 2000; Sykes and
Klaphake, 2008), reference values for many species are
unavailable, particularly for freshwater turtles, where
haematological reference values are still poorly under-
stood. Haematological values can change due to factors
such as gender, age, season, and location, and with-
out reference values, it becomes difficult to compare
and understand the results. This study aims to establish
haematological values for Mauremys leprosa and pro-
vide a detailed description of blood cell morphology
by comparing individuals from contrasting environ-
ments. These results will help improve the assessment
of health status in wild populations of Mauremys leprosa
and contribute valuable reference data for future eco-
logical and conservation studies.

2. Material and Methods

The first site, Oued Bouhamra (36°52’25.0”N
7°43'23.0”E), is a polluted watercourse with low lev-
els of dissolved oxygen (5.76-13.9 mg/L), high turbid-
ity (28.3-31.2 NTU), high conductivity (2,731-1,950
uS/cm) and high total dissolved solids (1,200-1,365
mg/L). This site has the characteristics of a degraded
habitat. Several metallic elements also exceed or
approach internationally established reference thresh-
olds, including manganese (60.1 mg/L), nickel (17.07
mg/L), iron (1.48 mg/L), arsenic (0.063 mg/L), and
lead (0.049 mg/L). These results suggest that the site is
subject to significant anthropogenic inputs, reflecting a
state of contamination that could potentially affect the
ecological functioning of the aquatic ecosystem. The
vegetation consists mainly of reeds (Phragmites austra-
lis) and rushes (Juncus acutus) on the banks and patches
of ribbon grass (Typha angustifolia) in the middle of the
stream. The pristine site is a pond situated in El Kala
(36°51’09.0” N and 8°19’52.0” E), located in the Brabtia
Zoological Park. The site is a spring-fed pond of 0.5 ha,
surrounded by a belt of woody vegetation composed
of Fraxinus communis, Populus alba, and Alnus glutinosa,
with emergent vegetation composed of Nuphar luteumn,
Juncus acutus, and Phragmites communis. The study
was conducted from March to August 2024. Sampling
was conducted manually and with the aid of a dip net.
Individual variables were measured for all specimens,
such as body size and weight. Carapace length was
measured using a digital caliper (precision+0.1 mm).
The body weight of the turtles was measured using a
digital balance (precision+1 g). Sex was determined
by secondary sexual characteristics (e.g., plastral con-
cavity, tail length) (Servan et al., 1989). We prepared a
blood smear on a microscope slide using a 1 mL syringe
with a 27 G, 0.5 inch, and 0.413 mm diameter nee-
dle taken from the caudal sinus at the base of the tail.
The blood smears were then air-dried, fixed in abso-
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lute methanol for 10 minutes and stained with Giemsa
diluted 1:9 with phosphate buffer solution (pH 7.2) for
40 minutes. The blood smears were then used to iden-
tify and quantify leukocytes, as well as to measure the
size of erythrocytes. The proportion of different types
of leukocytes was assessed on the basis of an exam-
ination of 100 leukocytes under 1000x magnification
under oil immersion. On each blood smear, the length
(EL) and width (EW) of randomly selected erythro-
cytes, as well as the length (NL) and width (NW) of
their nuclei, were measured. The size of the erythro-
cytes and their nuclei were calculated using the formu-
las: S=m X (L/2) X (W/2), where S is the surface area
(um?); L is the length (um); and W is the width (um) of
the cell or nucleus (Petrov and Stepanyan, 2016). Cell
and nuclear shapes were compared using the EL/EW
and NL/NW ratios, while the nucleus/cytoplasm ratio
was compared using the N/C ratio.

Photographs of blood cells were taken with the
Olympus CX21 imaging system. SPSS software (version
29.0) was used to perform the statistical analyses. After
performing Levene’s and Shapiro-Wilk tests, the means
were compared using a t-test and a U-test, presented
with standard deviations (SD).

3. Results
3.1. Body size

In the pond at the Brabtia reserve, the females
are larger and heavier than the males, but this dif-
ference is not statistically significant: Weight (males:
437.82+193.84 g, range: 130-698 g; female:
584.00+225.49 g, range: 230-799 g; p=>0.05),
straight carapace length (male: 157.41+32.10 mm,
range: 102.5-197 mm; female: 164.33+24.88 mm,
range: 123-188 mm; p>0.05). In the Bouhamra site,
males and females do not differ significantly in terms
of straight carapace length (males: 179.52+31.18
mm, range 109.58-218.12; females: 174.49 +29.78
mm, range 129-220 mm; P>0.05) and body weight
(males: 699+230.25 g, range: 195-980 g; females:
668.05 +260.48 g, range 258-1295 g; P>0.05).

3.2. Differential white blood cell counts

In the pond at the Brabatia Reserve, heterophils
are the most abundant leukocytes, with an average of
41.35% in both males and females. Lymphocytes are
more abundant than monocytes, with an average of
27.54% and 10.16%, respectively. There are no signifi-
cant differences between males and females except for
basophils, which are more elevated in females. This dif-
ference was confirmed by a Student’s t-test (t=-2.35;
p=0.03), as shown in (Table 1).

At the Bouhamra site, heterophils are the most
abundant granulocytes, making up 53.67% of the leu-
kocytes in males and 61.53% in females. They are fol-
lowed by monocytes, which make up 19.47% in males
and 23.09% in females. Lymphocytes account for
13.44% of males and 12.25% of females. All leukocyte
subtypes except lymphocytes show significantly higher
percentages in females than in males (p<0.001). No
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Table 1. Differential white blood cell counts in peripheral blood of male and female M. leprosa at the Brabtia site. For each

leukocyte cell type, mean *+ SD and range are shown.

Male (N=9) Female (N=9) t-Test
X +SD Min-Max X +SD Min-Max t p

Lymphocyte (%) 28.11 + 9.38 18.27 - 50.43 26.97 + 7.01 19.99 - 42.27 -0.29 0.77
Heterophil (%) 39.16 + 9.56 22.70 - 54.59 43.54 + 8.03 27.31 - 52.87 1.05 0.30
Eosinophil (%) 13.53 = 5.13 7.00 - 21.64 11.84 = 4.75 6.60 - 20.53 -0.72 0.47
Basophil (%) 9.17 + 4.64 3.23-17.58 5.08 = 2.36 2.94-10.26 -2.35 0.03
Monocyte (%) 10.02 = 4.26 2.30-16.21 10.29 = 3.91 4.69 - 16.58 0.13 0.89
H/L 1.52+0.53 0.45 - 2.40 1.68 = 0.41 0.96 - 2.24 0.67 0.50

significant difference exists between males and females
for the H/L ratio (t=-0.77, p=0.446). The strong pre-
dominance of heterophils and the low proportion of
lymphocytes indicate a stress-related leukocyte shift in
both sexes. However, sex does not influence the H/L
ratio at this polluted site, suggesting a generalized
physiological stress response (Table 2).

A comparative analysis of leukocyte parameters
in the Mauremys leprosa population from unpolluted
and polluted sites revealed significant differences in all
examined variables (Student’s t-test, p<0.001 for each
parameter). More specifically, the proportion of lym-
phocytes was significantly higher at the unpolluted site
(27.54%), while the proportions of heterophils, baso-
phils, monocytes, and the H/L ratio were significantly
higher in the polluted site population.

The percentage of eosinophils was significantly
lower in individuals from the polluted site (2.89%)
than in turtles from the unpolluted site (12.68%). These
results demonstrate the significant impact of pollution
on leukocyte composition, leading to a reduction in
lymphocytes and an increase in leukocytes associated
with the immunity response in populations exposed to
pollutants. The H/L ratio indicates a state of physiolog-
ical stress caused by a degraded environment; the aver-
age value is 4.39 for both males and females, which is
almost three times higher than at the unpolluted site
(1.60). This suggests the presence of stress or activation
of the innate immune response (Aguirre et al., 1995;
Davis et al., 2008). These results highlight the profound
influence of environmental quality on the immune sta-
tus of M. leprosa, supporting the use of leukocyte pro-
files as effective biomarkers of ecological health and
pollution exposure in freshwater turtles (Fig. 1).

3.3. Erythrocyte measurement

At the Brabtia site, a morphometric analysis of
Mauremys leprosa erythrocytes revealed no significant
differences between males and females for any mea-
sured parameter. The average values of cell dimensions
(length, width, and surface area) and nuclear dimen-
sions, as well as morphometric ratios, were similar
between sexes. All statistical tests (Mann-Whitney)
showed non-significant differences (p>0.05), includ-
ing erythrocyte length (U=45.0, p=0.72); erythro-
cytes width (U=53.5, p=0.26); erythrocytes surface
(U=37.0, p=0.79); nucleus length (U=43.0, p=0.85);
nucleus width (U=38.5, p=0.89); and nucleus sur-
face (U=35.0, p=0.20), as well as EL/EW (U=31.0,
p=0.421), NL/NW (U=52.5, p=0.308), N/C ratio
(U=27.5, p=0.209). This further confirms that blood
cell size and shape in Mauremys leprosa are not sexually
dimorphic at this site (Table 3).

At the Bouhamra site, the average length of eryth-
rocytes in males was established as 25.12 +0.21um, and
the width-13.95+0.18 pum. The size was calculated as
276.66 +6.28 um? The EL/EW ratio was identified as
1.8+0.02. The N/C ratio was 1.4. The average length
of the nucleus was 9.76+0.11 pum and its width was
5.02+0.10 um. The average size was near 38.49+1.17
um?. The NL/NW ratio was 1.93 +0.03 (Table 4). These
values are close to those of females, where the aver-
age length of erythrocytes was 25.03+0.21 pm, the
width 14.00+0.20 um, and the size was 275.64 +6.78
um? The EL/EW ratio was calculated as 1.79+0.02.
The average length of the nucleus was calculated as
9.73%+0.12 pm and the width-as 5.01 £0.12 pm, and
the size as 38.40*+1.130 pm? The NL/NW ratio of

Table 2. Differential white blood cell counts in peripheral blood of male and female M. leprosa at the Bouhamra site. For each

leukocyte cell type, mean *+ SD and range are shown.

Male (N=14) Female (N=16) t-Test
X +=SD Min-Max X +=SD Min-Max t p

Lymphocyte (%) 13.44+3.53 9.64-19.38 12.25+1.95 8,94-15.18 1.17 0.251
Heterophil (%) 53.67 +£2.25 46.92-56.08 61.53+1.72 57.35-63.62 -10.60 0.000
Eosinophil (%) 2.68+0.11 2.35-2.80 3.08+£0.09 2.87-3.18 -10.60 0.000
Basophil (%) 10.73+0.45 9.38-11.22 12.31+0.34 11.47-12.72 -10.60 0.000
Monocyte (%) 19.47+2.76 13.70-22.73 23.09+£2.15 20.48-28.32 -3.98 0.000
H/L 4.26+1.10 2.51-5.72 4.55+0.80 3.52-6.07 -0.77 0.446
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Fig.1. Comparison of leukocyte parameters between non-polluted and polluted sites in Mauremys leprosa.

1.93+0.03 is also close to the male ratio. The Mann-
Whitney tests of the morphometric descriptors of leuko-
cytes carried out between males and females revealed
no significant difference in all parameters, includ-
ing erythrocyte length (U=34.0, p=0.38;); erythro-
cyte width (U=46.5, p=0.057); erythrocyte surface
(U=38.0, p=0.59); nucleus length (U=30.0, p=0.21);
nucleus width (U=42.5, p=0.85); and nucleus surface
(U=37.0, p=0.60) (Table 4).

The morphometric comparison of erythrocytes
and their nuclei in individuals of Mauremys leprosa from
unpolluted and polluted habitats reveals significant
differences in erythrocyte morphology, particularly in
length (EL), width (EW), surface (ES), and the EL/EW
ratio. Erythrocyte length was significantly higher in
turtles from the polluted site (25.07 =0.21 um) than
in those from the unpolluted site (24.10+1.20 um;
p=0.003), as was erythrocyte width (25.12+0.21 um
vs. 24.16+1.20 um; p=0.043). Similarly, the eryth-

rocyte surface (ES) was significantly higher in turtles
from the polluted site (274.95%5.72 um?) than in
turtles from the unpolluted site (260.97 +19.74 um?;
p=0.009), and a significant increase in the EL/EW
ratio was observed in turtles from the polluted site
(p=0.027). The nucleocytoplasmic ratio (N/C) was
higher in turtles from the unpolluted site (0.15+0.01)
than in those from the polluted site (0.14+0.00;
p=0.028). However, nuclear dimensions (NL and NW),
nuclear surface (NS), and nuclear shape (NL/NW) did
not differ significantly between habitats (Fig. 2).

4. Discussion

This study highlights the impact of habitat qual-
ity on blood cell morphology in Mauremys leprosa,
reflecting the physiological effects of environmental
pollution. Research conducted over the past indicates
that the quantification of haematological parameters

Table 3. Measurements of erythrocytes and their nuclei in male and female Brabtia turtles and the Mann-Whitney U test

statistics.
Population (N = 18) Male (N = 09) Female (N =0 9) U-Test
X +=SD Min Max X +=SD Min Max X +=SD Min Max U P
EL (um) | 24.10+x1.20 21.90 25.30 | 24.16x1.20 22.00 25.30 | 24.05*1.27 21.90 25.30 |45.0 0.724
EW (um) | 13.68+0.46 12.78 14.40 | 13.80x0.35 13.10 14.17 | 13.55 £0.54 12.78 14.40 |53.5 0.268
EL/EW 1.76 £0.06 1.58 1.83 1.75%0.07 1.58 1.80 1.77 £0.05 1.69 1.83 |31.0 0.421
ES (um?) | 260.97+19.74 219.75 281.50 261.88+17.97 231.00 281.10| 260.06 +22.43 219.75 281.50| 37.0 0.791
NL (pm) 9.68+0.41 8.82 10.40 9.70+0.48 8.82 10.40 9.67 £0.35 9.00 10.20 | 43.0 0.859
NW (um) | 5.04%+0.27 4.60 5.60 5.02+0.32 4.60 5.60 5.07 £0.22 4.80 5.50 |38.5 0.894
NL/NW 1.92+0.05 1.81  2.02 1.94+0.05 1.86 2.02 1.91+0.05 1.81 1.96 |52.5 0.308
NS (um?) | 39.19+4.06 33.20 48.50 | 38.68+4.75 33.20 48.50 | 39.70*+3.44 35.40 45.00 [ 35.0 0.659
N/Cratio| 0.15+0.02 0.14 0.20 0.15+0.02 0.14 0.20 0.15+0.02 0.14 0.18 |27.5 0.209

Note: EL: Erythrocyte length; EW: Erythrocyte width; ES: Erythrocyte size; NL: Nucleus length; NW: Nucleus width; NS:

Nucleus size; and NS/ES: Nucleocytoplasmic ratio.
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Table 4. Measurements of erythrocytes and their nuclei in male and female Bouhamra turtles and the Mann-Whitney U test

statistics.

Population (N = 19) Male (N = 09) Female (N = 10) U-Test

X +=SD Min Max X +=SD Min  Max X +=SD Min Max U P
EL (pm) | 25.07+0.21 24.7 25.4 25.12+0.21 24.7 25.4 | 25.03 = 0.21 24.6 25.3 |34.0 0.38
EW (um) 13.96+0.2 13.6 14.2 13.95+0.18 13.6 14.2 | 14.00 = 0.20 13.6 14.2 [ 46.5 0.93
EL/EW 1.8+0.02 1.77 1.83 1.8+0.02 1.77 1.83 1.79 = 0.02 1.77 1.83 |36.5 0.50
ES (um?) | 274.95+5.72 263.6 282.3 | 276.66+6.28 269.1 282.3 |[275.64 = 6.78 263.6 282.3 [38.0 0.59
NL (pm) 9.72+0.1 9.5 9.9 9.76 +0.11 9.6 9.9 9.73 £ 0.12 9.5 9.9 |[30.0 0.21
NW (um) | 5.04%+0.11 4.8 5.2 5.02+0.10 4.8 5.2 5.01+0.12 4.8 5.2 |42.5 0.85
NL/NW 1.93+0.03 1.9 2.0 1.93+0.04 1.9 2.0 1.93+0.03 1.9 1.98 |36.5 0.49
NS (um?) | 38.44+1.21 36.0 40.9 38.49+1.17 36.2 39.6 | 38.40+1.130 36.0 40.9 | 37.0 0.53
N/C ratio 0.14 0.14 0.15 0.14 0.14 0.15 0.14 0.13 0.15 | 40.5 0.60

Note: EL: Erythrocyte length; EW: Erythrocyte width; ES: Erythrocyte size; NL: Nucleus length; NW: Nucleus width; NS:

Nucleus size; and NS/ES: Nucleocytoplasmic ratio.

may be measured as a complement to the measurement
of hormones in the study of vertebrate stress responses.
Leukocyte profiles are particularly important in the
study of physiology because they are directly linked
to hormone levels. Considerable research has demon-
strated that the adrenal and leukocyte responses to
stress are closely related and similar across vertebrate
taxa. (Gross and Siegel, 1983; McFarlane and Curtis,
1989; Romero and Reed, 2005; Davis et al., 2008).
This hematological approach offers key advantages.
Compared to adrenal hormone levels, which can vary
quickly and need to be checked right away, white
blood cell counts stay stable for a longer time after
being checked, especially in ectotherms such as turtles
(Romero and Reed, 2005; Davis et al., 2008). As shown
in other studies, in contrast to many reptiles, the most
common leukocytes in M. leprosa are not lymphocytes,
but rather heterophils (Heatley and Russell, 2019).
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same result for M. leprosa in a Portuguese population,
where heterophils dominated the leukocyte popula-
tion at 61.53%, followed by lymphocytes at 28.89%.
The average lymphocyte value for the Brabtia popula-
tion is 28.11%, which is closer to the value found by
Marques et al. (2025) in turtles from Porto d’Abrigo in
Portugal. At the degraded site of Bouhamra, values are
similar to those reported by Hidalgo-Vila et al. (2007)
for Mauremys leprosa in Spain, with a high percentage
of heterophils (61.53%) and a low percentage of lym-
phocytes (12.25). However, Hidalgo-Vila et al. (2007)
did not provide information on the specific pollutants
or their concentrations. Instead, they focused on hae-
matological and biochemical parameters as indicators
of environmental influence. By contrast, the presence
of elevated levels of heavy metals such as manganese,
nickel, iron, arsenic, and lead, together with detectable
amounts of cadmium and mercury in Bouhamra, sug-
gests that toxicological stress is the main factor under-
lying the observed haematological alterations (Christin
et al., 1999; Sparling et al., 2010). Changes induced by
stress lead to an increase in the number of heterophils
while decreasing the number of lymphocytes. Given
that the numbers of heterophils and lymphocytes are
affected by stress in opposing directions, researchers
frequently regard this ratio as an indicator of the stress
response (Campbell, 1998; Santoro et al., 2020; Davis
et al., 2008; Maxwell, 1993). The average H/L ratio
value at the Brabtia site is 1.60, whereas at Bouhamra
it is strongly higher at 4.39. This significant difference
(p=0.00) suggests that stress levels are higher among
the population at the polluted site. At both sites,
sex-related differences in the H/L ratio were negligi-
ble, suggesting that environmental conditions exert a
stronger influence on immune modulation than sexual
dimorphism. Notably, at the polluted site, both males
(4.26 +1.10) and females (4.55 +0.80) displayed com-
parably high H/L values, underscoring the systemic
impact of pollutants across individuals. This leuko-
cyte profile shift is a well-documented physiological
reaction to chronic stressors such as pollution, infec-
tion, or habitat disturbance (Campbell, 1998; Santoro
et al., 2020). The percentage of eosinophils is higher
at the pristine site (12.68%) than at the degraded site
(2.89%), and there is a highly significant difference

between the two environments (p <0.001). As observed
in some pollution studies (Mitchell, 1982; Claver and
Quaglia, 2009; Kaiser et al., 2015), a decrease in eosin-
ophils in a polluted environment may suggest chronic
immunosuppressive stress, which can inhibit the nor-
mal production or mobilization of these cells. Such
responses have often been associated with exposure to
heavy metals, pesticides, and industrial effluents, all of
which are known to interfere with hematopoiesis and
immune regulation (Christin et al., 1999; Sparling et
al., 2010). The reduction in eosinophil counts therefore
appears to represent a sensitive biomarker of long-term
pollutant exposure, reflecting sublethal effects that may
compromise the overall health and disease resistance of
exposed organisms.

This difference could also be due to by the pres-
ence of the most widespread reptilian blood parasite,
Haemogregarina stepanowi Danilewsky, 1885, in the
population of the pristine site (personal communica-
tion). This factor may explain the higher percentage
of eosinophils at this site, given that these cells are
linked with defenses against parasites (Rupley, 1997;
Kiesecker, 2002). A significant difference (p<0.001)
was also observed between populations at polluted and
pristine sites in monocyte percentages. The percentage
of these cells is twice as high at the Bouhamra pollution
site (19.47%). The high proportion of heterophils and
monocytes, combined with a reduction in lymphocytes
(12.8%), suggests an increased mobilization of nonspe-
cific cellular defenses, which is typical of a degraded
environment.

Figure 3 shows the different blood cell types
observed in the blood smears of turtles. In individuals
from the Brabtia site (A, B), oval-shaped erythrocytes
with a central basophilic nucleus are visible, along with
several types of leukocytes: lymphocytes, monocytes,
heterophils, eosinophils, and basophils with gran-
ule-rich cytoplasm. In individuals from the Bouhamra
site (C), the same cell categories are present, partic-
ularly heterophils, together with nucleated thrombo-
cytes, often occurring in clusters.

Individuals from the polluted site had larger
erythrocytes (average length: 25.07 =0.21 pm; surface
area: 274.95+5.72 um?) than those from the unpol-
luted site (average length: 24.10+1.20 pm; surface
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Fig.3. Photomicrographs of peripheral blood cells of the Medlterranean pond turtle (Mauremys leprosa) stained with May-

Griinwald-Giemsa from Brabtia (A, B) and Bouhamra (C). Erythrocyte (Er); heterophil (H); thrombocyte (T); monocyte (M);

eosinophil (E); basophil (B) and lymphocyte (L) (© Frih A.).
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area: 260.97 £19.74 um?). However, nuclear dimen-
sions (NL and NW) and the NL/NW ratio were similar
at both sites, suggesting that nuclei are less sensitive
to environmental disturbances than the cytoplasm.
These values are significantly higher than those mea-
sured in other European populations. Perpifidn and
Sanchez (2009) found Mauremys leprosa turtles at
the Catalonian Reptile and Amphibian Rehabilitation
Centre in Barcelona, Spain, with erythrocytes measur-
ing 20.53+1.35 um in length and 11.01 £0.94 pm in
width. Nucleus values were also lower, at 6.81 +0.75
um in length and 5.40 £0.45 pm in width. In Turkey,
Mauremys rivulata also exhibited lower values: an aver-
age erythrocyte length of 19.3 pm, a width of 12.3 pm,
and a nucleus length of 6.7 ym and a width of 5.9 um
(Gicek et al., 2015). The same observation applies to
Emys orbicularis in Turkey, with erythrocytes measuring
20.1 pm in length and 12.7 pm in width. The nucleus is
7.2 um in length and 6.1 pm in width.

The nucleus-to-cytoplasm ratio (N/C) is a valu-
able morphometric indicator that reflects the balance
between the nuclear and cytoplasmic volumes of eryth-
rocytes. Recent advances in cell biology have empha-
sised the importance of the nuclear-to-cytoplasmic
(N/C) ratio as a key factor in determining cell function.
This ratio links DNA content with cell size, biosynthetic
capacity and cell-cycle progression (Balachandra et al.,
2022). Alterations to this ratio have been observed in
situations of cellular stress, such as oxidative damage
and toxic exposure, and are linked to reduced prolif-
erative capacity or the onset of senescence (Neumann
and Nurse, 2007; Levy and Heald, 2010). In aquatic
vertebrates, changes in nuclear morphology and the
N/C ratio have been documented as sensitive indicators
of contaminant exposure, particularly in environments
enriched with heavy metals and organic pollutants (Da
Silva Souza and Fontanetti, 2006; Cavas and Ergene-
Goziikara, 2005). In this study, the N/C ratio was slightly
higher in individuals of the species Mauremys leprosa
from the unpolluted site (Brabtia: 0.15+0.01) than in
those from the polluted site (Bouhamra: 0.14 +0.00).
This difference was statistically significant (p =0.028).
A lower N/C ratio may indicate cell enlargement result-
ing from cytoplasmic expansion, which can be caused
by environmental stressors such as exposure to pollut-
ants. These results are consistent with previous studies
on reptiles and other vertebrates, in which environmen-
tal contaminants have been associated with morpholog-
ical changes in erythrocytes, including a decrease in the
N/C ratio (Metin et al., 2006; Petrov and Stepanyan,
2016). Therefore, the observed reduction in the N/C
ratio in turtles from the polluted site could indicate
cytoplasmic hypertrophy, which is a sign of environ-
mental stress. Thus, integrating differential leukocyte
counts, the heterophil-to-lymphocyte ratio, and nucle-
ar-to-cytoplasmic measurements may provide a more
comprehensive assessment of the physiological stress
induced by chronic pollution in freshwater turtles.

5. Conclusion

Our results confirm that alterations in haema-
tological parameters can serve as ecological sentinels
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for diagnosing the impact of pollution on freshwater
turtle populations. Leukocyte profiles and erythrocyte
morphometric characteristics offer a dual, integrated
immunological and physiological approach to assessing
health status. It would be relevant to extend this anal-
ysis by considering other factors, such as age, season,
and specific pollutant concentrations. Future studies
could also explore gene expression associated with the
immune response to refine the interpretation of cyto-
logical data.
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Weakly basic fluorescent dye for vital
staining of calcium structures in living
organisms
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ABSTRACT. Vital dyes capable of staining developing skeletal elements made of carbonate or calcium
phosphate contain carboxyl groups that can interact with calcium ions. These dyes are in demand both
in research of the biomineralization mechanisms and in the tagging of fish and mollusks in ecological
and aquaculture experiments. At the same time, negatively charged dye molecules such as calcein do
not penetrate cell membranes well. This necessitates the use of high concentrations, which can cause
toxic effects and non-specific staining. This article describes an effective method for synthesizing a new
fluorescent dye, QE2, containing a weakly basic amino group and two carboxyl groups in the form of
methyl esters capable of hydrolysis in a weakly alkaline environment or under the action of enzymes.
The fluorescence of QE2 and its hydrolysis product significantly depends on the polarity of the environ-
ment, intensifying in a nonpolar environment with a simultaneous shift in emission from the green-blue
to the blue region. The dye is able to easily penetrate living cells, as shown by the example of dinoflagel-
late culture. Growing organisms with calcium skeletons (gastropods, fish) in the presence of QE2 leads
to fluorescent staining of growth areas (gastropod shell aperture, fish spine and fin elements). The QE2
dye can be used to track areas of calcium mineralization, assess the polarity of cell organelles, introduce
markers into fish for experiments in ecology and aquaculture, and stain cell cultures and skeletal ele-
ments for confocal microscopy studies.
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1. Introduction

The vital staining of skeletal elements of living
organisms with fluorescent dyes is used to monitor
growth, study the influence of various factors on organ-
isms, and investigate the mechanisms of biomineral
structure formation. In the case of organisms with a
siliceous skeleton (diatoms, sponges), compounds con-
taining substituents with electron-donating nitrogen
atoms at the fluorophore are used. These dyes easily
penetrate biomineralizing cells and bind to grow-
ing siliceous structures, allowing to trace the growth
of these structures (Annenkov et al., 2010; Kucki and
Fuhrmann-Lieker, 2012; Shimizu et al., 2001). Calcein,
alizarin, and tetracycline (Fig. 1) are used for staining
skeletal elements based on calcium carbonate or phos-
phate (Gonzalez-Pabén et al., 2021; Mount et al., 2004;

Prentice et al., 2006; Vidavsky et al., 2015). Such com-
pounds are in demand in environmental research and
aquaculture, where they are used to introduce fluores-
cent markers into the shells of mollusks and the fins of
fish. This allows the subsequent tracking of specimens
in their natural environment. The dyes are introduced
with food or into aquarium water in fairly high con-
centrations (20-500 uM) (Davis and Honeyfield, 2020;
Gao et al., 2024; Prentice et al., 2006; Ramesh et al.,
2017), significantly exceeding the concentration of
dyes in experiments with siliceous organisms (0.5-1
uM). Previously (Zelinskiy et al., 2023), we reported on
the synthesis of the coumarin dye QA2 (Fig. 1), which
effectively stains synthetic calcium carbonate and cal-
cium phosphate. Attempts to use QA2 at a concentra-
tion of 1 uM for in vivo staining of the shells of Baikal
gastropods Benedictia baicalensis were unsuccessful.
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Fig.1. Structures of calcium-specific fluorescent dyes.

The dyes for calcium structures described above
contain carboxyl and phenolic groups capable of bind-
ing with calcium ions. On the other hand, these groups
cause a negative charge on the dye molecules, which
prevents them from penetrating negatively charged
cell membranes. The use of high concentrations of dyes
results in nonspecific staining of organisms, includ-
ing soft tissues (Mohler, 2003) and fully formed cal-
cium structures, such as the central parts of mollusk
valves (Gao et al., 2024) and fin ray segments (Lii et
al., 2019). Moreover, the use of dyes in concentrations
of hundreds of mg/L or the introduction of compa-
rable amounts into feed may have toxic effects even
after brief exposure (Gao et al., 2024). To solve this
problem, it has been proposed (Tsien, 1981) to trans-
form the acidic groups into ester groups, making the
molecule neutral or even positively charged in the case
of calcein. Acetoxymethyl is proposed as a modifying
group, which is removed by enzymatic hydrolysis when
entering a living cell. In the case of calcein, the new
dye was named Calcein-AM and it is mainly used as a
reagent to determine the vital status of cells. Calcein
AM itself does not exhibit fluorescence, but it does so
in living cells, allowing them to be distinguished from
dead cells. Calcein AM is promising for visualizing cal-
cium structures in living cells (Sviben et al., 2016), but
examples of such works are few, which is due to the
high cost of the dye (200 dollars/mg or more). The use
of such an expensive dye is acceptable in cell cultures,
but impossible when working in natural environments
and aquaculture. In addition, the fluorescein fragment
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in calcein emits in the yellow-green region of the spec-
trum, overlapping with the autofluorescence of mol-
lusks (Delvene et al., 2022; Donaldson, 2020; Spires
and North, 2022) and algae (Schoor et al., 2015; Tang
and Dobbs, 2007), which may complicate the interpre-
tation of results.

The aim of this work was to synthesize a weakly
basic analogue of the coumarin dye QA2 (Zelinskiy et
al., 2023) containing ester groups capable of being con-
verted into acids under the action of the corresponding
enzymes. A synthesis strategy has been developed that
allows the target product (QE2, Fig. 1) to be obtained
in a single-step reaction without the intermediate for-
mation of QA2. The ability of QE2 to penetrate living
cells was studied using the dinoflagellate Gymnodinium
corollarium. The staining of calcium structures was
demonstrated using Baikal gastropods B. baicalensis and
Baikal lake-river whitefish Coregonus fluviatilis.

2. Materials and methods
2.1. Chemical reagents

Acetonitrile was HPLC grade (Cryochrom, St.
Petersburg, Russia). All other solvents and reagents
were reagent grade (Vekton JSC, Petersburg, Russia).
Ethanol (95 wt%) was refluxed with sodium hydrox-
ide and distilled. Ethyl acetate was washed with an
aqueous sodium bicarbonate solution, distilled water,
dried over anhydrous calcium chloride, and distilled.
Dichloromethane and n-hexane were stirred with con-
centrated sulfuric acid for 3 hours, washed with dis-
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tilled water, an aqueous sodium bicarbonate solution,
distilled water, dried over anhydrous calcium chloride,
and distilled. 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. Succinimidyl ester of 7-diethyl-
aminocoumarin-3-carboxylic and dimethyl L-aspartate
hydrochloride were prepared following the techniques
reported in (Berthelot et al., 2005) and (Thangavelu et
al., 2017), respectively.

2.2. Instrumentation

Absorption, excitation and emission spec-
tra were measured with SM-2203 spectrofluorime-
ter (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. The relative quantum
yield, Qs, of the sample can be calculated using the fol-
lowing equation (Levitus, 2020):

jZ

0. QR[[nt ](1—10 k

1-107%

where the subscripts S and R denote the sample and
reference respectively. Q, is the known quantum yield
of the reference standard, Int is the integrated fluores-
cence spectrum intensity, A is the absorbance of the
solution at the excitation wavelength (A_), and n is the
refractive index of the solution solvent. Fluorescein
disodium salt in 0.1 M NaOH was used as the reference
standard.

Light and fluorescent microscopy was performed
with MOTIC AE-31T inverted microscope with HBO
103 W/2 OSRAM mercury lamp. Excitation was per-
formed at 470 nm for green, yellow and red emission
and 365 nm for blue emission. A Moticam Pro 205A
camera was used to record the images.

Chromatographic  experiments were per-
formed with HPLC system Milichrom A-02 (EcoNova,
Novosibirsk, Russia) with a column ProntoSIL-120-
5-C18 (2 X 75 mm, 5 um) using gradient elution mode
with a 0.05 M phosphate buffer of pH 6.86 as eluent A
and acetonitrile as eluent B. The mobile phase’s compo-
sition changed as follows: 0-1875 L, 20-50% B; 1875-
2500 pL, isocratic condition, 50% B. Eluent flow rate
was set 0.150 mL/min, column temperature 35 °C, sam-
ple volume 10 pL, analysis time 16.7 min. Detection
wavelengths were 210 and 260 nm.

The 'H NMR spectrum was recorded in CDCI, at
room temperature on a Bruker DPX-400 spectrometer.
Chemical shifts (8 in ppm) were measured with accu-
racy of 0.01, and referred to TMS.

ng

b

R

2.3. Synthesis of dimethyl
2-(7-(diethylamino)-2-o0xo-2H-chromene-3-
carboxamido)succinate (QE2)

To a magnetically stirred solution of succinim-
idyl ester of 7-diethylaminocoumarin-3-carboxylic acid
(2.70 g, 7.53 mmol) in dry DMF (28 mL), dimethyl
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L-aspartate hydrochloride (1.49 g, 7.54 mmol) was
added at room temperature. After dissolution, triethyl-
amine (0.98 g, 9.7 mmol) was added to the mixture.
Stirring was continued for 8 hours and the reaction ves-
sel was put into a refrigerator (10°C). In 15 hours, the
reaction mixture was warmed to RT and quenched by
adding 450 g of 3.1% of potassium carbonate aqueous
solution and extracted with dichloromethane (4 X 100
mL). The combined extract was dried with anhydrous
potassium carbonate and concentrated with a rotary
evaporator. The reddish-brown liquid residue was sep-
arated by flash chromatography on a column (silica
gel 40-63 um, CH,Cl:AcOEt=8:2, R,=0.51) using a
SepaBean Machine T flash chromatograph. The target
fraction was concentrated under reduced pressure and
kept under rotary vane pump vacuum at 40-50°C for
3 hours to give QE2 (Fig. 2) as a yellow solid (1.11 g,
36%). 'H NMR (CDCl,, 400 MHz) & (ppm): 9.57 (1H,
d, J=7.82 Hz, H-7), 8.67 (1H, s, H-6), 7.42 (1H, d,
J=8.80 Hz, H-5), 6.64 (1H, dd, J=2.44, 8.80 Hz, H-4),
6.50 (1H, d, J=1.96 Hz, H-3), 5.10 (1H, dt, J=3.72,
7.83 Hz, H-8), 3.79 (3H, s, H-10), 3.73 (3H, s, H-10),
3.46 (4H, q, J=7.01 Hz, H-2), 3.08 (1H, dd, J=4.89,
16.63 Hz, H-9) and 2.97 (1H, dd, J=5.14, 16.88 Hz,
H-9), 1.25 (6H, t, J=7.10 Hz, H-1).

2.4. Hydrolytic stability of QE2

The stability of QE2 to hydrolysis was studied in
aqueous solutions with pH 4.00 (acetate buffer, 0.05
M), 6.86 (phosphate buffer, 0.05 M), and 9.18 (borate
buffer, 0.01 M). Samples were prepared by adding a
methanol solution of the dye (0.25 mg/ml, 0.240 ml)
to 1.260 ml of the corresponding buffer until a final dye
concentration of 0.04 mg/ml (0.099 mM) was reached.
The solutions were left at room temperature (25°C)
in a dark place and analyzed by HPLC over time. The
proportion of dye remaining in the solution was deter-
mined as the ratio of the dye peak area (absorbance at
260 nm) to the total area of the dye peak and the peaks
of the decomposition products.

2.5. Staining living organisms with QE2 dye
2.5.1. Dinoflagellates

The strain G. corollarium SCCAP K-0983 was iso-
lated from the northern part of the Baltic Sea, Sweden
(Sundstrom et al., 2009). The monoculture was grown
on f/2-Si medium (Guillard and Ryther, 1962) based

CH3

\CH3

C

H3
@]
) 3
HaC~ 2
QE2
Fig.2. Structure of dye QE2.
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on artificial seawater (salinity 11%). Cultivation was
carried out in 25-50 ml plastic flasks at a temperature
of 4 °C and illumination of 13-21 umol'm?%s?! with a
day:night interval of 12:12 h. To study dye uptake into
cells, 5 ul of dye at a concentration of 100 uM was
added to 0.5 ml of medium with dinoflagellates, and
dye uptake into cells was studied using a fluorescence
microscope.

2.5.2. Gastropods

B. baicalensis gastropods were collected by divers
at a depth of 10-30 m in the vicinity of Listvyanka vil-
lage. The mollusks were kept in three 3.6-liter aquariums
with constant aeration at a temperature of 9°C and fed
with filamentous Baikal algae. At the beginning of the
experiment, 12 individuals were placed in each aquar-
ium. Lighting was provided by daylight without direct
sunlight, with a daylight intensity of 3-6 yumol'm?%s!
(May-July 2025).

After acclimatization for 7 days, an experiment
was started to stain the shells with two dyes, QA2 and
QE2, with the third aquarium serving as a control. Dyes
were added to aquariums No. 1 and No. 2 to a concen-
tration of 1 uM. Every week, 1.5 liters of water from the
aquarium was replaced with 1.5 liters of fresh Baikal
water, adding dyes to a concentration of 1 uM.

2.5.3. Fish

In this experiment, 6-month-old C. fluviatilis fry
measuring 3.5 to 6 cm in length were used. The dye
was administered both as an additive to the feed and
directly into the aquarium. The fish were kept in glass
aquariums at a temperature of 13°C with 12/12 day/
night lighting cycles and constant aeration. Fifty per-
cent of the water was replaced six times a week.

The feed was prepared by evenly moistening dry
feed (LLC “NPK Ruslo”, Russia, malt, for whitefish and
salmonids, size 0.3 mm) with a solution of QE2 in ace-
tone (concentration 2 mg/ml) and then drying it in a
vacuum at 35°C. After drying, the feed was impregnated
with an aqueous solution of sodium alginate (0.05% by
mass) and dried in a vacuum at 35°C. After drying, the

of 1.5 g per day (50% in the morning and 25% in the
afternoon and evening).

When the dye was added to the aquarium, the
water volume was 20 liters, the number of fish was 4,
and the water change and feeding regime were similar
to the previous experiment. The dye stock solution in
DMSO (1 mM, 404.4 mg/L) was added every morning
(5 mL) after the water change, diluting the stock solu-
tion in 1 L of water. On the first day of the experiment,
10 mL of the dye stock solution was added. The dye
concentration in the water was 1 uM (404.4 pg/L).

3. Results and discussion

QE2 dye was prepared by the reaction of succin-
imidy] ester of 7-(diethylamino) coumarin-3-carboxylic
acid with dimethyl L-aspartate hydrochloride (Fig. 3).
The structure of the new dye was confirmed by 'H NMR
spectroscopy, and its purity was confirmed by HPLC. A
study of the dye’s behavior in water (Table 1) showed
that it is sufficiently stable in neutral and slightly acidic
environments, whereas in alkaline medium (pH=9.18)
it degrades by 50% within 4 hours.

The absorption, excitation, and emission spectra
of the new dye (Figs. 4 and 5) are close to those of the
QN2 and QA2 dyes (Annenkov et al., 2019; Zelinskiy et
al., 2023). The main absorption peak is in the 400-460
nm range with a shift to the blue region as the polarity
of the solvent decreases in the water-ethanol-hexane
row. The excitation and emission spectra behave sim-
ilarly. In the case of hexane, additional peaks appear
in the absorption and emission spectra. The quantum
yield of fluorescence decreases sharply with increasing
polarity of the medium (Table 2). Similar phenomena
have been observed previously for coumarin-contain-
ing dyes (Annenkov et al., 2019 and references in this
article) and were explained by the influence of the
solvent on the aromatic system and an increase in the
probability of non-radiative relaxation of the excited
state of molecules in polar solvents.

Table 1. Change in the content of dye QE2 in solution,
% of initial content

feed was passed through a sieve with a pore size of .
0.31 mm. The content of QE2 dye in the fish feed was Time, b pH .00 pH 6.86 pH9.18
2 mg/g (4.94 pmol/g), and sodium alginate was 0.69 2 100 o8 63
mg/g. 4 100 - 51
The aquarium used for the experiment involving 24 100 94 6
the addition of dye to the feed contained 80 liters of
water and 12 fish. The feed was administered at a rate 5 days S i '
CH
o--"3
O (@]
N(Et)s o
/@rk In DMF CH3 X H
HCI* HoN ~ENHCT )N oo ~CH,
HaC “CH, HyC QE2

Fig.3. Scheme of dye QE2 synthesis.
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Table 2. Spectral characteristics and relative fluorescence quantum yield (Q) for QE2

Solvent Excitation wavelength, nm € (x10° L'mol!-cm)* Q, %
Water 433 38.09 2.2
95% ethanol 423 39.84 11.1
hexane 405 40.31 99.3

Note: * Extinction coefficient for excitation wavelength

The ability of QE2 dye molecules to penetrate liv-
ing cells was evaluated using G. corollarium dinoflagel-
late cells (Fig. 6). When QE2 was added to the culture
medium at a concentration of 1 uM, a characteristic
blue fluorescence of the cells was observed. In the case
of the acidic dye QA2, no cell staining was observed.
Coumarin-containing dyes are capable of lumines-
cence in the green region of the spectrum (Annenkov
et al., 2019; Zelinskiy et al., 2023), but only blue flu-
orescence was observed when staining dinoflagellates.
The green region of the spectrum is located above 500
nm, and when transferred to a nonpolar solvent, the
luminescence shifts to a shorter wavelength region,
suggesting that QE2 is located in nonpolar vesicles. A
sharp increase in the quantum yield of fluorescence
in a nonpolar medium (Table 2) makes it possible to
observe the luminescence of cells without removing the
dye from the medium, which is a problem when using
rhodamine dyes.

Cultivation of Baikal gastropods B. baicalensis in
a medium with 1 pM QE2 added (Fig. 7) resulted in the
appearance of characteristic blue fluorescence of the
shell on the side of the aperture, where the shell growth
occurs. When fluorescence is excited by light with a
wavelength of 470 nm (Fig. 7C), a red-yellow-green
fluorescence of the shell is observed, noted both in the
control group and when using the QA2 dye. These facts
indicate the need to use dyes with blue fluorescence to
detect calcium-mineralizing structures.

The keeping of C. fluviatilis fish in the presence
of QE2 dye, added either to feed (2 mg/g) or to the
aquarium (1 pM), resulted in fluorescent staining
of the fish (Fig. 8). Observation of whole organisms
(Fig. 8B) is hampered by light scattering, including
on the protective slime layer covering the bodies of
fish. Nevertheless, the fluorescence of the caudal fin
and spine can be noted. Fluorescence in the abdomi-

nal cavity is probably associated with the presence of
dye-containing feed. Mechanical removal of muscle
tissue (Fig. 8C) allows for a clearer view of the stain-
ing of the spine and fin. Microphotographs of a more
purified preparation (Fig. 8D-G) also indicate a signifi-
cantly brighter fluorescence of samples with QE2 com-
pared to the autofluorescence of control preparations.
In the case of the caudal fin (Fig. 8H-J), the boundaries
of the bone segments are stained, especially the joints
between segments (Fig. 8J). In contrast to the action
of high concentrations of acidic dyes (Lii et al., 2019),
there is no nonspecific staining of previously formed
bone segments. The introduction of dye into aquarium
water led to similar results with a significantly higher
reagent consumption (2.02 mg per fish per day com-
pared to 0.25 mg when QE2 was added to the feed).
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Fig.4. Absorption spectra of QE2 solutions in various sol-
vents: (1) — water, (2) — ethanol, (3) — hexane. Concentration
10 pM.
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Fig.5. Excitation and fluorescence spectra of QE2 solutions in water (A), 95% ethanol (B), and hexane (C). Monochromator
slits 5 nm (input) and 5 nm (output). Dye concentration 10 uM. Excitation spectra were measured for fluorescence at 478 (A),
466 (B), and 437 nm (C). Excitation wavelengths, in nm: (1), (3) — 260, (2) — 428, (4) — 420, (5) - 242, (6) — 256, (7) — 355, (8)

- 374, (9) - 385, (10) — 403.
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Fig.6. Mlcrophotographs of dinoflagellate G. corollarium Fig.7. Visible (A, B, and E) and fluorescent (C, D, F, and
5 min after adding QE2 dye at a concentration of 1 pM. Scale E) microphotographs of B. baicalensis gastropod shells culti-
bar: 10 pm. vated in the presence of 1 uM QE2, viewed from the aperture.

A-D - cultivation for one month, E-G — two months. Scale bar:
500 (A, E, and F) and 100 (B-D and G) um.

! II|I|H-\’HHWW]Illl‘I|I||1q\‘I'l|||||\l\“‘\lqlllilw m\ |I||||”||“” ‘H”‘H ||H| .
w1 2 3_4‘567 8

Fig.8. Photographs of C. fluviatilis fish under natural lighting (A) and under LED lighting with a wavelength of 365 nm (B,
C). C - fish skeletons after mechanical removal of muscle tissue. The upper image refers to a specimen from the control group,
the lower one - from the experimental group, after cultivation for 14 days with feed modified with QE2 dye. D-J — fluorescent
microphotographs: of the spine (D-G) and caudal fin (H-J) after cleaning by soaking in water at 100°C for 5 minutes. D and F —
control group samples, images in pairs D-E and F-G were obtained with the same microscope video camera settings. Scale bar:

500 (D-G and H-I) and 100 um (J).
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4. Conclusions

An effective method has been developed for syn-
thesis of the new fluorescent dye QE2. It contains a
weakly basic amino group and two carboxyl groups in
the form of methyl esters, which are capable of hydro-
lysis in a weakly alkaline medium or under the action
of enzymes. The dye is able to easily penetrate living
cells, as demonstrated by the example of dinoflagellate
culture. Cultivation of organisms with calcium skele-
tons (gastropods, fish) in the presence of QE2 leads to
fluorescent staining of growth areas (gastropod shell
apertures, fish spine and fin elements). The fluores-
cence of QE2 and its hydrolysis product QA2 (Zelinskiy
et al., 2023) significantly depends on the polarity of the
environment, intensifying in a nonpolar environment
with a simultaneous shift in emission from the green-
blue to the blue region.

Thus, the QE2 dye can be used to track areas of
calcium mineralization, assess the polarity of cell organ-
elles, tag fish for experiments in ecology and aquacul-
ture, and stain cell cultures and skeletal elements for
confocal microscopy studies.
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CAa600CHOBHLIM PAYOPECLEHTHDbIN

KPacuTeAb AAA NPMXU3IHEHHOW OKPacKH FRESEIWATER
KaAbLMEBbIX CTPYKTYP B )KHBbIX BIOLOGY
opraHusmMmax -

3enunckuu C.H.*", [lTanunosuesa E.H.", I'neizuna O.10.", Cyxanosa JI.B.",
CtpenoBa M.C.”, ITanpmus B.A.”,| AHHeHKOB B.B."|

JlumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickoti akademuu Hayk, 3 ys. Ynan-Bamopckas, Hpkymck, 664033,
Poccua

AHHOTAILIUS. [Ipuxu3HeHHble KpacUTEW, CIIOCOOHBIE OKpamKBaTh (GOpMUPYIOMINECS CKeJeTHhIe
3JIeMeHTHl U3 KapOoHarta uiu ¢ocdara Kajablusd, cofepXaT KapOOKCUJIbHEIE I'PYNIbI, CIIOCOOHEIE K B3a-
MMOJIEHCTBUIO C MOHAMU KaybluA. JJaHHbIe KpacuTesd BOCTpeOOBaHb! KaK B HMCCJIeOBAHUAX MeXaHU3-
MOB OMOMUHepaJIU3alyy, TaK 1 IIpU BBeIeHUU METOK B PBIO 1 MOJIIIOCKOB IIPU 5KOJIOTMYECKUX U aKBa-
KyJIbTYPHBIX dKCIIepUMeHTax. B To xe BpeMs, MOJIEKYJIbl KpacuTesieli, Hecyliie OTpUIlaTeIbHBIN 3apsy,
HanpuMep, KajbllelHa, IIJI0X0 IPOHUKAIOT yepe3 KJIeTOYHble MeMOpaHbl, YTO NPUBOAUT K HEOoOX0oau-
MOCTHU HUCIOJIb30BaHUA BBICOKUX KOHI[EHTpaluli, BEI3BIBAIOMINX TOKcHYeckue 3GdeKTH U Hecnenuduye-
CKyI0 OKpacKy. B naHHO! craThe paspaboTaH 3 ¢eKTHBHBIN MEeTO[ CUHTe3a HOBOTrO (JIyopeciieHTHOIO
kpacurtesisi QE2, comepxkaiiero c1abooCHOBHYI0 aMUHOI'PYIIY U [Be KapOOKCUJIbHbIE I'PYIIHI B (hopMe
METUJIOBBIX 3UPOB, CIIOCOOHBIX K TUAPOJIN3Y B CJIAOOMIEIOYHON cpejie Win No[ AelicTBrueM depMeH-
ToB. ®ayopecneHiysa QE2 u npoaykTra ero ruposysa Cyl[eCTBeHHO 3aBHCUT OT IIOJIADHOCTH CPeAbl,
YCUJINBAsACh B HEMIOJIAPHOM OKPYK€HHNH C OJHOBPEMEHHBIM CMellleHreM HCIy CKaHUA U3 3eJIEHO-T0JIy00i
B CHHIOI0 00J1acTh. KpacuTtess ciocobeH jierko NpOHMUKAaTh B JKMBbIE KJIETKH, YTO [TOKa3aHO Ha IIpuMepe
KyJIbTYpBl AuHOGJIaresuiAT. KyapTuBupoBaHre OpraHu3MOB C KaJIbLEBBIMU cKejleTaMi (racTpOIoAs,
pBIOBI) B mpucyTcTBUU QE2 mprBOAUT K (PJIyopecreHTHOMY OKpallMBaHUIO 30H pocTa (yCTbs paKOBUH
racTpoIoJi, 3JIeMeHTHl CKejleTa U IUIaBHUKOB pbi0). Kpacutens QE2 mokeT HalTH NpHUMeHeHUe I
OTCJIeXXUBAHUA 30H KaJIbLIeBON MUHepaJIn3alyu, OLeHKU IOJIIPHOCTH KJIETOYHBIX OpraHeJuUl, BBeJe-
HUA METOK B PBIOBI 17151 5KCIIEPUMEHTOB B 00J1aCTH 5KOJIOTUM U aKBaKyJIbTyp, OKpalINBAaHUA KJI€TOUHbIX
KyJIbTYp U CKeJIETHBIX 3JIEMEeHTOB [AJIA hCCJIe0BaHU MeTOAO0M KOH(POKaJIbHON MUKPOCKOINH.

Kitiouegsie cstoda: GryopecueHIysi, BUTAJIBHBIN KPaCUTEb, KyMapUH, KaJIbI[€BBIE CKEJIEThI, JUHOMIIAre IJIATHI,
racTPOIOIbl, CUTOBBIE PHIOHI

A nutupoBanua: 3enuHckuil C.H., Janunosnesa E.H., I'meizuna O.10., Cyxanosa JI.B., CtpenoBa M.C., [Tagpmuu B.A.,
AnneHkoB B.B. C1a000CHOBHBIN (JIyOPECLIEHTHBI KpacuTesb A NPUXA3HEHHON OKPAaCKU KaJIbLIMEBHIX CTPYKTYP B KHBBIX
opranusmax // Limnology and Freshwater Biology. 2025. - No 6. - C. 1289-1304. DOI: 10.31951/2658-3518-2025-A-6-1289

1. Beepenue HUKaIT B OMOMHHepaIu3upyoliie KJIeTKH U CBA3BI-

BAIOTCA C PACTYIUMH KPEMHUCTHIMH CTPYKTypaMu,

IIpyXy3HeHHOe OKpalliBaHUe CKeJIeTHBIX 3Je- YTO TO3BOJIAET MPOCTEXHBAT POCT 3THX CTPYKTYD
MEHTOB XMBbIX OPraHHU3MOB (JTyOPeCIeHTHRIMH Kpa- (Annenkov et al., 2010; Kucki and Fuhrmann-Lieker,
CUTEAIMHA - UCHOJIB3Y€eTCA U1 MOHMTOpUHIA  pOCTa, 2012; Shimizu et al., 2001). [ OKPacK¥ CKeJIETHBIX
M3yueHUs BJMAHUA PasHBIX (GAKTOPOB HA OPraHU3MBI, 5JIEMEHTOB HA OCHOBE KapGOHaTa WM (ocdara Kab-
a TaKxe IIpY HCCJIeJOBAHNY MeXaHU3MOB 06pa3oBaHUsA LIUA TIOJTYUELTH PACTIPOCTPAHEHHE KATBIIEHH, ATH3APHH
GHOMUHEpPAJIbHBIX CTPYKTYp. B ciydYae opraHusmMoB u Terpanuiynd (Puc. 1) (Gonzalez-Pabén et al., 2021;
C KPEMHHCTHIM CKeJIeTOM (IMaTOMOBbIe BOIOPOCIIH, Mount et al., 2004; Prentice et al., 2006; Vidavsky et
ryOKH) NIPUMEHAIOTCA COeIMHEHHS, CO/IepXallie 3aMe- al., 2015). ITomo6HBIE COeAMHEHHA BOCTPEOOBAHBI B
CTUTETN € 3JIEKTPOHOAOHOPHBIMU  aTOMaMK  a30Ta 5KOJIOTUYECKUX MCCIIe[JOBaHUAX U paboTax B 067acTu
npu dryopodope. [lanHble KpacuTeNM JIErKO Mpo- aKBaKyJIbTYp JiA BBefleHHsA (JIyOpecleHTHHIX MeTOK
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Puc.1. CtpykTypHBle GOPMYJIb KaJbIUI-clIeqUDUUHBIX (JIyOpecleHTHBIX KpacuTesen.

B MAHLUMPU MOJUTIOCKOB, IJIABHUKU PBHIO AJIA MOCJIeLdy-
I0I[er0 OTCJIeXXUBaHMA 0cobell B MPHUPOOHON cpepe.
Kpacutenu BBOAATCA C KOPMOM WJIM B aKBapUaJIbHYIO
BOJIy B JIOCTAaTOYHO BBICOKMX KOHNeHTparuax (20-500
MkM) (Davis and Honeyfield, 2020; Gao et al., 2024;
Prentice et al.,, 2006; Ramesh et al., 2017), 3Hauu-
TeJIbHO IPEeBBIMAKIINX KOHIIEHTPaLWI0 KpacuTeseil B
dKCIIepUMEHTaX ¢ KpeMHHUCTHIMHU opranusmamu (0,5-1
MKM). Panee (Zelinskiy et al., 2023) Mb coo6manu o
cHUHTe3e KyMapHuHoBoro kpacurensa QA2 (Puc. 1), koTo-
PBIIl XOPOIIIO OKpalllMBaeT CMHTeTUYeCKUI KapOoHaT U
docdar kanbiuA. [ToneiTku nucnoap3oBatb QA2 B KOH-
neHtpauuu 1 uM Ajia NpUXU3HEHHON OKpacKu MaHIU-
petli Gatikanbckux racrponoy Benedictia baicalensis oka-
3aJIMCh HeyJauyHbIMU.

OnucaHHbIe BBIIEe KpacUTeIU AJIA KaJibI[MeBbIX
CTPYKTYp cojepxaT KapOOKcuJibHbieE U (eHOJIbHbIE
TPYIIIbI, CIIOCOOHBIE K CBA3BIBAHMIO C MOHAMM KaJlb-
uud. C Opyro CTOPOHBI, 3TU IPYHIE 00YCJIOBJINBAIOT
oTpullaTeJbHBIN 3apAA MOJIEKYJI KpacuTeJiel, 4To mpe-
MATCTBYeT UX MPOHUKHOBEHHUIO uUepe3 OTpUIlaTeIbHO
3apsokeHHBble KJIeTOUHble MeMOpaHbl. McroJib3oBaHue
BBICOKUX KOHI[EHTpAI[UMl KpacuTejeil NPUBOOUT K
Hecrnermuuieckol oKpacke OpraHU3MOB, BKJTIOUAsA MAT-
kue Tkanu (Mohler, 2003) 1 MOJTHOCTHIO cHOPMUPOBAH-
HbIe KaJIbli1ieBble CTPYKTYPHI, HAIpUMep, lieHTpabHbIe
YyacTH CTBOPOK MoJLTiockoB (Gao et al., 2024) u cer-
MeHTHI JTyueli iaBHuKoB (Lii et al., 2019). Kpome Toro,
WUCIIOJIb30BaHNe KpacuTesiell B KOHIIEHTpaluu COTeH
MT/JI U BBeJleHUe COTIOCTaBUMEIX KOJUYECTB B KOPM
MOXeT OKa3zaTh TOKCHYeckoe BO3elCTBHE Oaxe NpuU
HEeMpOo0/IXUTeIbHOM KOoHTakTe (Gao et al., 2024). [
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pelreHus 3ToU mpobieMsl mpeioxeHo (Tsien, 1981)
TpaHCcPOPMUPOBATh KUCJIOTHBIE TPYIIBE B 3(MUPHBIE,
Jesiad MOJIEKYJly HeUTpasIbHOM WU Aaxe IOJIOXU-
TeJIbHO 3apsKeHHOH B cJiyyae KajibllernHa. B kauecTBe
MoANPUIMPYIOIIEN TPYIIHI MPeAJIoXXeHa alleTOKCUMe-
TUJIbHAsA, KOTOpAs MpPH MONAfJaHUU B XUBYI KJIETKY
yaassgeTrcsa 3a CuéT (pepMeHTAaTUBHOTO TuapoJn3a. B
cJIyJyae KajbllerHa HOBBIM KpacUTeJIb TOJIyYnsI HauMe-
HOBaHUe KajplerH AM U OH MCNOJIb3YeTCA, B OCHOB-
HOM, B KauyeCTBe peareHTa, IO3BOJIAIOIIETO IIOHATH
BUTAJIbHBIM cTaTyc KjeToK. Cam KasellenH AM He
ob6amaeT GyopeclieHIiuel, HO HaUMHaeT CBeTUThCA B
JKUBBIX KJIETKAX, YTO MO3BOJIAET OTJIMYATh UX OT MEPT-
BoIX. Kasibiien AM nepcnekTuBeH [JiA BU3yan3aluu
KaJIbIIEBBIX CTPYKTYP B KUBBIX KileTkax (Sviben et al.,
2016), HO mTpHMepH MOAOOHBIX PabOT HEMHOTOYMC-
JIEHHBI, YTO CBA3aHO C BBICOKOI CTOMMOCTBIO KpacUuTeJIA
(200 u Gosee mosmapoB/mr). McmoJsib30BaHUE CTOJIb
JOpOroro Kpacuresd AOMYCTUMO B ciiydae KJIETOYHBIX
KyJbTYyp, HO HEBO3MOXHO IIpU paboTax B MPUPOIHOMN
cpefde U akBakyJbTypax. Kpome Toro, ¢yopeciieiHO-
BBl (bparMeHT B KaJblieMHe U3JIydaeT B XEJITO-3eJIé-
HOI 00J1aCTU CIIeKTpa, NepeKphBasACh ¢ aBTOodJIyopec-
nennuei mosutiockos (Delvene et al., 2022; Donaldson,
2020; Spires and North, 2022) u Bogopoceti (Schoor et
al., 2015; Tang and Dobbs, 2007), uTo MoXeT 3aTpy.-
HUTb UHTEPIPETALNIO PE3yIbTATOB.

{espio maHHOI pabOTH ABJAJCA CHHTE3 cCJia-
OOOCHOBHOT'O aHajiora KyMapHHOBOT'O KpacHuTeJsid
QA2 (Zelinskiy et al., 2023), comepxaruero 3dup-
HBl€ TPYIIBL, CHOCOOHBIE K TPEBpalleHUI0 B KHCJIOT-
HBlE TOJ JeNCTBUEM COOTBETCTBYIOIIUX (EepMEHTOB.



BenuHckul C.H. u dp. / Limnology and Freshwater Biology 2025 (6): 1289-1304

PaspaboTaHa cTpaTerus CHMHTe3a, I03BOJIAIONIAA IIOJIY-
yath nesneBoil npoaykT (QE2, Puc. 1) omHocTaguiiHOM
peakuueii, 6e3 mpomexyTouyHoro obpazoBaHusa QA2.
H3ydeHa cnocobHOCTh QE2 NpOHUKATh B XUBBIE KJIETKU
Ha npumMmepe AuHobIareAr Gymnodinium corollarium.
OxpammuBaHie KaJbLMEBBIX CTPYKTYP IPOAEMOHCTPU-
POBaHO C MCIOJIb30BaHHEM OalKaJIbCKUX TracTpOIOf
B. baicalensis 1 6aliKaJbCKOTO 03epHO-PEYHOTO CUra
Coregonus fluviatilis.

2. MaTepuanbl U METOADI
2.1. XumuueckKkue peareHTbl

Joa BOXX ucnosp3oBasiy alleTOHUTPUII cOpTa
“0” («Kpuoxpom», Cankt-IleTepOypr, Poccus). Bce
ocTaJIbHble pacCTBOPUTEJIN U peareHThl ObLIN KBaIUhU-
kauuu “xu” (3A0 «BexTon», CaHkT-IleTepOypr, Poccus).
OtaHou (95 mac.%) KUIATUIN ¢ TUAPOKCUAOM HaTpus
Y TeperoHsuIM. JTujalneTraT IPOMBIBAJIM BOOHBIM pac-
TBOpOM OukapboHaTa HaTpus, JUCTUJLIMPOBAHHO
BOJOH, cymnau Hajg 0e3BOAHBIM XJIOPWAOM KasbIuA
U IeperoHANU. J[UxjgopMeTaH U H-TeKCaH IepeMellu-
BaJIU C KOHI[EHTPHUPOBAHHOI CEPHOM KUCJIOTOH B Teue-
HUe 3 4acoB, IPOMBIBAJIU ANCTUJUIMPOBAaHHON BOJOM,
BOJHBIM pacTBOpoM OukapOoHaTa HaTpusd, AUCTUJUIN-
POBaHHON BOJAOH, CyIIMJIM HaJ 0e3BOJHBIM XJIOPHJIOM
KasbluA U neperossanu. Jumerundopmamuy (AMDA)
BCTpAxuBay B TedeHre 30 MuHYT ¢ 6e3BoaubiM CuSO,,
dunpTpoBanu yepe3 BOPOHKY BloxHepa, eperoHAnu B
BaKkyyMe U BBIEPXHUBAJIM C MOJIEKYJIAPHBIMU CUTaMU
3A. Tpuatunamun cymwiu Hag CaH, U meperoHsuIu.
CyKUMHUMUAWJIOBEIY 3dup  7-AU3TUIIAMHHOKyMa-
pUH-3-KapOOHOBOI KMCJIOTH M TUAPOXJIOPUI AUMe-
Tui-L-acraprata noJyiydeHel IO MeTOAMKAM, OINKCAaH-
HbeIM B (Berthelot et al., 2005) u (Thangavelu et al.,
2017), cOOTBETCTBEHHO.

2.2. NMpubopbi

ChHekTpel  MOIJIOUIeHUs,  BO30yXOeHUA U
HUCIyCKaHUA U3MepAId Ha craekTpodJyopuMerpe
CM-2203 (3AO0 «Cnekrtpockonus, Ontuka u Jlazeps —
Asanrapausie Pazpabotku», Pecnybnuka Benapycs, T.
MuHck) B KBapleBol KioBeTe TomuHon 10 mM. B kaue-
CTBe MCTOYHMKA BO30yXAeHUs B IpHOOpe MCII0Ib30Ba-
Jlach UMIyJIbCHaA KCeHOHOBasA Jlamia. OTHOCHUTE IbHBIN
KBaHTOBHII BBIXO[ (JIyOpecleHIIMN pacCUYMTHIBAIN IO
dopwmyne (Levitus, 2020):

jZ

2oz

rae noacTpouHsle S 1 R 0603Hava0T KpacuTesib U CTaH-
JapT cpaBHEHWs. Q, - MU3BECTHbBIA KBAHTOBBIN BBIXO]
cTaHaapTa cpaBHeHus, Int — uHTerpaj cnekrpa ¢GJyo-
peclieHIInY, A — MOIJIoleHre IpYU JIMHEe BOJIHBI BO3-
OyxneHus ¢uyopecuenuun (A ), n — KodpduimeHt
IpeJIoMJIeHUs pacTBOpuUTesia. B kauecTBe crangapra
CpaBHeHUA MCII0JIb30BaI AVHATPUEBYIO COJIb (JIyo-
pecuenHa B 0,1 M NaOH.

CBeTOBYI0 U (JIyOpeCLeHTHYI0 MHUKPOCKOIIUIO
MIPOBOAWJIM C IOMOIIBI0 WHBEPTUPOBAHHOI'O MUKPO-
ckonma MOTIC AE-31T c pryrHoii samnoii HBO 103

S

b

1-10""*
1-10"

R
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W/2 OSRAM. [lsniiiHa BOJIHBI BO30YXAeHUA COCTaBJIANIA
470 HM AOJid KpacHOW, 3eJIEHOU U XKEJITOM 3MUCCUU U
365 HM [ cuHel sMmuccud. J[yia 3amucu usobpaxe-
HHI UCIIOJIb30BaIM kaMmepy Moticam Pro 205A.

AnanuTuyeckylo Xxpomarorpaduio IIPOBOAWUIN
¢ wucnosb3oBaHueM BDXX-cuctembl «Mwuianxpom
A-02» (OxoHoBa, HoBocubupck, Poccust) ¢ KOJOHKOM
ProntoSIL-120-5-C18 (2 X 75 MM, 5 MKM) B rpaJiUeHT-
HOM peXrMe 3JII0MpOoBaHusA ¢ ucnosb3zosanueM 0,05 M
docdartHoro 6ydepa c pH 6,86 B kauecTBe 3JII0€HTA
A u anetoHUTpUsa B KadecTBe syoeHTa B. Cocras
NOABMXHOM (a3pl M3MeHsICA ciaefylomuM o0pa3oMm:
0-1875 Mk, 20-50% B; 1875-2500 Mk, M30KpaTU-
yecky, 50% B. CKOpOCTh MOTOKA 3JII0€HTa COCTaBJIAIa
150 mxy/MuH, Temneparypa koioHku 35 °C, o6bem
npo6s1 10 Mk, BpeMs aHanu3a 16,7 MuH. JJJIMHBI BOJIH
JeTeKTupoBaHuA cocTaBann 210 u 260 HM.

'H AMP cnexTp 3anucanu ajis pactsopa B CDCI,
IIpY KOMHATHOI TeMIepaType Ha crniekrpoMetpe Bruker
DPX-400. Xumuueckue caBury (8 B M.JI.) U3MEPSIIU C
ToyHOCThI0 0,01 oTHOCcuTesbHO TMC.

2.3. Cunre3 AMMmeTHA 2-(7-(AN3THAAMMHO)-
2-0Kkco-2H-xpomen-3-Kkapbokcamupo)
cykuuHara (QE2)

K nepememuBaeMoMy Ha MarHATHOU MellajKe
pacTBopy CYyKUMHHUMUAWJIOBOro 3dupa 7-guaTuiia-
MHUHOKyMapuH-3-kapOoHOBO! kucjaotel (2,70 r, 7,53
MMoOJib) B cyxomM JM®A (28 M) npu KOMHATHOM
TeMIepaType J00aBUJIN THAPOXJIOPUA AuUMeTus-L-ac-
naprara (1,49 r, 7,54 mmous). [Tocne pacTBopeHUs K
cMecu nob6asuiu TpudtuiamuH (0,98 r, 9,7 MMoOJIB).
[lepememuBaHue MpojAoJDKalyd B TedeHHMe 8 Yacos,
3aTeM peaKIMOHHBIH CcOCyd NOMECTHJIM B XOJIO[WUJIb-
HUK (10 °C). Uepe3 15 4yacoB peakIMOHHYI0 CMeCh
HarpeJu [0 KOMHAaTHOM TeMIlepaTyphl, H00aBWJIM B
Heé 450 r 3,1% BoxgHOro pactBopa kapboHarta Kaaus
U MpPO3KCTparupoBanu guxjopMeraHoMm (4 X100 mui).
OObeWHEHHBII JKCTPAKT BBICYIIMJINW Oe3BOJHBIM
kapOoOHaTOM KaJlisA U CKOHILIEHTPHPOBaJId Ha POTOp-
HOM ucnapuresie. KpacHOBaTO-KOpPUYHEBHIN XUAJIKUN
OCTaTOK IOABEPIJIM pasfiesIeHuI0 MeToAoM (JIaNI-Xpo-
marorpaduu Ha KoJioHKe (cunmkaresib 40-63 MKM,
CH,Cl,:AcOEt=8:2, R,=0,51) ¢ nmomopio (pJIa1m-xpo-
maTtorpada SepaBean Machine T. LlesieByio ¢ppakuuio
KOHIIEeHTPUpOBaJIM IpHU IOHWXEHHOM [aBJIeHUUd U
BBIIEpXUBAJIM [IO[ BaKyyMOM MacJIAHOTO Hacoca IIpu
40-50 °C B TeueHue 3 uyacos, nosgyuuB QE2 (Puc. 2)

\CH3

QE2
Puc.2. Crpykrypa kpacuresna QE2.
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B BUJIe XKeJToro Teepaoro Bemecrsa. 'H AMP (CDCL,
400 MI'tp) 6 (m.4.): 9.57 (1H, d, J=7,82 Hz, H-7), 8.67
(1H, s, H-6), 7.42 (1H, d, J=8,80 Hz, H-5), 6.64 (1H,
dd, J=2,44, 8,80 Hz, H-4), 6.50 (1H, d, J=1,96 Hz,
H-3), 5.10 (1H, dt, J=3,72, 7,83 Hz, H-8), 3.79 (3H,
s, H-10), 3.73 (3H, s, H-10), 3.46 (4H, q, J=7,01 Hz,
H-2), 3.08 (1H, dd, J=4,89, 16,63 Hz, H-9) 1 2.97 (1H,
dd, J=5,14, 16,88 Hz, H-9), 1.25 (6H, t, J=7,10 Hz,
H-1).

2.4. YcronunBoctb QE2 K ruApOAN3Y

YcroiiuuBocTh k ruapoausy QE2 wusyvyanu B
BOAHBIX pacTtBopax ¢ pH 4,00 (aneraTHsiii 6ydep, 0,05
M), 6,86 (pocdaThsiii 6ydep, 0,05 M) u 9,18 (6opat-
Heil1 Oydep, 0,01 M). O6pasisl roroBuan gobasie-
HHUeM MeTaHOJIbHOro pactBopa Kpacurtenda (0,25 mr/
M, 0,240 M) k 1,260 M1 cooTBeTCTBYyIOIIero 6ydepa
J0 OOCTHXEHUA KOHEYHOH KOHI[eHTpalluu KpacuTeJid
0,04 mr/mn (0,099 mM). PacTBophl ocTaBjisu IpU
KOMHaTHOH Temmneparype (25 °C) B TeMHOM MecTe U
a”HanusupoBanmu MerogoM BOXKX Bo Bpemenu. Jlosio
KpacuTeJis, OCTaBUIErocA B pacTBOpe, ONpelesisasicA
KakK OTHOIIeHNe IOy NMUKa KpacuTesia (TorJolie-
Hue Ha 260 HM) K ob1iiell IJIomaau MuKa KpacuTesis u
MHMKOB IIPOJIyKTOB Pa3JIOKEHU.

2.5. OkpawuMBaHMe YXMBbIX OPraHM3MoB
Kpacuteanem QE2
2.5.1. Aunodnrarennarbi

IIItamMm G. corollarium SCCAP K-0983 Bbize-
JleH u3 ceBepHOH yacTu banrtuiickoro mops, IlIBenusa
(Sundstrom et al., 2009). MOHOKyJIbTypy BhIpaIly-
Basu Ha cpegne f/2-Si (Guillard and Ryther, 1962) Ha
OCHOBe MCKYCCTBEHHOI MOpPCKOM BOJbI (COJIEHOCTD
11%). KynpTHUBUpOBaHHE NPOBOAWIN B IIACTUKOBBIX
kosbax o6bémoM 25-50 mu npu temmnepatype 4 °C u
ocBeméHHocTy 13-21 MKMoOJIbM?%c! ¢ WHTepBajioM
JeHb: HOub 12: 12 4. ][5 n3y4yeHus BXOXACHUS Kpacu-
TeJsisA B KJIeTKy k 0,5 M cpefs! ¢ AuHOGJIaresiATaMu
[00aBJIAIN 5 MKJI KpacuTesis KoHLeHTpanuei 100 uM
U U3ydasju BXOXJEeHHe KpacuTessd B KJIETKU C IIOMO-
11610 QJTyopecieHTHOI0 MUKPOCKOIIA.

2.5.2. TacTponoabl

T'actpononel B. baicalensis cobupasuchk BOJO-
nazamu Ha riaybuHe 10-30 M B palioHe mnocénka
JIuctesaHka. MoJUTIOCKY colepkaid B TPEX akBapuyMax
06béMoM 3,6 J1 ¢ TOCTOSTHHOMH aspaiyeil BO3AYXOM Ipu
Temneparype 9°C, B KauecTBe KOpMa HCIOJIb30BaJd
HUTYaThle Oalikajbckue BoAopocau. B Havase skcre-
pHUMeHTa B KaKABIN akBapuyM IOMecTHId 1o 12 oco-
6eii. OcBellleHHe OCyI[eCTBJIAIN JHEBHBIM CBeTOM Oe3
NPsAMBIX COJIHEYHBIX Jiyyell ¢ MHTEHCHBHOCTBIO JHEB-
Horo csera 3-6 MkMoJIb-M2c! (Maii-utoys 2025 roga).

[locne akkiaMMaTH3aliy B TeueHWe 7 mOHeH
HayaT 3KCIepHUMEeHT 10 OKpallBaHUI0O PAaKOBUH ABYMA
kpacutesnamu QA2 u QE2, Tpetuil akBapuyMm ObLJT KOH-
TpoyieM. B akBapuymbel Nol u No2 6buiu JJoGaBjieHbI
Kkpacuteau A0 KoHneHTpauuu 1 uM. Kaxayio Heneo
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MeHsanu 1,5 1 Bomel U3 akBapuyma Ha 1,5 J1 cBexeil
6alikabCKOM BOJIbI, N06aBJsAA KpacUTeIn A0 KOHIIeH-
Tpauuu 1 uM.

2.5.3. Pbi6bI

B skcmepuMeHTe — MCHOJIB30BajJd  MaJIbKOB
C. fluviatilis B Bo3pacte 6 mecsleB, JJIMHON OT 3,5 10
6 cm. Kpacutens BBOAUIM Kak goOaBjeHHEM B KOPM,
TaK M HeNOCpeJCTBEHHBIM BBeJeHHeM B aKBapUyM.
PuIOBI comepxajnch B CTEKJIAHHBIX aKkBapuyMax, Npu
temmepaTtype 13°C co cMeHOI ocBellleHUs AeHb/HOYb
B pexuMe 12/12 npu MOCTOSHHON aspaiiiul BO3yXOM.
3ameHa 50% BOJbI IpOBOAMJIACEH LIECTh pa3 B HeAeJIio0.

[IpuroroBsieHNe KopMa OCYIIeCTBJIATN paBHO-
MepHBHIM cMauuBaHueM cyxoro kopma (OOO «HIIK
Pycno», Poccus, MasIbKOBBIH, [JIS CUTOBBIX U JiOcOCe-
BhIX pbiO, pasmep 0,3 mm) pactBopoMm QE2 B aneroHe
(koHUeHTpanua 2 Mr/mJi) U JajibHeHInel CymKoON B
BakyyMe nipu 35°C. Ilocsie BeICYyIMBaHUA KOPM IIPONU-
ThIBaJId BOAHBIM pacTBOpoM asibruHara Harpusa (0,05
Macc %) u BeicymuBaau B BakyyMe npu 35°C. Ilocie
CYLIKA KOPM IIPOINyCKaJIM Yepe3 CUTO C pasMepoM Iop
0,31 mm. ComepxaHue kKpacutensa QE2 B kopme miiA
ppi6 cocraBisio 2 Mr/t (4,94 pumosb/T), ajbruHaTta
"arpusd 0,69 mr/r.

AkBapuyM [J1A 3KCIIepUMeHTa ¢ BBe[leHHeM Kpa-
cutesia B KopMm comepxait 80 i Boawl u 12 preib. Kopm
BBOAWIIM 10 1,5 r B cyTku (50% yTpoMm u 1o 25% fHeM
U BeYepoM).

[Tpu nobaBieHNM KpacuTesid B akBapuyM o0beM
BO/JIbI cocTaBJisa 20 JI, KOJIMYEeCTBO PHIO — 4, cMeHa BOJbI
1 PeXHUM KOpMJIEHUS aHAJIOTMYHBI IIpefbIaylieMy dKC-
nepumeHTy. CTOKOBBIH pacTBop Kpacuressd B JIMCO (1
MM, 404,4 mr/n) nobaBssIn KaxXabll JeHb yTpoM (1o
5 MJI) ocJie CMeHBI BOJbl, pa30aBJiifsa CTOK B 1 J1 BOOHL.
B nepBbIil AeHb 3KcIieprMeHTa fo6aBuan 10 M1 CTOKO-
BOrO pacTBopa Kpacurea. KoHIleHTpanus KpacuTess B
BoJle coctaBysia 1 uM (404,4 mkr/n).

3. Pe3yAabTathbl M 06Ccy)xpeHue

Kpacurens QE2 mosiyueH myTteM peaknuu CyK-
qUHUMUAWIoBoro sdupa 7-(AUITUIAaMHHO) KyMa-
puH-3-kapOOHOBOI  KUCJIOTHL C TUAPOXJIOPHUIOM
aumetwil-L-acnaprara (Puc. 3). CTpykTypa HOBOIO
KpacuTeJisi MOATBepXkaeHa crekTpockonuen 'H AMP,
yncTtoTa — MetogoM BOXX. M3yueHune cocTosHua Kpa-
cureJia B BoJie (Tabaua 1) nokasaso ero J0CTaTOYHYIO
YCTOMYMBOCTh B HEHTpaJIbHOU U cJ1abOKHUCJION cpefie,
TorAa Kak B 1esouHoil cpefie (pH=9,18) oH pa3pyma-
ercsa Ha 50% 3a 4 yaca.

Ta6sauna 1. VameHeHue comepxaHusa kpacurensa QE2 B
pactBope, % OT UCXOIHOTO.

Bpewms, u pH 4.00 pH 6.86 pH 9.18
2 100 98 63
4 100 - 51
24 100 94 6
5 cyToK 92 82 -
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Puc.3. Cxema cuHTe3a kpacutesia QE2.
CnexTpnl NOrJIOHmEHUsA, BO30OYyXAEHUA U WCITy- JUT K BO3MOXHOCTH HAOJIIO[EHUS CBEYEHUS KJIETOK
ckaHusa HoBoro kpacuressa (Puc. 4, 5) OJM3KU K CIIEK- 0e3 yaaJsieHus KpacuTeJsis U3 CpeAbl, YTO IIpe/iCcTaBJisaeT
TpaMm Kkpacuresieii QN2 u QA2 (Annenkov et al., 2019; onpefeIEHHYI0 nTpobJieMy IPHU HCIIOJIb30BAHUU poJa-

Zelinskiy et al., 2023). OCHOBHO!l NHK INOTIJIOIIEHIS MHHOBBIX Kpacuresen.
HaxogutcA B obsactu 400-460 HM CO COABUTOM B TOJIy-
Oyio o0JacTb NMpU MOHWXEHUU MOJIAPHOCTHU PacTBOpU-
TeJlsl B pAAY BoJa — 3TaHOJI — rekcaH. AHaJOrMYHBIM
obpazoMm BenyT cebs creKTphl BO30OYXJeHUS U HCITY-
ckaHusa. B ciyyae rekcaHa B cHeKTpax IIOTJION[eHUA
Y WUCIYCKaHUA IPOSABJIAIOTCA AONOJHUTEJIbHBIE MHKU.

Ta6suna 2. CnekTpajibHble XapaKTepHUCTUKU U OTHOCU-
TeJIbHBII KBAaHTOBBIN BEIX0[ (iryopeciieHuuu (Q) ansa QE2

KBaHTOBEIN BBIXO[] (PITyOpecIieHINN Pe3KO MOHMKAEeTCs PactBopuTesb| JlIMHA BOJIHBI € Q,
IIpM MOBBIIEHUM NOoJIApHOCTH cpefpl (Tabiuma 2). BO36y>xaeHus, HM|(x102 srmoimp-eM)*| %
AmnasiornuHsle ABJleHUs HabII0aInCh paHee AJ1A KyMma- Bona 433 38,09 2,2
puH-coAepxamux Kpacuresei (Annenkov et al., 2019;
U JiuTepaTypa B 3TON CTaTbhe) U OOBACHAIUCH BJIUSA- 26 BTEL A e A Lol
HUEM pACTBOPUTEJIA Ha ApOMAaTHUYECKYI0 CHUCTEMY U reKcaH 405 40,31 99,3
MOBHIIIEHNEM BEepPOATHOCTU Ge3bI3TyvaTesIbHOM peJjlak- IMpumevanue: * KoadpOUuMeHT SKCTUHKLNAN AJIA AJIMHBL
canuy Bo30yXJIEeHHOI0 COCTOSHUA MOJIEKyJl B IOJIAp- BOJIHBI BO30YXX/eHVs1
HBIX PaCTBOPUTEJIAX.

B03MOXHOCTb IPOHUKHOBEHUS MOJIEKYJI Kpacu-
Tesss QE2 B xkMBbIe KJIETKU OlleHeHa C MCII0JIb30BaHUEM
kJeTok auHodiareiar G. corollarium (Puc. 6). Ilpu
nob6aBieHUU B KyJIbTypajbHyI0 cpeay QE2 B KOHIIeH-
Tpauuu 1 MxM Habs0anu xapakTepHoe CUHee CBede- 05
HUe KJIeTOK. B cirydae kucioro kpacuresisi QA2 okpamu- 4
BaHUA KJIeTOK He HaOsmomanu. KymapuH-comepxaiiie . B 3) M
KpacuTeJi ClIOCOOHBI K CBEUEHHIO B 3eJIEHOM 0bJ1acTu 03
cnektpa (Annenkov et al., 2019; Zelinskiy et al., 2023), el
HO IIpY OKpAIlMBAHUU AMHOMJIATEUIAT HaGJII0AaIn § 02
TOJIBKO CUHIOI0 (uiyopecieHnuo. 3ejiéHasa 00J1acTh 01

creKkTpa pacnoJioxeHa Beime 500 HM, a Ipu nepexofe
B HeNOJIAPHBIN pacTBOPUTENb CBeueHUe CABUIaeTcs 0
B Oojilee KOPOTKOBOJIHOBYIO 00JIaCTh, YTO MO3BOJIAET
MPeAIoJIOKUTE HaxoxaeHrne QE2 B HeMOJIAPHBIX Be3U-
KyJiax. Pe3koe moBblllleHie KBAaHTOBOI'O BhIxofa (iiyo-
peclieHI[UM B HemnoJisipHOU cpefie (Tabiuma 2) npuso-

200 300 400 500 600 700
A, HM
Puc.4. CrnexTphl norjomeHusa pactsopos QE2 B pasiny-
HBIX pactBopuressix: (1) — Boma, (2) — atanod, (3) — rekcaH.
Konnenrtpanusa 10 uM.

A 35 B 16 B 120 1
(4)
3 14 100 ]
(2) 12
2 25 ) ry
[} 5 5 80 4
2 g 10 g
24 I I
S S 8 3) S 601
215 9 ) 9 3
e g 6 g
I - I 40 A
< 14 = =
4
0.5 2 20 A
0 Ll T T T T 1 0 4 0 T T T T 1
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700
A, HM A, HM A, HM

Puc.5. CrekTpsl Bo30yxaeHus u ¢iryopeciieHuun pactBopoB QE2 B Boze (A), 95% staHosie (B) u rekcane (B). Illes MmoHO-
xpoMaTopoB 5 (Ha Bxoa) u 5 (Ha Beixon) HM. KoHnenTparusa kpacutessa 10 uM. CnekTpsl Bo36yxeHUsA U3MepsIu i Giyo-
pectiennuu mipu 478 (A), 466 (B) u 437 um (B). JnuHb BoH Bo36yxaenus, B HM: (1), (3) — 260, (2) — 428, (4) - 420, (5) — 242,
(6) — 256, (7) — 355, (8) — 374, (9) — 385, (10) - 403.
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Puc.6. Muxkpodotorpaduu  guHOdIIAresIIAT Puc.7. Buaumsie (A, b u 1) u payopecientssie (B, I', E
corollarium yepe3 5 MuH nocJie A0GaBJIEHUS KPACUTEJIS QEZ B u X) mukpodoTorpadun pakoBuH ractponop B. Baicalensis
koHLeHTpanuu 1 uM. MacmTa6: 10 MKM. KyJIbTUBUPOBAHHEIX B npucyrcrsuu 1 uM QE2, Bupg co cro-

POHEI yCThbA. A-I' — KyJIbTUBHPOBAaHUE B T€UeHHE OAHOTO, /J-K
— nByx MecsaneB. Macmra6: 500 (A, J u E) u 100 (5-I' u X)
MKM.

4 ‘2 , 4 smo 8

Puc.8. ®ororpadum pei6 C. fluviatilis mpu ectecTBEHHOM OCBellleHUU (A) U MPU OCBEIEHUU CBETOAVOOM C JUHOU BOJIHBI
365 uM (B, B). B — ckesieTsl pbI6 IOCJIe MeXaHUYeCKOro yAaJjieHus MBIIIeYHBIX TKaHell. BepxHee m3o6paxeHue OTHOCUTCA K
9K3eMILIAPY 13 KOHTPOJIbHOM TPYIIIHL, HIDKHEe — U3 9KCIePUMEeHTAIbHOH, 1ocjle KyJIbTUBUPOBaHUA B TeueHUe 14 qHell ¢ Kop-
MowM, MoaubunipoaHHeM KpacutesieM QE2. I'-K — ¢uryopeciieHTHBIe MukpodoTorpadun: nozsoHoyHuka (I-)K) 1 XxBoCToBOro
iaBHUKa (3-K) mocjie o4ucTKYU BbliepxuBaHueM B Bofe 100°C B TeueHue 5 MuHyT. I' u E — o6pa3nbl KOHTPOJIBHOU T'PYIIIIHI,
nzobpaxenus B napax I'-/] u E-)K nojiyueHsl IpY OAMHAKOBBIX HACTPOMKax BUJieokaMephl Mukpockomna. Macmra6: 500 (I'-K u
3-1) n 100 mxm (K).
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BripamuBaHue 6alikajbCcKuxX racrpomof B.
baicalensis B cpenie ¢ no6asienniem 1 pM QE2 (Puc. 7)
MpUBeJIO K MOsIBJIEHUI0 XapaKTepHOU cuHell dJiyopec-
LIEHITUY PaKOBUHBI CO CTOPOHBI YCThA, I'Jle POUCXOOUT
eé pocrt. IIpu Bo30yxaeHnn (PJIyopecleHI[UN CBETOM C
AnuHou BosiHB 470 HM (Puc. 6C) HabiofgaeTcsa Kpac-
HO-XEJITO-3eJIEHOe CBeueHNe PaKOBUHBL, OTMedaeMoe
Kak B KOHTPOJIbHOM Irpynie, Tak U MPU HUCIOJIb30BAHNUU
kpacuresisi QA2. [TaHHble GaKThl yKa3blBalOT Ha He0O-
XOAUMOCTbh HCIIOJIb30BaHUSA KpacuTesel co cBeueHrueM
B CHHeN 00JIacTy AJ1A BBIABJIEHUS KaJIbLIUN-MUHepaIu-
3YIOIIUXCA CTPYKTYP.

Conepxanue pei6 C. fluviatilis B mpucyTCTBUU
kpacuresisa QE2;, nobassssemoro 6o B kopm (2 mr/r)
6o B akBapuyM (1 pM) npuBeso kK pJryopecrieHTHOMY
okpamwuBaHuo peid (Puc. 8). HabGmiogeHue IesIbHBIX
opraHuamoB (Puc. 8B) ocyioxHseTcs paccessHUEM CBETa,
B TOM 4MCJIe Ha 3allUTHON CJIU3U, TIOKpHIBAIOIIEN Tesia
pbi0. Tem He MeHee, MOXXHO OTMETHUTb CBeueHMe XBO-
CTOBOT'0 IJIaBHMKAa U MO3BOHOYHUKA. DIiyopeciieHNNs
B o0sacTu OpIOMIHOM IIOJIOCTU CBs3aHa, BEPOATHO,
C TPUCYTCTBUEM KOpMa, COJepXalllero Kpacuresib.
MexaHuueckoe yiajieHre MbllleuyHbIX TkaHel (Puc. 8B)
Mo3BoJisAeT OoJlee HaArJIAAHO YBUJAETh OKpacKy IMO3BO-
HOYHMKA U I1aBHUKA. MukpodoTorpaduu 6osee ouu-
meHHoro npenapara (Puc. 8I'-)K) Takxke yka3bBamT Ha
cyliecTBeHHO OoJiee sipkoe cBeueHue o0pasios ¢ QE2 B
cpaBHeHHU ¢ aBTo(dIyopeclieHI[ell KOHTPOJIbHBIX IIpe-
napartoB. B ciyudae xBocToBoro mnasHuka (Puc. 83-K)
OKpallleHHBIMU OKa3bIBAIOTCS T'PAHUIBI KOCTHBIX Cer-
MEHTOB, 0cOOeHHO coujieHeHHUs1 cermeHTOB (Puc. 8K).
B oTimume oT JelicTBUA BBICOKUX KOHIIEHTpAIUI KUC-
JotHeIX kpacuteiied (Lii et al.,, 2019) Hecnenuduye-
CKOT'0 OKpamnBaHus cOpMUPOBABIINXCs paHee KOCT-
HBIX CErMeHTOB He IPOUCXOUT. BBeieHUe KpacuTesis B
aKBapHaJbHYI0 BOJY IIPUBEJIO K aHAJIOTUYHBIM pe3yJib-
TaTaM MPU CYIIeCTBEHHO OOJIbIIIEM pacxo/ie peareHTa
(2,02 mr Ha omgHy pbIOy B JieHb B cpaBHeHuu ¢ 0,25 mMr
B cirydae fobasaeHus QE2 B kopm).

4. BoiBOADI

PazpaboraHn 5¢@eKkTUBHBIII MeTO[ CHUHTe3a
HoBoro (uyopecueHTHOro kpacuresnsa QE2, comepxa-
mero cjiabOOCHOBHYI0O aMUHOTPYIIly U ABe KapOok-
CUJIbHBIE Tpynnbl B (GopMe MeTHUJIOBBIX 3GUPOB, CIO-
COOHBIX K THIpOJIM3Y B cj1aboleI0UHON cpefie WK NOJ
JerictBueM (epmeHTOB. Kpacutesb crocoGeH Jierko
IIPOHUKATh B XKMBBlEe KJIETKM, YTO IOKa3aHO Ha IIpH-
Mepe KyJbTyphl AuHodaresiar. KyibTuBUpOBaHue
OpraHu3MOB C KaJIbI[IeBBIMU CKeJleTaMU (racTpOIOAH,
peiObl) B mpucytctBum QE2 mpuBomutr k duyopec-
L[EHTHOMY OKpallMBaHUIO 30H pocTa (yCTbs paKOBUH
racTpomnoji, 3JeMeHTH CKejleTa M IJIaBHUKOB PEIO).
dayopecuennua QE2 u npoaykra ero rupposmsa
QA2 (Zelinskiy et al., 2023) cymecTBeHHO 3aBUCUT OT
MOJIAPHOCTHU Cpefibl, YCUJIMBAACh B HENOJIAPHOM OKpY-
J)K€HUU C OJHOBPEeMeHHEBIM CMellleHeM HCITyCKaHUA U3
3eJIEHO-TOJIy00l B CHHIOI 00J1aCTh.

Takum obpasom, kpacuteab QE2 mMoxeT HailTu
IprYMeHeHUe [JIAd OTCJIeXKMBAHUA 30H KasblMeBOMH
MHUHepa/Ju3aluy, OLEeHKH [OJIAPHOCTU KJIeTOYHBIX
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opraHeJu, BBE€OAEeHNA METOK B pr6bI JAJ1A 3KCIIEPpUMEH-
TOB B 00JIaCTU 3KOJIOTHU U AKBaKyJIbTyp, OKpallrBa-
HUA KJIETOYHBIX KYJIbTYP W CKEJIETHBIX 3JIEMEHTOB OJIA
ncciaegoBaHuA METOAOM KOH(I)OKaJ'IbHOfI MUKPOCKOIINH.
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ABSTRACT. A primary goal of the current study is to conduct a complete survey of the diversity of
freshwater exotic fish in Midnapore, West Bengal, India, with special attention paid to their effects on
local fish species. Freshwater fish species from all the blocks in the three districts under study have been
surveyed. According to observations, there are 14 foreign freshwater fish species in the research region,
classified into 12 genera and 7 families. Two species, Barbonymus gonionotus and Piaractus brachypomus,
are recorded for the first time from the study area and are comparatively recent phenomena. Most exotic
fish species (12 species) were introduced in India as food fish for aquaculture purposes; two species were
introduced for mosquito control for their larvicidal feeding habits. Of the twelve food fishes, three are
also used in aquariums as pet fish among the residents of the study area. The ecological consequences of
the exotic fish species on local fish diversity is an added criterion of the present investigation. All species
in the study area have a complete set of distributional information. Thus, the focus of the current study
is on the exotic fish faunal diversity in the study area.
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1. Introduction through aquaculture, for sport fishery, mosquito con-

trol, weed control, ornamental purposes, etc., with suc-
cesses and failures. Larvicidal fishes, including Poecilia
reticulata and Gambusia affinis, were added in 1908
and 1928, respectively, to reduce mosquito larvae in
stagnant waters where they were not well established.
The ornamental fish species, which are imported to
our country, have progressive results in the aquarium
trade, but their insecticidal value did not reach a sat-
isfactory level. Because of human activity related to
pleasing, ornamental fish kept in aquarium tanks are
easily transferred into natural water bodies, but their
effects on the ecosystem have not been studied.

Exotic fish species were distributed around the
world for a number of reasons, such as (a) promot-
ing species diversity in aquatic systems and boosting
local fishery potential, (b) game fishing, (c) aquarium
fish keeping, and (d) preventing pests like mosqui-
toes (Kumar, 2000). Additionally, exotic fishes of one
country may spread to nearby countries via floods and
other causes. For this reason, the uncontrolled import
and introduction of aquatic species, particularly fishes,

Any species that a man has accidentally or inten-
tionally transferred from its native environment and
released is considered an exotic species (Kottelat and
Whitten, 1996). As per IUCN, an invasive species is an
alien species that establishes itself in naturally occur-
ring or partially naturally occurring ecosystems or
habitats, leads to a change, and poses a threat to the
native biological diversity of the area. All categories of
living organisms, including invasive or exotic species,
can be found in these widely dispersed habitats around
the globe (Raghubanshi et al., 2005). It has been more
than a century since exotic fish were first introduced
to Indian waters. While the country was under British
rule, such fisheries were possibly introduced for recre-
ational fisheries. Francis Day (1863) first tried to intro-
duce the brown trout (Salmo trutta fario) in the Nilgiri
region, but he was unsuccessful for the same purpose
(Jhingran, 1975). This was followed by the addition of
exotic fishes from various countries to more and more
water bodies of India for augmenting fish production
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caused alarm all over the world because it led to a
broad variety of problems, including the extinction of
native species. The invasive fishes seriously compete
with the indigenous species in relation to habitat and
food supply. They pose a threat to local fish popula-
tions, can spread disease-causing pathogens and par-
asites, can create hybrids, and can degrade aquatic
organisms’ genetic purity. Therefore, each and every
cause mentioned above is responsible for the loss of
local fish diversity (Nyman, 1991b). The optimum
threat not only affects the quantity of biodiversity but
also influences the socio-economy of the people, who
depend on the aqua-resources for their daily life main-
tenance (Philipp et al., 1995). Approximately 20% of
the world’s recorded freshwater fishes are either extinct
or are at the edge of extinction (Moyle and Leidy,
1992). In the long run, the addition of exotic species
may cause a highly deleterious problem. According
to Nyman (1991a), changes in the aquatic ecosystem
caused by the introduction of alien species have the
potential to be irreversible and may even result in
the extinction of several species. Welcomme (1988b)
reported that 168 fish species under 37 families were
introduced into its non-native habitats, and as less as
67 species became permanent inhabitants in different
water bodies, among which 27 species turned into real
pests.

India is one of the countries with the highest bio-
diversity, having 1027 different species of freshwater
fish (Gopi et al., 2017). According to Mogalekar et al.
(2017), the West Bengal state is home to 267 different
species of freshwater fish, 13 of which are considered
invasive species in the freshwater ecology. The previ-
ous existing kinds of literature such as Paul and Chanda
(2014; 2017), Jana et al. (2015), Pahari et al. (2017),
Kisku et al. (2017), Kar et al. (2017), and Chanda (2020)
provided information on the diversity of native fish in
various rivers and water bodies in the study area except
Jana et al. (2021), who only separately enlisted four

exotic species during the diversity study of fish in the
Kapaleswari River, but none has emphasized the diver-
sity of exotic fish and their ecological consequences in
the area under investigation.

As an outcome, the current study will undoubt-
edly bring attention to the exotic fish faunal diversity at
the regional level, particularly in the districts of Purba
Medinipur, Paschim Medinipur, and Jhargram located
in the West Bengal state. Moreover, such a study will
alert the fisherman community and policymakers to
take suitable steps to protect indigenous aquatic biodi-
versity in the study area.

2. Materials and methods
2.1. Geography of the study area

The present study area is located in the south-
western part of the West Bengal state. It has mostly
lateritic soil content, and some areas of this state
contain loamy soil. Study site (Fig. 1) includes three
districts namely Purba Medinipur (21°38-22°31'N;
87°17’-88°12’ E), Paschim Medinipur (21°45-22°57'N;
87°03’-87°53’E), and Jhargram (21°52-22°48'N;
86°34’-87°20’E). The climate in the study area is a
result of the interaction between the northeasterly and
southwesterly monsoons.

2.2. Collection of fish samples

Between July 2019 and January 2021, the speci-
mens were collected from a variety of locations, includ-
ing beels, ponds, rivers, as well as from market survey
of the area. Samples were collected by gill nets, drag
nets, and scoop nets with the active help of local fish-
ermen. Morning (7 am to 9 am) was the most common
time of sampling. After being collected, the specimens
were immediately put into formaldehyde solution at
a concentration of 4% and transported to the author’s
lab, R.N.L.K Women’s College.

Fig.1. Study Site.
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2.3. Laboratory procedure and
identification

Finally, the specimens were washed and kept in a
labelled container with 6% formaldehyde. Size, colour,
pattern, number of fins, fin form, fin rays, number of
scales, etc. were some of the morphological character-
istics of the specimens, which were examined. Jhingran
(1991), Jayaram (2002; 2010), Day (1889), and
FishBase were used to properly identify the fish spec-
imens (2021). The meristematic system of Tawar and
Jhingran (1991) and Jayaram (2002; 2010) was used
for all fish measurements. The range of the species was
documented (Table 1). The present status of exotic fish
conservation was determined as per the IUCN Red List
(2021). Invasiveness for each species under research

was estimated by determining the relative abundance
of the species.

3. Results and discussion

The current survey has revealed 14 exotic fresh-
water fish from 12 genera and 7 families (Table 1).
Out of the fourteen recorded species, two—Barbonymus
gonionotus (Bleeker, 1850) and Piaractus brachypomus
(G. Kuvier, 1818)—are reported here for the first time
from the area under investigation, which is a relatively
new event. Cyprinidae species were common and domi-
nant at all study sites (42.86%), followed by Poeciliidae
(14.29%) and Chichlidae (both 14.29%) (Fig. 2). The
relative abundance value calculated for exotic fish spe-
cies from the study area shows that Hypophthalmichthys

Table 1. Distribution and conservation status of different exotic fish in the study area.

Family Species Name Local

Name

Habitat | Maximum |Use
size (TL)

Blocks IUCN

Carassius auratus Gold carp Fr

(Linnaeus,1758)

Cyprinidae

40 cm |Or,

Jhargram: Jhargram LC
Fo |Paschim Medinipur: Ghatal, Debra, Sabang, Pingla,
Keshpur, Daspur-I & II Khargpur- I & II, Keshiary,
Narayangarh
Purba Medinipur: Egra-I & II, Contai-I & III,
Mahisadal, Moyna, Panskura, Pataspur-I & II,
Bhagwanpur-I & II, Tamluk, Nandigram-I

Barbonymus gonionotus Java Fr
(Bleeker,1850) punti

20 cm Fo

Jhargram: Gopiballavpur-I, Binpur I, Sankrail, LC
Jhargram
Paschim Medinipur: Midnapore, Daspur-I & II,
Garhbeta-II &III, Debra, Garhbeta -I, Keshiary,
Sabang, Narayangarh
Purba Medinipur: Mahisadal, Moyna, Pataspur-I,
Pataspur-1I, Bhagwanpur-I, Nandigram-I

Ctenopharyngodon idella
(Valenciennes, 1844)

Grass carp| Fr

150 cm | Fo

Jhargram: Jamboni, Binpur-II, Gopiballavpur-I & | NE
II, Sankrail
Paschim Medinipur: Ghatal, Debra, Sabang, Pingla,
Midnapore, Garhbeta I, Salboni, Keshpur, Daspur-I
& II, Khargpur- I & II, Keshiary, Narayangarh
Purba Medinipur: Egra- I & II, Contai- I & III,
Mahisadal, Moyna, Panskura, Pataspur-I & II,
Bhagwanpur-I & II, Tamluk, Nandigram-I

Cyprinus carpio Common Fr
(Linnaeus, 1758) carp

120 cm | Fo

Jhargram: Binpur- I & II, Gopiballavpur- I & II, vU
Nayagram, Sankrail, Jamboni, Jhargram
Paschim Medinipur: Garhbeta- I & II & III,
Chandrakona-I&II, Salboni, Keshpur, Ghatal,
Daspur- I & II, Midnapore, Khargpur- I & II, Pingla,
Debra, Keshiary, Narayangarh, Sabang, Mohanpur,
Datan-I1&II
Purba Medinipur: Egra- I & II, Contai- I & II,
Mahisadal, Moyna, Nandigram- I, Panskura,
Patashpur- I & II, Tamluk, Sahid Matangini,
Nandigram-II, Bhagwanpur- I & II, Kolaghat,
Chandipur, Deshpran, Nandakumar

Hypophthalmichthys molitrix |  Silver Fr
(Valenciennes, 1844) carp

150 cm | Fo

Jhargram: Binpur- I & II, Gopiballavpur- I & II, NT
Nayagram, Sankrail, Jamboni, Jhargram
Paschim Medinipur: Garhbeta- I & II &III,
Chandrakona I&II, Salboni, Keshpur, Ghatal, Daspur
-1 &II, Midnapore, Khargpur-1&II, Pingla, Debra,
Keshiary, Narayangarh, Sabang, Mohanpur
Purba Medinipur: Egra- I & II, Contai- I & II,
Mahisadal, Moyna, Nandigram- I, Panskura,
Patashpur- I & II, Bhagwanpur-I&II, Tamluk

Hypophthalmichthys nobilis
(Richardson, 1845)

Bighead Fr

146 cm | Fo | Jhargram: Gopiballavpur-1&II, Sankrail, Jhargram | DD

Paschim Medinipur: Debra, Garhbeta- II & III,
Sabang, Salboni, Keshpur, Datan- I & II
Purba Medinipur: Egra- I &II, Bhagwanpur-1& II,
Contai-I&IIl, Nandigram- I & II, Panskura, Pataspur-
II, Tamluk, Sahid Matangini, Chandipur, Deshpran,
Nandakumar
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Local |Habitat

Name

Family Species Name

Maximum
size (TL)

Use

Blocks

IUCN

Poeciliidae Gambusia affinis Gambusa

(Baird and Girard, 1853)

Fr, Br

04 cm

Or

Paschim Medinipur: Daspur-I&II, Chandrakona-I,
Sabang
Purba Medinipur: Bhagwanpur I, Mahisadal,
Tamluk, Nandigram-I&II

LC

Poecilia reticulata
(Peters, 1859)

Guppy Fr, Br

05 cm

Paschim Medinipur: Ghatal, Debra, Sabang
Purba Medinipur: Mahisadal, Haldia, Tamluk

NE

Chichlidae Oreochromis mossambicus

(Peters, 1852)

Tilapia | Fr, Br

39 cm

Fo

Jhargram: Gopiballavpur-I, Sankrail
Paschim Medinipur: Midnapore, Garhbeta I&III,
Salboni, Keshpur, Daspur-1&II, Khargpur-I&II,
Keshiary, Narayangarh, Mohanpur
Purba Medinipur: Egra-I&II, Contai-I&III,
Mahisadal, Moyna, Nandigram-I &II, Panskura,
Pataspur-I, Pataspur-II, Bhagwanpur-I &II, Tamluk,
Sahid Matangini, Kolaghat, Chandipur, Deshpran,
Nandakumar

NT

Oreochromis niloticus Nilotica

(Linnaeus, 1758)

Fr, Br

60 cm

Fo

Jhargram: Binpur-II, Gopiballavpur-I
Paschim Medinipur: Midnapore, Debra, Garhbeta-
I, Khargpur-I&II
Purba Medinipur: Mahisadal, Moyna,
Bhagwanpur-I &II, Pataspur I, Nandigram-I,
Pataspur-II

NE

Osphronemidae Osphronemusgoramy

Lacepeéde, 1801

Goramy | Fr, Br

70 cm

Or,
Fo

Purba Medinipur: Egra-I & II, Haldia, Kolaghat,
Tamluk, Chandipur

LC

Thai
magur

Clariidae Clariasgariepinus Fr

(Burchell, 1822)

170 cm

Fo

Jhargram: Binpur- I & II, Gopiballavpur- I
Paschim Medinipur: Midnapore, Garhbeta- I &
11, Keshpur, Daspur II, Khargpur I&II, Keshiary,

Narayangarh, Mohanpur
Purba Medinipur: Egra- I & II, Mahisadal,
Nandigram, Panskura, Pataspur- I &II, Bhagwanpur-
I & II, Haldia, Sahid Matangini, Kolaghat,
Chandipur, Deshpran, Nandakumar

LC

Pangasidae |Pangasianodonhypophthalmus Fr

(Sauvage, 1878)

Panngus

130 cm

Fo

Jhargram: Binpur- I & II, Gopiballavpur- I & II,
Nayagram, Jhargram
Paschim Medinipur: Chandrakona I&II, Salboni,
Keshpur, Ghatal, Daspur -1 &II, Midnapore,
Khargpur-I&II, Pingla, Debra, Keshiary,
Narayangarh, Sabang, Mohanpur

Purba Medinipur: Egra- I & II, Contai- I &II,

Nandigram- I, Panskura, Patashpur- I & II,
Bhagwanpur- I

EN

Serrasalmidae Piaractusbrachypomus Fr

(G. Kuvier,1818)

Rupchand

45 cm

Or,
Fo

Paschim Medinipur: Ghatal, Daspur -1
Purba Medinipur: Moyna, Nandigram I, Panskura,
Potaspur-I,Tamluk

NE

Note: IUCN = International Union for Conservation of Nature; TL= Total Length; EN = Endangered; VU = Vulnerable; NT
= Near Threatened; LC = Least Concern; DD = Data Deficient; NE = Not Evaluated; Fo= Food; Or= Ornamental; Fr= Fresh

water; Br= Brackish water

molitrix (Valenciennes, 1844) has the maximum inva-
siveness (11.5%), followed by Cyprinus carpio Linnaeus,
1758 and Pangasianodon hypophthalmus (Sauvage,
1878) (both 10.3%). (Fig. 3, Table 1.). Here, the
invasiveness of the exotic fish species is expressed in
terms of their relative abundance because maximum
invasiveness is due to the availability of the species
in maximum habitat and in maximum number. The
invasiveness of the species is also relative to its length
of exposure to the natural habitat. The chronological
gradient of invasiveness of the fish species is listed in
Table 2. Hypophthalmichthys molitrix (Valenciennes,
1844) is the maximum abundant species and available
in the maximum habitat of the study area, and Piaractus
brachypomus (Kuvier, 1818) is the least abundant spe-
cies and available in the restricted habitat of the study
area. As per the IUCN Red List, 35.7% of exotic fish in
the study area are in the least concern category, while
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Fig.3. Relative abundance (merit of invasiveness).

28.5% of exotic fishes are in the not evaluated category
and 14.2% are in the near threatened category. The
endangered, vulnerable, and data deficient categories
are of 7.1% each in the study area (Fig. 4).

There are sufficient numbers of fish species that
can be cultivated in our country. Any further introduc-
tion of exotic fish species into any aquatic bodies would
pose a threat to the existing species diversity. The addi-
tion of major exotic species such as tilapia, pangasius,
etc. has a higher adverse impact on the aquatic ecol-
ogy, as well as on farming techniques, because farmers
alter farm construction and input materials for exotic
fish farming in the study area. The significant entry
of enzootics and foreign pathogens is always a great
threat resulting from the introduction of exotic species.
Alien species introductions lead to increased competi-
tion for resources and may also cause gene loss, preda-
tion, and pathogen inoculation within native species.
Instead of indiscriminately introducing exotic species
into our native aquatic habitat, we need to focus on
protecting our present indigenous fish population and
taking measures to enhance the quality of the cultivable
fish population. To protect the native fish species that

are already present in the study area, appropriate and
effective measures should be implemented. The import
and trading of aqua-organisms should be restricted
through monitoring. In this regard, local, national, and
international governing bodies have to play a vital role
to regulate the illegal entry of exotic fish.

Fig.4. IUCN category (%) of exotic fishes in the study area.

Table 2. Invasiveness of different exotic fish found in the study area

Sl. No. In Species Name Invasiveness in
Table 1 percentage
5. Hypophthalmichthys molitrix (Valenciennes, 1844) 11.5
4. Cyprinus carpio Linnaeus, 1758 10.3
13. Pangasianodon hypophthalmus (Sauvage, 1878) 10.3
12. Clarias gariepinus (Burchell, 1822) 9.7
3 Ctenopharyngodon idella (Valenciennes, 1844) 8.5
6 Hypophthalmichthys nobilis (Richardson, 1845) 8.4
1. Carassius auratus (Linnaeus,1758) 7.9
2 Barbonymus gonionotus (Bleeker,1850) 6.4
9 Oreochromis mossambicus (Peters, 1852) 6.2
10. Oreochromis niloticus (Linnaeus, 1758) 5.9
7. Gambusia affinis (Bird and Girard, 1853) 5.1
11. Osphronemu sgoramy Lacepéde 1801 3.6
8. Poecilia reticulata Peters, 1859 3.1
14. Piaractus brachypomus (G. Kuvier,1818) 2.3
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Furthermore, educational campaigning should
be initiated to explain the hazards of releasing exotic
species into the native environment and encourage the
proper disposition of unwanted fish. We have to edu-
cate fishers, fish farmers, fish entrepreneurs, hobbyists,
and fish keepers, as well as the averge person, that
releasing exotic species into the environment is danger-
ous to the environment.

3.1. Adverse effects on local species

The addition of non-native fish into aquatic eco-
systems is controversial, despite significant contribu-
tions to aquaculture. Any new species introduced to
an ecosystem will have an effect because it will share
resources with the native species, but most of the time,
the effects may not be noticeable. Exotic fishes are fre-
quently recognized as a threat to native populations,
with respect to aquatic diversity resulting from com-
petition for foraging, habitat alteration, ecosystem
degradation, and genetic interaction through cross fer-
tilization with native species. It is believed that small
native species in the study area suffer from the addi-
tion of farmed alien species like the Thai magur, Clarias
gariepinus (Burchell, 1822).

Although non-indigenous species were only
introduced for aquaculture in India, they are commonly
found in the inland rivers, reservoirs, floodplains, canals,
and wetlands of several states. During the monsoon
season, it is easy for non-native species to spread from
closed culture systems to open water resources in flood-
prone areas. The spread of fast-growing, non-native fish
impacts native ecosystems and threatens native, com-
paratively smaller species. Populations of these intro-
duced fish have grown exponentially, and their range
is expanding fast beyond the sites of introduction.
Recently, it has been observed that a large number of
non-native fishes are found in the local aquatic habitat
of the study area. The aquaculturists and inexperienced
farmers accidentally introduced non-native fishes into
open waters due to their lack of knowledge or aware-
ness. The effects of these escaped fishes were studied,
and it was found that they cause ecological problems
in several natural aquatic systems (Singh, 2021). Non-
native species that were fully established in the local
habitat, acclimatised in natural ecosystems, and can
reproduce naturally mostly pose ecological risks. These
species tend to have very large populations in natural
environments when conditions are ideal.

The availability of basic knowledge and cultural
techniques for non-native fish species makes them
attractive to aquaculturists, as they can easily and
quickly adapt to new environments and compete in
new markets. Aquaculture entrepreneurs and farmers
have been trying for years to bring in new fish strains
and varieties like the Viet-Koi to boost production and
compete on the global market. Despite productivity
concerns, the government authorities took into account
environmental and biodiversity factors to protect the
local aquatic ecosystem. The government of India
authorised National Committee to monitor the import
of non-native species into Indian water bodies.
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3.2. Novel contribution of the study

This research provides the first documented
record of two exotic fish species, Barbonymus gonion-
otus and Piaractus brachypomus in the study area of
Purba Medinipur, Paschim Medinipur, and Jhargram,
West Bengal (Fig. 2). These species have not been pre-
viously reported in this region, marking a new addition
to the exotic fish fauna. This study also offers a detailed
examination of the ecological consequences of exotic
fish invasions, particularly their relative abundance
and invasiveness in the region (Table 2).

3.3. Comparison with other regions of India

The results on invasive fish species in West
Bengal align with patterns observed in other parts of
India, where exotic species such as Cyprinus carpio and
Oreochromis mossambicus have also become widespread
(Kumar, 2000). However, this study emphasizes that
in West Bengal, species like Hypophthalmichthys molitrix
and Pangasianodon hypophthalmus have shown excep-
tional invasiveness, likely due to their adaptability to
the region’s monsoonal climate and abundant water
bodies. Similar invasions were observed in such states
as Andhra Pradesh and Tamil Nadu (Jana et al., 2015),
where non-native species outcompeted native fish pop-
ulations in certain water bodies.

3.4. Assumptions regarding the
successful spread of some species

Species such as Hypophthalmichthys molitrix and
Cyprinus carpio have a high tolerance for diverse aquatic
environments and can reproduce rapidly in local habi-
tats (Moyle and Leidy, 1992). Intentional introductions
for aquaculture and ornamental purposes, coupled
with accidental releases, facilitated their spread. The
monsoon season further aids their distribution into
new habitats (Philipp et al., 1995). Some species are
more competitive in terms of food resources and habi-
tat occupation. For instance, Clarias gariepinus outcom-
peted smaller native species due to its predatory nature
and large size (Nyman, 1991a).

3.5. Future trends in invasive species
spread

Species Hypophthalmichthys molitrix and Cyprinus
carpio will continue to dominate freshwater ecosystems,
particularly in regions with abundant aquaculture activ-
ities and seasonal flooding (Welcomme, 1988a). With
the continued spread of invasive species, hybridization
with native fish species may become more prevalent,
leading to genetic erosion (Raghubanshi et al., 2005).
As global trade and aquaculture expand, the introduc-
tion of new invasive species is expected. Surveillance
and regulatory measures will need to evolve to address
these threats effectively (Moyle and Leidy, 1992).

These insights underline the urgency of regulat-
ing the introduction of exotic species and monitoring
their impact on local biodiversity to mitigate long-term
ecological risks.
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4. Conclusion

This study highlights the significant impact of
exotic fish species on the freshwater ecosystems of
Purba Medinipur, Paschim Medinipur, and Jhargram
in West Bengal, revealing 14 exotic species from 7
families and 12 genera. Notably, Barbonymus gon-
ionotus and Piaractus brachypomus were recorded for
the first time in the region. The study further identi-
fie Hypophthalmichthys molitrix, Cyprinus carpio, and
Pangasianodon hypophthalmus as the most invasive
species, with Hypophthalmichthys molitrix showing the
highest relative abundance and invasiveness. These
findings underscore the ecological risks posed by the
introduction of non-native species, including competi-
tion with native species, habitat alteration, and genetic
risks.

The spread of these species mirrors patterns
observed across other parts of India, where non-native
fish have become dominant in aquatic ecosystems, often
outcompeting indigenous species. The spread of suc-
cessful invaders can be attributed to their adaptability,
rapid reproduction, and human-mediated introductions
for aquaculture, ornamental purposes, and pest control.
However, some species fail to establish populations due
to environmental incompatibilities or competition from
established native species.

To safeguard native aquatic species, it is impera-
tive to implement stringent policies, improve regulatory
oversight, and raise awareness among local communi-
ties and stakeholders about the risks posed by non-na-
tive species. Immediate action is required to prevent
irreversible ecological damage and ensure the long-
term sustainability of local fisheries and ecosystems.
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ABSTRACT. Here we present the complete genome sequence of the Flavobacterium sp. strain PLB03
isolated from the primmorphs cell culture of the Lubomirskia baikalensis sponge and compare it with
pathogenic free-living members of the genus Flavobacterium. Strain Flavobacterium sp. PLBO3 exhib-
its pronounced lytic activity towards sponge cells and causes death of symbiotic microalgae (the
Trebouxiophyceae). The Flavobacterium sp. PLBO3 genome has 5,925,828 bp and a GC content of 34.3%.
An average nucleotide identity (ANI) of 98.9% revealed that strain Flavobacterium sp. PLBO3 has the
highest similarity to Flavobacterium CSZ. Comparative genomic analysis of the strain and phylogeneti-
cally related Flavobacterium indicated that Flavobacterium sp. PLBO3 has a large genome size character-
istic of the environmental genus Flavobacterium, and the peptidase (PEP) to glycoside hydrolase (GH)
gene ratio is 1.8, suggesting that strain PLBO3 exhibits characteristics similar to nonpathogenic strains.
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1. Introduction

Lake Baikal is one of the oldest lakes in geologi-
cal history, containing nearly 20% of the world’s fresh-
water reserves. The lake is distinguished by its diver-
sity of endemic flora and fauna, and Baikal sponges are
most abundant organisms in the coastal zone, with a
biomass of over 700 g/m? (Kozhov, 1972; 2013; Pile et
al., 1997; Semiturkina et al., 2009).

A disease affecting freshwater sponges was
first discovered in 2011, when pink specimens were
found in the central basin of Lake Baikal (Bormotov,
2012). The death of the sponge primary symbiont, the
green alga Choricystis sp., and its replacement by the
Synechococcus sp. cyanobacterium caused discoloration
of the sponges (Denikina et al., 2016; Belikov et al.,
2019). In subsequent years, the external signs of the
disease changed, and from 2013 to the present, sponges
have shown various symptoms of damage, such as dis-
coloration, tissue necrosis, and the formation of brown
and dirty-purple bacterial biofilms. Sponge numbers
have declined significantly, and diseased sponges are

now found throughout Lake Baikal. Multiple changes
in the littoral ecosystem of Lake Baikal accompany
disease and death of sponges (Timoshkin et al., 2016;
Khanaev et al., 2018).

Previously, we demonstrated that sponge dis-
ease is associated with changes and dramatic shifts in
the composition of the microbial community of Baikal
sponges. We found that the observed imbalance in the
microbial communities of diseased sponges is caused
by various microorganisms that, acting in concert,
intensify their negative impact, leading to the death of
Baikal sponges (Belikov et al., 2019).

We conducted an experimental infection of the
cell culture of primmorphs with the bacterial suspen-
sion of the diseased sponge to identify microorgan-
isms pathogenic to sponges. A significant increase in
the relative content of bacteria of the Oxalobacteraceae
family, up to 25.65%, and the Flavobacteriaceae fam-
ily, up to 62.04%, was detected along with a simul-
taneous decrease in the number of other microor-
ganisms (Chernogor et al., 2020a; Chernogor et al.,
2020b). Based on the genome analysis of the isolated
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Janthinobacterium SLBO1 and Flavobacterium SLB02
strains, we hypothesized the possible cooperative inter-
action of these two bacteria in the development of
sponge disease (Petrushin et al., 2020; Belikov et al.,
2021).

The Flavobacterium is known to be ubiquitous.
For example, type strains of Flavobacterium spp. were
isolated from various sources, including freshwater,
the Antarctic Sea ice, the rhizosphere, and diseased
fish (Yi et al., 2005; Ali et al., 2009; Chen et al., 2012;
Ekwe et al., 2017). The number of officially described
Flavobacterium species is rapidly increasing and includes
448 species as of October 2025 (https://Ipsn.dsmz.de/
genus/Flavobacterium).

For the first time, the strain Flavobacterium sp.
PLB03 was isolated from cell culture of the prim-
morphs of diseased sponge L. baikalensis. The role of
these bacteria and their link with disease development
and mortality of sponges remain poorly understood.
In this study, we present the assembled and anno-
tated genome of the strain Flavobacterium sp. PLB0O3
and compare with the genomes of fish-pathogenic and
non-pathogenic Flavobacterium. The genome sequence
of the strain Flavobacterium sp. PLBO3 and its analy-
sis are expected to provide more comprehensive infor-
mation on disease-associated factors. Identifying these
genomic features will help understand the causes of the
disease distribution and mortality of Baikal sponges.

2. Materials and Methods
2.1. Genome sequencing, quality control,
and assembly

Raw Illumina sequencing reads were evaluated
using FastQC v0.11.9 (Andrews, 2010) to assess base
quality, GC content, and adapter contamination. Low-
quality bases and adapter sequences were trimmed
using Trimmomatic v0.39 (Bolger et al., 2014).
The genome was assembled with SPAdes v3.15.4
(Bankevich et al., 2012; Prjibelski et al., 2020) using
default k-mer iterations. Assembly quality and contam-
ination were assessed using FCS-GX (Astashyn et al.,
2024) to detect and remove putative foreign contigs.
Contigs shorter than 200 bp or flagged as contaminants
were discarded, yielding the final assembly used for
downstream analyses.

2.2. Genome annotation

The final assembly was annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) v6.9
(Tatusova et al., 2016), which integrates ab initio gene
prediction, HMM-based protein family classification,
and curated functional models from RefSeq. Annotation
included coding sequences, non-coding RNAs, tRNAs,
and rRNA fragments, and pseudogenes.

2.3. Genomes Included in the Analysis

To place Flavobacterium sp. PLBO3 into a phylog-
enomic and functional context, we selected 14 publicly
available genomes representing both free-living and
fish-pathogenic lineages of the genus Flavobacterium.
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Genomes were retrieved from NCBI GenBank between
March and May 2025. The final comparative dataset
included the following species: F. sp. CSZ, F. piscisymbi-
osum F-30, F. piscis CCUG 60099, F. bizetiae HJ-32-4, F.
bizetiae FlaQc-53, F. bizetiae CIP 105534, F. aquidurense
DSM 18293, F. johnsoniae FJOH, F. pectinovorum
ZE23VCelO01, F. soyae SCIVO07, F. collinsii FlaQc-26, F.
lipolyticum F-126, F. chilense DSM 24724, and F. psychro-
terrae CCM 8827, as well as the fish-pathogenic species
F. columnare 04017018, F. psychrophilum JIP02-86, F.
branchiophilum FL-15, and F. tructae ATCC BAA-2541.
Detailed assembly statistics and genome annotation
features for all strains are provided in Supplementary
Table S1.

2.4. Phylogeny and ANI analysis

An exploratory genome-based phylogenetic anal-
ysis was conducted using the TYGS platform (Meier-
Kolthoff and Goker, 2019; Meier-Kolthoff et al., 2022)
to identify the closest taxa and to select appropriate
reference genomes for downstream comparative anal-
yses. Because the genome assembly of Flavobacterium
sp. PLBO3 is highly fragmented, and all recovered 16S
rRNA gene sequences were incomplete, we used the
housekeeping gene gyrB for phylogenetic reconstruc-
tion. This approach follows previous recommendations
for Flavobacterium taxonomy, where gyrB provides
higher phylogenetic resolution and is preferred when
16S rRNA is unavailable or incomplete (Peeters and
Willems, 2011).

Whole-genome Average Nucleotide Identity
(ANI) was calculated using FastANI (Jain et al., 2018).
For this analysis, we included the following genomes
representing closely related members of the genus
Flavobacterium: F. sp. CSZ, F. piscisymbiosum strain F-30,
F. piscis CCUG 60099, F. bizetiae strain HJ-32-4, F. sp.
KBS0721, F. bizetiae strain FlaQc-53, and F. bizetiae
strain CIP 105534. These genomes were selected based
on TYGS clustering results and on their proximity to
Flavobacterium sp. PLB03 in preliminary analyses.

2.5. Detection of antimicrobial resistance
and virulence genes

Potential antimicrobial resistance (AMR) genes
and virulence factor candidates were screened using
ABRicate v1.0.1 (Seemann, 2016) against the CARD,
NCBI AMR, and VFDB (Chen et al., 2016; Liu et al.,
2022) databases using Galaxy platform 2024.

2.6. Identification of secretion systems

Type IX secretion system (T9SS) components
were identified with manual inspection of annotated
genes and BLASTp search.

2.7. Genomic island prediction

Genomic islands (GIs) were predicted using
IslandViewer 4 (Bertelli et al., 2017), which integrates
the SIGI-HMM and IslandPath-DIMOB methods. Genes
within GIs were annotated using PGAP. Functional cat-
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egories including mobile elements, secretion compo-
nents, CAZymes, TonB-dependent receptors and prote-
ases were recorded.

2.8. Protease annotation and MEROPS
comparative analysis

Proteases were annotated by BLASTp searches
against the MEROPS (Rawlings et al., 2014; 2018;
Rawlings and Bateman, 2021) database (E-value <
le-10). Family-level counts were summarized for
Flavobacterium sp. PLBO3 and compared with refer-
ence species, particularly Flavobacterium johnsoniae.
Proteases were classified by catalytic type (serine,
metalloprotease, cysteine, and aspartic) and by pre-
dicted subcellular localization.

2.9. Identification of CAZymes and
polysaccharide utilization loci (PULs) and
analysis across Flavobacterium species

Carbohydrate-active enzymes (CAZymes) were
annotated using dbCAN3 (Zheng et al., 2023). Only
enzymes supported by at least two methods were
retained. Polysaccharide utilization loci (PULs) were
predicted using the dbCAN CGC pipeline, which detects
co-localized CAZymes, SusC/D-like TonB-dependent
transporters and transcriptional regulators. PUL sub-
strates were inferred based on CAZy family composi-
tion, dbCAN substrate prediction, and literature on
known PUL architectures in Flavobacteria and other
Bacteroidetes.

To contextualize Flavobacterium sp. PLB03 within
the genus, we first compared CAZyme repertoires
across 15 Flavobacterium genomes, including environ-
mental representatives and fish-pathogenic species.
This broad-scale analysis revealed major patterns of
CAZyme diversity and showed that Flavobacterium sp.
PLBO03 possesses one of the most expanded CAZyme rep-
ertoires, particularly in host-glycan-associated families.

Because PUL architectures differ greatly between
distant species and lack locus-level homology across
the genus, detailed PUL comparison was restricted to
six representative genomes: Flavobacterium sp. PLBO3,
F. johnsoniae, F. piscisymbiosum, F. bizetiae, F. tructae,
and F. columnare.

Comparative analyses of CAZyme profiles, PUL
repertoires and MEROPS family distributions were per-
formed across 15 Flavobacterium genomes. Data matri-
ces were constructed from family-level counts and ana-
lyzed by hierarchical clustering using Ward’s method
and Euclidean distances in R.

3. Results
3.1. Genome assembly and annotation
results

The draft genome assembly comprised 334 con-
tigs with a total length of 6,003,505 base pairs (bp).
After removing short contigs (<200 bp) and contam-
inants, the final assembly contained 93 contigs span-
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ning a total of 5,925,828 bp, the N50 value of 542,557
bp, and a GC content of 34.3%. This genome assem-
bly was submitted to GenBank under accession num-
ber JBLIYNOOOOOOOOO and prepared for downstream
annotation and analysis with PGAP. Key assembly and
annotation metrics are summarized in Table 1.

The genome size is larger than that of fish-patho-
genic Flavobacterium species and comparable to envi-
ronmental strains with expanded metabolic repertoires
(Supplementary Table S1).

3.2. Phylogeny and ANI analysis

An exploratory analysis using the TYGS service
and an analysis of BLAST results in NCBI indicated that
the sequences of Flavobacterium sp. PLBO3 are most
closely related to the sequences of unspecified species
Flavobacterium sp. CSZ, Flavobacterium sp. KBS0721 and
F. bizetiae, F. piscisymbiosum, and F. piscis. ANI-based
genomic comparisons with these genomes revealed that
Flavobacterium sp. PLBO3 forms a tight species-level
cluster only with Flavobacterium sp. CSZ, with ANI of
98.96%, clearly above the 95% species threshold. All
other analyzed Flavobacterium genomes showed ANI val-
ues of 89.3-90.8% relative to Flavobacterium sp. PLB03,
demonstrating interspecies-level divergence. The clos-
est species outside the Flavobacterium sp. PLB03-CSZ
pair was F. piscisymbiosum F-30 (90.8% ANI), a known
fish-associated taxon, although still far below the spe-
cies boundary (Table S2 Supplementary). Together,
these results indicate that Flavobacterium sp. PLBO3 and
F. sp. CSZ form a distinct species-level lineage.

Phylogenetic  analysis of gyrB  placed
Flavobacterium sp. PLBO3 within an environmental lin-
eage of Flavobacterium, which was most closely related
to Flavobacterium sp. CSZ and at a significant distance
from F. psychrophilum, F. columnare, and F. branchiophi-
lum, being fish pathogens (Fig. 1).

Table 1. Raw reads and genomic features statistics of
Flavobacterium sp. PLB03

Property Flavobacterium sp. PLB03
Raw reads 7,220,904
Assembly length, bp 5,925,828
Number of contigs 93
Longest contig’s length, bp 940,434
N50, bp 542,557
N90, bp 198,207
GC content 34.3%
Total number of genes 5,104
Protein-coding sequences 4,975
tRNAs 64
Noncoding RNAs 3
Pseudogenes 32
GenBank accession number JBLIYNOOOO00000
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3.3. Detection of antimicrobial resistance
and virulence genes

At standard stringency thresholds (=75-90%
identity and coverage), no virulence factors were
detected by Abricate in the genome of Flavobacterium
sp. PLB03. When the thresholds were relaxed to 60%
identity and 60% coverage, Abricate reported four
hits showing partial similarity to virulence-associated
proteins described in other bacterial taxa: katA, htpB
(GroEL/Hsp60), neuCl (UDP-N-acetylglucosamine
2-epimerase), and one protein annotated in VFDB as
a Dot/Icm type IV secretion system effector (Ipg2370).

All matches displayed low amino acid identity
(66-68%) and incomplete alignment coverage (70—
90%), indicating distant homology rather than func-
tional equivalence. These genes encode core house-
keeping functions widely conserved in bacteria and
are not considered bona fide virulence determinants
in the genus Flavobacterium. Thus, Flavobacterium sp.
PLBO03 does not encode conventional virulence systems
described in fish pathogens such as F. psychrophilum
and F. columnare.

3.4. Genomic islands

IslandViewer predicted 23 genomic islands (GIs),
ranging from 4.1 to 74.9 kbp and totaling approximately
540 kbp (10-12% of the genome). GI-associated genes
included hypothetical proteins, mobile elements, TonB-
dependent receptors, and selected Type IX Secretion
System components. Genomic islands were dispersed
across the genome rather than forming large clusters
(Fig. 2). Most GIs were predicted by at least two inde-
pendent algorithms, indicating high confidence in their
boundaries.

The predicted genomic islands were enriched
in hypothetical proteins (32%, n = 129), along with
transposases and integrases (4%), membrane-asso-
ciated proteins (4%), and regulatory elements such
as helix-turn-helix (HTH) transcriptional regulators
(4%). Several islands also contained components typ-
ical of Flavobacterium, including Type IX secretion sys-
tem-associated genes, TonB-dependent receptors, and
SusC/RagA TonB-linked outer membrane proteins (n =
4), and IS6-family transposases (n = 4).

3.5. Carbohydrate-active enzymes
(CAZymes)

The Flavobacterium sp. PLBO3 genome encodes
392 CAZymes, including 185 glycoside hydrolases,
53 glycosyltransferases, 36 carbohydrate esterases, 14
polysaccharide lyases, 28 carbohydrate-binding mod-
ules, and 7 auxiliary activity enzymes. This places
Flavobacterium sp. PLB0O3 among the most CAZyme-rich
freshwater Flavobacterium species studied (Table 2).
The CAZyme repertoire not only covers a wide range of
plant and algal polysaccharides (xylan, pectin, xyloglu-
can, beta-glucan, mannan, alginate, and alpha-glucan)
but also includes families typically associated with host
glycans, such as GH29, GH33, GH92, GH95, GH105,
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F. sp. PLB03

F sp. CSzZ

F. bizetiae HJ-32-4
F. bizetiae CIP 105534
F. bizetiae FlaQc-53
F. piscis

F. sp. KBS0721

F. piscisymbiosum
F. psychroterrae

F. pectinovorum

F. chilense

F. johnsoniae

F. soyae

F. collinsii

F. lipolyticum

F. tructae

F. aquidurense

F. psychrophilum

F. branchiophilum
F. columnare

C. piscicola
Fig.1. Neighbor-Joining tree based on complete gyrB
sequences.

1 2 4

3 5
Genome position (Mbp)

6

Fig.2. Genomic island distribution across the genome of
the Flavobacterium sp. PLB03.

GH127, PL12, PL29, and CBM32. The latter are key
to degradation of mucins, glycosaminoglycans, and
eukaryotic glycoproteins.

3.6. Polysaccharide utilization loci

Using dbCAN3 and the CGC pipeline, we iden-
tified 32 polysaccharide utilization loci (PULSs) in the
Flavobacterium sp. PLB03 genome. Comparative analysis
with five species (F. johnsoniae, F. bizetiae, F. piscisym-
biosum, F. tructae, and F. columnare) revealed a total of
134 PULs (Supplementary Table S3). Flavobacterium sp.
PLBO3 is among the species with the highest number
of PULs, comparable only to F. piscisymbiosum and F.
bizetiae, whereas fish pathogens encode far fewer PULs
(1-1D).

Structure-based comparison of PUL architectures
revealed at least 11 PULs unique to Flavobacterium sp.
PLBO3 across all evaluated genomes. The most notable
and unique clusters target host-associated glycans, as
shown in Table 3.

None of these architectures were identified in the
other five species.

3.7. Protease analysis

MEROPS-based annotation of proteases and pro-
tease inhibitors revealed a broad enzymatic diversity
across the analyzed Flavobacterium genomes. After
normalization of MEROPS annotation to unified fam-
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Table 2. Comparative distribution of CAZy classes across 15 Flavobacterium strains.

Species CAZy-genes GH GT CE PL CBM AA
Flavobacterium sp. PLB03 392 185 53 36 14 28 7
E. soyae SCIV07 408 183 66 32 10 36 6
F. piscisymbiosum F-30 386 175 57 38 13 24 7
F. pectinovorum ZE23VCel01 392 172 60 33 11 34 3
F. johnsoniae FJOH 382 165 59 31 12 29 4
F. bizetiae HJ-32-4 363 153 58 33 9 25 3
F. aquidurense DSM 18293 343 149 39 42 14 18 5
F. chilense DSM 24724 348 134 54 34 15 28 4
F. psychroterrae CCM 8827 331 127 46 28 15 32 3
F. tructae ATCC BAA-2541 276 55 57 25 7 7 6
F. lipolyticum F-126 278 55 60 24 7 8 6
F. collinsii FlaQc-26 270 59 52 21 9 7 5
F. branchiophilum FL-15 (mat.) 180 29 51 14 2 7 2
F. columnare 04017018 (mat.) 154 18 44 12 3 1 1
F. psychrophilum JIP02-86 (naT.) 137 10 45 9 0 0 1

Note: GH - glycoside hydrolases; GT — glycosyltransferases; CE — carbohydrate esterases; PL — polysaccharide lyases; CBM —

carbohydrate-binding modules; AA - auxiliary activities.

ily codes, all species showed a conserved protease core
dominated by the 139, S33, M14, S12, and S9 families
(Supplementary Table S3). Among these, the inhibitor
family 139 was the most abundant across nearly every
genome. Despite this shared core, the species-by-fam-
ily protease matrix showed marked differences in the
degree of family expansion. Some species possessed
compact repertoires, while others exhibited substan-
tial enrichment of multiple S- and I-families. The
Flavobacterium sp. PLB03 encoded high counts in sev-
eral major protease families (Fig.3).

Further comparison of protease families within
Cluster 2 revealed four MEROPS families present exclu-
sively in the Flavobacterium sp. PLBO3 but absent in all
other members of its cluster: M10, S1, T2, and T3. All
four families are present in species from Clusters 1 and
3 but absent from the other cluster-2 genomes.

4. Discussion

The Flavobacterium sp. PLBO3 genome exhibits a
combination of traits typical of free-living members of
the genus together with modules commonly associated
with host interaction. Phylogenetic placement and high

ANI values clearly demonstrate that Flavobacterium sp.
PLB03 forms a distinct species-level lineage together
with Flavobacterium sp. CSZ, while remaining distant
from well-characterized fish pathogens such as F. psy-
chrophilum, F. columnare, and F. branchiophilum. This
positioning supports the view that Flavobacterium sp.
PLBO03 is primarily an environmental taxon rather than
a specialized pathogen.

Despite the absence of classical virulence deter-
minants, even with relaxed detection thresholds, the
Flavobacterium sp. PLB03 genome has several functional
features that may contribute to its ability to degrade
sponge tissues. The genome is larger than the genomes
of fish-pathogenic species and encodes an expanded
metabolic repertoire. For instance, 392 CAZyme genes
place Flavobacterium sp. PLBO3 among the richest car-
bohydrate-degrading freshwater Flavobacterium spe-
cies analyzed previously. Noteworthy is the presence
of CAZy families typically linked to the degradation of
eukaryotic glycoconjugates, including GH29, GH33,
GH92, GH95, GH105, GH127, PL12, PL29, and CBM32.
These enzymes enable the breakdown of mucins, gly-
cosaminoglycans, and complex animal glycoproteins—
key structural polysaccharides in sponge tissues.

Table 3. Host-glycan and algal polysaccharide-targeting PUL identified in Flavobacterium sp. PLBO3

PUL type

Key CAZy families

Notes

Mucin-degrading PUL
Glycosaminoglycan (GAG) PUL ( X 2)

Host glycan / animal glycoprotein
PUL

Arabinogalactan / AGP-type PUL
Alginate-specific PUL

GH105, GHS88, PL12/PL8, CBM32
GH154, GH159, GH128, PL12/PL8
GH29, GH33, GH92, GH130

GH105, GH128, GH154, PL42
PL6, PL17, CE20

Canonical mucin-targeting architecture
Two separate GAG-specific loci

Large locus enriched in fucosidases, sialidases
and a-mannosidases

Targets arabinogalactan and AGP-like substrates

Unique alginate-degrading locus absent from
other species
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Fig.3. Hierarchical clustering of Flavobacterium species based on MEROPS protease family profiles.

This metabolic potential is reflected in the archi-
tecture of the 32 identified PULs. Among them, there
are at least five large Flavobacterium sp. PLBO3 specific
clusters targeting host-associated glycans: a canonical
mucin-degrading PUL, two independent glycosami-
noglycan (GAG) loci, a large host-glycan/animal gly-
coprotein PUL enriched in fucosidases, sialidases and
o-mannosidases, an AGP-type arabinogalactan PUL,
and a unique alginate-degrading locus absent from all
comparative genomes. Such a diversified PUL reper-
toire suggests a broad substrate range and is character-
istic of “opportunistic” Flavobacteria capable of exploit-
ing both environmental polysaccharides and those of
eukaryotic origin.

The presence of 23 genomic islands, com-
prising 10-12% of the genome, provides additional
evidence for adaptive versatility. These islands are
enriched in hypothetical proteins, mobile elements,
TonB-dependent receptors, components of the Type
IX secretion system, and SusC/RagA-like transporters,
indicating active genome modularity and potential hor-
izontal gene acquisition. The dispersed distribution of
Gl-associated TonB-SusC modules aligns with the typi-
cal organization of PULs in Flavobacterium, further sup-
porting the idea of substrate-driven genome plasticity.

Protease analysis revealed a broadened MEROPS
repertoire in Flavobacterium sp. PLB03, including four
families (M10, S1, T2, and T3) absent from other mem-
bers of its cluster but present in more metabolically
flexible species. These proteases may contribute to the
degradation of proteinaceous components of sponge
tissues. In Flavobacterium, proteases frequently act syn-
ergistically with CAZymes during the breakdown of
complex organic matrices, suggesting a complementary
role in substrate acquisition.

Taken together, the genomic features of
Flavobacterium sp. PLB03 indicate that it is not a clas-
sical pathogen but rather an environmentally adapted
bacterium with an expanded capacity for the degrada-
tion of complex organic substrates, including those of
eukaryotic origin. The combination of a rich CAZyme
and PUL repertoire, unique host glycan-targeting loci,
diverse proteases, and modular genomic islands pro-
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vides a mechanistic basis for the observed ability of
Flavobacterium sp. PLBO3 to degrade sponge tissues and
green microalgae. These findings support the specula-
tion that Flavobacterium sp. PLBO3 represents an eco-
logically versatile organism capable of opportunistic
interactions with host organisms.

5. Conclusions

The analyzed strain Flavobacterium sp. PLBO3
is a new species belonging to a group of free-living
(environmental) Flavobacterium with a large genome.
ANI calculations with values of 89.4-90.8% that are
significantly below the thresholds used to distinguish
members of closely related species confirm that the
Flavobacterium sp. PLBO3 is a unique species. The strain
Flavobacterium sp. PLBO3 lacks typical virulence factors
but possesses extensive metabolic capabilities for inva-
sion and destruction of host tissue. Flavobacterium sp.
PLBO3 is a likely symbiont of sponges, as it has a unique
set of specific enzymes that degrade host glucans, which
is unusual for the genus Flavobacterium. An analysis of
its ability to degrade polysaccharides revealed that the
strain Flavobacterium sp. PLBO3 has significant poten-
tial in this field. However, further research is needed
to identify the specific polysaccharides that this strain
degrades, which will contribute to our understanding
of the ecological role and biotechnological applications
of the Flavobacterium strains.
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OpuruHanbHan craTbf

reHOMPbIGVOCHOBbI Aerpasaumm I IMNOLOGY
TKaHeH 6ankKanbCckux rybok 3a cuer FRESETWATER.
cB060AHO XXuUBYIUUX PpraBobaKTepHH c BIOLOGY
AOKYyCaMH YTUAH3aLUHU NOAMCaXapUAOB, - —
OPHEHTHPOBAHHBIMH HA FAMKaHbl X03fiIMHA

[TanoBa 10.A.12") BenukoB C.W.1*", YUepHorop JI.N.!

T TumHosoeuyeckuti uHcmumym CO PAH, ys. Yrau-Bamopckas, 3, Hpkymck, 664033, Poccus
2 Cubupckuti pedepartvHetii yHugepcumem, np. Co60dHwill, 79, KpacHospck, 660041, Poccusa

AHHOTAILIUS. B naHHOU paboTe MBI MpeACTaBiisieM MOJHYIO MOCJIe0BaTeIbHOCTh TeHOMA MITaMMa
Flavobacterium sp. PLB0O3, BbIIeJIEHHOTO U3 KYJIbTYPHI KJIETOK mpuMMop® ryoku Lubomirskia baikalensis,
Y CpaBHMBAaeM €ro C IMaTOreHHBIMU U CBOOOIHO XKUBYIIMMM IpeiacTaBuTensMu pofa Flavobacterium.
IItamMm Flavobacterium sp. PLBO3 nposBJIsAET BRIPAXEHHY0 JINTHYECKYI0 aKTUBHOCTh B OTHOILIEHUH KJTe-
TOK TYOKH, a TaKXe BBI3bIBAET rHOeIb CUMOMOTHYECKUX MUKpoBoAopociel (Trebouxiophyceae). TeHoM
Flavobacterium sp. PLB0O3 umeetr miuHy 5 925 828 n.H. u conepxanue I'L] 34,3%. CpenHsaa ugeHTHUY-
HOCTh HykJieoTuZoB (ANI) 98,9% mnokasaia, uyrto mramm Flavobacterium sp. PLBO3 umeer Hau0o0JIb-
mee cxoAcTBO ¢ Flavobacterium CSZ. CpaBHUTEIbHBIN T€HOMHBIN aHAJIU3 MITaMMa U PUITOTeHETUIECKU
poacTBeHHOoro poxda Flavobacterium mokasas, 4To u3oaupoBaHHBIN mTamM Flavobacterium sp. PLBO3
rMeeT OOJIBIION pa3Mep reHOMa, XapaKTepHHBIH A1 sKoJiorudeckoro poda Flavobacterium, a cooTHoOIIe-
HMe TeHOB IeNTHAa3 1 IIMKO3UAruApoJias cocTasiAer 1.8, 4To Mo3BoJisAeT IPeAnoI0XKUTh, YTO MTaMM
Flavobacterium sp. PLB0O3 o6J1afaeT XxapaKTepUCTUKaMU, CXOAHBIMU C HEMATOT€HHBIMU IITAMMAMHU.

Kiioueavie citoga: Flavobacterium sp. PLB0O3, npecHoBoiHbIe IyOKY, CAZymes, JIOKYChl yTHIU3ALIHI
nojancaxapuaos, CMCTEMa CEKpenrmn IX THUIIa, TEHOMHBIE OCTPOBA, YCJIOBHAA IIaTOT€HHOCTDH

Jlna qutuposanus: [TaHosa 10.A., Benmkos C.U., YepHorop JI.W. ['eHOMHBIE OCHOBBHI ierpajlaliii TKaHel 0alKaJabCKUX ryOoK 3a
cueT cBOOOHO XUBYIUX (h/tagobakmeputi ¢ JIOKyCaMU yTUIN3ALUN NOJIMCAaXapUA0B, OPUEHTUPOBAHHBIMY Ha IJIMKAHBI X035 MHA
// Limnology and Freshwater Biology. 2025. - Ne 6. - C. 1313-1328. DOI: 10.31951/2658-3518-2025-A-6-1313

1. Beepenne Jyloliyie roAbl BHEITHYE TPU3HaKK 3a00sieBaHusA rybok

OBICTPO MeHsIUCh, 3aTeM ¢ 2013 rosia u o Hacrosilee
BpeMs HaOJII0JaJiCh pasjiMyHble CUMIITOMBI IOpaxe-
HUA TKaHel Ir'y0oK, TaKue Kak U3MeHeHUe I1BeTa, HEKpOo3
TKaHell U oOpa3oBaHNEe KOPUYHEBBIX U TPA3HO-PUO-
JIETOBBIX OGaKTepuasibHbIX OHOIJIEHOK. YKCJIEHHOCTh
ry0OK 3HauuTeJbHO COKpaTWJjiach, W B HacTosllee
BpeMs GoOJibHBIE T'YOKU BCTPEUYalOTCA 1O BCEMY O03epY
bBatikan. Kpome Toro, ormeueHo, utro 3aboJjieBaHUE U
rubesib OaiikaJIbCKUX T'yOOK CONPOBOXIAETCS MHOTIO-

3abosieBanye, nopaxaloliee NPECHOBOAHbIE YHCJIEHHBIMM M3MEHEHUAMHU B 3KOCHCTeMe JIMTOpasu
ry0Oku, 66110 BriepBbie 0OOHapyxeHo B 2011 rofgy, xorga osepa Baiikan (Timoshkin et al., 2016; Khanaev et al.,
B LIEHTPAJIbHOU KOTJIOBUHe o3epa batikan 6puin 06Ha- 2018)

Py’keHbl po30Bble ocobu (Bormotov, 2012). ismeHeHue
nBera rybok OBLJIO BBI3BAHO TMOEJIbI0 UX OCHOBHOIO
CUMOMOHTA, 3eJ1€HOI Bogopociu Choricystis sp. v 1aJib-
HelIel 3aMeHO! Ha nuaHob6akTepun Synechococcus sp.
(Denikina et al., 2016; Belikov et al., 2019). B nocJie-

Osepo bBaiikanm — OJHO U3 ApeBHENIINX O03€p
B TeoJIOTMYecKoll HcTopuy, cojepxailee noutu 20%
MMPOBBIX 3allacoB IpecHOil Bojbl. O3epo oTInyaercs
pa3HooOpa3ueM >HJeMUYHOU ¢Jiophl U ¢payHbl, a 6ai-
KanbCcKue ryOKU ABJIAIOTCA Haub\oJjiee MHOTOYHCJIeH-
HBIMM OpPTraHU3MaMu B IPUOPEXHON 30He ¢ HroMaccoi
6osee 700 r/m? (Koxos, 1972; 2013; Pile et al., 1997;
Semiturkina et al., 2009).

PaHee HaMu 6bUIO MMOKAa3aHO, 4TO 3a0oJieBaHUE
ry0OK CBSI3aHO C U3MEHEHUSMU U Pe3KUMH CABUTaMU
B COCTaBe MMKPOOHBIX cO00IIecTB OalikasibCKUX I'yOOK.
Hamu ycraHoBsieHo, 4yTo HalbJofaeMsblil AucOaiaHC B
MUKPOOHBIX cooOIiecTBax O0JIbHBIX I'y6OK 00yCJI0BJIEH
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Pa3JIMYHBIMU MUKPOOpraHW3MaMu, KOTOpEle, AeliCTBYA
COTJIACOBaHHO, YCWJIMBAIOT CBOe HeraTHBHOE BO3Jeil-
CTBUe, TpuBOAsAllee K rubenn 6alikaJabCKUX TI'yOOK
(Belikov et al., 2019).

Jl714 BBIABJIEHUA NATOTeHHBIX U1 I'yOOK MUKpPO-
OpraHu3MoB HaMU ObLJIO MPOBEIEHO 3KCIIepUMeHTaJIb-
HOe 3apakeHHe KJIeTOYHOH KyJIbTyphl IpuMMopd Oak-
TepHuaJIbHOU cycnieH3uel OT 60JIbHBIX I'yOOK. BeIsABIIEHO
3HauYMTeJIbHOe YBeJjMYeHHe OTHOCUTEJIBHOIO COAep-
xxaHusi Oaktepuil ceMmerictBa Oxalobacteraceae — 1o
25,65% u cemerictBa Flavobacteriaceae — no 62,04%
IIp¥ OAHOBPEMEHHOM CHIDKEHUM YHCJIEHHOCTH ApY-
rux wMukpoopranmamoB (Chernogor et al.,, 2020a;
Chernogor et al., 2020b). Ha ocHoBaHUM aHAJIN3a T'€HO-
MOB BBbIf[eJIEHHBIX IITaMMOB Janthinobacterium SLBO1
u Flavobacterium SLB0O2 Obljia BBIABUHYTa TUAINOTE3A O
BO3MOXXHOM COBMECTHOM B3aHMOJEMCTBUU 3TUX JBYX
Gaktepuil B pazpuTuu 60s1e3HU ryook (Petrushin et al.,
2020; Belikov et al., 2021).

HM3BecTHO, yTO GakTepuu IpeACcTaBUTEINd poAa
Flavobacterium mupoxko pacrnpocTpaHeHsl. Hampuwmep,
TUINOBHIEe mTaMMbI Flavobacterium spp. GbLJIN BEIZIEJIEHEL
Y3 pa3jIMYHBIX HCTOYHUKOB, BKJII0YasA IIPECHYI0 BOAY,
MOpCKOH Jiefjl AHTapKTHKHU, pusochepy u OOJIBHBIX
poi6 (Yi et al., 2005, Ali et al., 2009, Chen et al., 2012,
Ekwe et al.,, 2017). Yucio odpuUMUaIbHO OMHMCAHHBIX
BuzioB Flavobacterium 6bICTPO pacTeT U IO COCTOSHUIO
Ha okTA6ps 2025 roma Briovyaet 448 Bumos (https://
Ipsn.dsmz.de/genus/Flavobacterium).

IMItamMm Flavobacterium sp. PLBO3 6bL1 BIiepBbIe
BbI/leJIeH U3 KJIETOYHBIX KyJIbTYp IpUMMOpPd G0JIbHOM
ry6ku L. baikalensis. PoJyib 3TuX 6aKTepuil U UX CBA3b C
pasBuTueM 3aboJieBaHUI U rubesibio TybOK OCTaloTCs
HeI0CTaTOYHO M3y4YeHHbIMU. B JaHHOM HcciieJoBaHUU
MBI IpeJcTaBjisAeM COOpaHHBINI M aHHOTHPOBAHHBIN
reHoM Flavobacterium sp. PLBO3, u cpaBHMBaeM ero
C reHOMaM{ MNATOTeHHBIX AJiA P06 U HemaTOreHHBIX
Flavobacterium. Oxupaercs, 4TO IOCJIeI0OBATEIBHOCTb
reHoma Flavobacterium sp. PLBO3 u mpoBeqeHHbIH aHa-
JIU3 IpefocTaBAT OoJiee MOJIHYI0 MHGoOpMaIUo o dak-
TOpax, CBA3aHHEBIX ¢ 3a00JIeBaHUAMU. BriABIeHUEe 5TUX
FeHOMHBIX OCOOEHHOCTEH NOMOXKeT NMOHATh MPUYHHEL
CTOJIb IIHPOKOIO paclpocTpaHeHUsA 3aboJieBaHUU U
rubesin 6aliKkaIbCKUX ryook.

2. MaTepuanbl U MeTOADI
2.1. CexBeHMpOBaHHE reHOMa, KOHTPOADb
KauecTBa u cbopka

HeobpaboTanHble NpouYTeHUs CeKBEHUPOBa-
Hus Illumina orenuBanu ¢ nomoiso FastQC v0.11.9
(Andrews, 2010) g OILleHKM KadyecTBa OCHOBa-
Huli, conepxanusa GC u 3arpsA3HeHUs aJanTepaMu.
HuskokauecTBeHHbIE OCHOBAaHUA M IOCJIeq0BaTEIbHO-
CTU ajanTepoB oOpe3aju c momompblo Trimmomatic
v0.39 (Bolger et al., 2014). 'eHoM cobupaj ¢ MOMO-
uipio SPAdes v3.15.4 (Bankevich et al., 2012; Prjibelski
et al., 2020) ¢ ucmosb30BaHUEM CTAHAAPTHBIX UTEpa-
nuii k-mepoB. KauecTBO c60pKU U 3arps3HEHUE OLIEHU-
Basu ¢ nmomoinbio FCS-GX (Astashyn et al., 2024) gia
obHapyXeHUs U yJajleHus NpeanojaraeMbiX 4yXepom-
HBIX KOHTUrOB. KoHTUru kopoue 200 m.H. uiu nome-
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YeHHBIE, KaK 3arpA3HAILIE 0TOpachlBaIl, YTO 1aBaJIo
OKOHYATeJIbHYI0 COOPKY, HUCIOJIb3YEMYIO AJIs HOCIeny-
IOIUX aHAJIN30B.

2.2. AHHOTaAUMA reHoma

OduHasbHag cOopka ObUla aHHOTHpOBAHA C
nomorteio uHCTpyMeHTa NCBI Prokaryotic Genome
Annotation Pipeline (PGAP) Bepcuu 6.9 (Tatusova et
al., 2016), xotopsii o0beAuHAET ab initio mpeAcKa3aHue
reHOoB, Kjlaccu(uKaluo ceMelicTB 06eJIKOB Ha OCHOBe
HMM wu mnopgoGpaHHBe (QYHKIMOHAJIBHBEE MO
RefSeq. AHHOTAaIUA BKJIIOYAIa KOUPYIOIIKe IOCIeo-
BaTesibHOCTU, Hekoaupytomue PHK, TPHK, ¢parmeHTH
pPHK u nceBOoreHsl.

2.3. FeHOMbI, BKAIOYEHHbIE B aHaAU3

Jnsa usydeHusa QuiaoreHoMHoro u GQyHKIHO-
HaJIbHOTO KoHTeKcTa Flavobacterium sp. PLBO3 MbI oTO-
6pasu 14 o611e10CTYIHBIX T€HOMOB, [IPeICTABJIAIONINX,
Kak CBOOOOHOXUBYIIME, TaK U MaToreHHble A PHIO
JsuHuM pona Flavobacterium. TeHOMBI OBUIM TOJTyYeHEBI
u3 NCBI GenBank B mepuoj1 ¢ mapTa no mai 2025 ropa.
UTOroBEIll CpaBHUTEJIBHBIE HabOp [NAaHHBIX BKJIIOYAT
cienyromrue Bunbl: F. sp. CSZ, F. piscisymbiosum F-30, F.
piscis CCUG 60099, F. bizetiae HJ-32-4, F. bizetiae FlaQc-
53, F. bizetiae CIP 105534, F. aquidurense DSM 18293, F.
johnsoniae FJOH, F. pectinovorum ZE23VCelO1, F. soyae
SCIVO07, F. collinsii FlaQc-26, F. lipolyticum F-126, F.
chilense DSM 24724, F. psychroterrae CCM 8827, as well
as the fish-pathogenic species F. columnare 04017018,
F. psychrophilum JIP02-86, F. branchiophilum FL-15, and
F. tructae ATCC BAA-2541. IloapoGHasA cTaTuCTUKA
cOOpPKM U XapaKTepUCTUKU aHHOTAUUU TeHOMa MJIsg
BceX IMTaMMOB npuBe/ieHsl B Ta6ure S1 IIpuiioxeHus.

2.4. ®uUNOreHHA U aHaANU3 cpepHen
HAEHTUYHOCTH HYKAE€OTHAOB

beu1  mpoBemeH (GuioreHeTUYeCKH aHaIu3
reHoma c ucnosbszoBaHueM miaaTdopmel TYGS (Meier-
Kolthoff and Goker, 2019; Meier-Kolthoff et al., 2022)
JULA BBIABJIeHUA HanOoJiee OJIM3KUX TAKCOHOB U BEIOOpa
NOAXOAAMNX pedepeHTHBIX T'eHOMOB, IJIA MOCJeny-
I0Ilero CpaBHUTEJIbHOr0O aHaausa. [1ockosibKy TeHOM
Flavobacterium sp. PLBO3 cuipHO (parMeHTUPOBaH,
a BCe BOCCTaHOBJIEHHBIE IOCJIeOBATEJIbHOCTU I'eHOB
16S pPHK ObUsi HENOJHBIMU, Ui (UIOreHeThYe-
CKOM peKOHCTPYKLIMH MBI KCIIOJIb30BaJId I'eH AoMall-
Hero XxossiicTtBa gyrB. DTOT moAxXod COOTBETCTBYeT
IpeAbIAyIIMM peKOMeHAaluAM II0 TakcoHoMuu ¢Jia-
BoOakTepuil, rie gyrB obecneunBaer 6oJiee BBICOKOE
(dusoreneTruyeckoe paspelleHre U IpeAloYTUTeNIeH B
ciayvasx, korga 16S pPHK HenmocTynHa wiv HemoJjiHa
(Peeters and Willems, 2011). CpenHsas UAeHTUYHOCTH
HykJleoTuZioB (ANI) mo BceMy reHomy ObLia paccuu-
TaHa c¢ moMoirsio FastANI (Jain et al., 2018). s
3TOr0 aHajanW3a MBI BKJIIOUWIIM CJIeAyIolliie I'e€HOMHI,
[IpeACTaBJIAINe OJIM3KOPOACTBEHHBIX IIpe/icTaBUTe-
Jiert pona Flavobacterium: F. sp. CSZ, F. piscisymbiosum
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mramm F-30, F. piscis CCUG 60099, F. bizetiae mramm
HJ-32-4, F. sp. KBS0721, F. bizetiae mramMm FlaQc-53 u
F. bizetiae mtamM CIP 105534. DTy reHOMBI ObLIIA OTO-
OpaHbI Ha OCHOBe pe3yJIbTaToB kjactepusauuu TYGS u
ux 6ymsoctu K Flavobacterium sp. PLBO3 B mpenBapu-
TeJIbHBIX aHaJIU3aX.

2.5. BbifABA€HHE reHOB YCTOMUYMBOCTH K
NPOTUBOMMKPOOHLIM NpenapaTramMm U reHOB
BUPYACHTHOCTH

[ToTennuasnbHble TeHBl yCTOMYMBOCTU K NPOTHU-
BOMMKpDOOHBEIM IIpenapataM U (akTopbl BHUPYJIEHT-
HoCTU ObLTU IpoBepeHHI ¢ noMmolrsio ABRicate v1.0.1
(Seemann, 2016) no 6azam ganHsix CARD, NCBI AMR
u VFDB (Chen et al., 2016; Liu et al., 2022) ¢ ucroJib-
3oBaHueM 1iatdopmsl Galaxy 2024.

2.6. UpenTMPuKaumua cucTem cexpeuum

KommoHeHTH cucteMsl cekperiuu IX tuma (T9SS)
ObLIM MAEHTU(GULIUPOBAHLL C IIOMOIIbI0 PYYHOI'O IIPO-
CMOTpa aHHOTHUPOBaHHBIX I'eHOB U noucka BLASTp.

2.7. NMporHo3MpoBaHue reHOMHbIX
OCTPOBOB

I'enomHuble ocTpoBa (I'O) ObIM IpeAcKas3aHHI C
nowmoInpio IslandViewer 4 (Bertelli et al., 2017), xoTo-
peiii o0beAuHAeT Metomsl SIGI-HMM wu IslandPath-
DIMOB. I'ennl B npefeniax I'O ObIM aHHOTHPOBAHHI C
nomoipio PGAP. Beuin 3apeructprpoBaHbl GyHKINO-
HaJIbHbIE KaTeropuy, BKJI0Yasd MOOUJIbHBIE 3JIEMEHTHI,
KOMITOHEHTHI CEKpeLuH, YIileBOA-aKTUBHbIE (PepMEHTHI
(CAZymes), TonB-3aBucrMbie pellenTOPH U IPOTea3kl.

2.8. AHHOTaUMA NPOTea3 U CPAaBHUTEAbHbIN
aHanu3 no 6aze MEROPS

[Iporea3pl ObBLIM AQHHOTHPOBAHBE C IIOMOIIBIO
moucka BLASTp B 6a3e ganasix MEROPS (Rawlings et
al., 2014; 2018; Rawlings and Bateman, 2021) (E-value
< 1le-10). KonmuuecTBo nporea3 Ha ypoBHe ceMelNCTB
6pUI0 cymMMUpoBaHO i mramma Flavobacterium sp.
PLBO03 u cpaBHeHO ¢ pedepeHTHBIMY BUAaMU, B 4aCTHO-
cty, Flavobacterium johnsoniae. TIpoTea3s! OBLIIA KJIACCH-
dunypoBaHsl 10 KaTaJuTUUYeCKOMY TUIY (CEepUHOBHIE,
MeTaJIONpoTeassl, LIICTEeHHOBbIe, aclaparvHoBble) U
10 IIpeArnoJiaraeMoi cyOKJIeTOYHO! JIOKaIU3aluH.

2.9. Upentudpuxkauua CAZymes v AOKycoB
yTuAu3auum nonucaxapuaos (IMYA) m ananus
no eupam Flavobacterium

YrneBon-aktuBHble pepMeHTH (CAZymes) ObLIU
aHHoTupoBaHbl ¢ momolnblo dbCAN3 (Zheng et al.,
2023). beutu oTo6paHbl TOJIBKO (pepMeHThI, TOATBEPXK-
JeHHble KaK MHUHUMyM JByMs MeToAaMu. JIOKycCHI
ytunm3auuu noaucaxapunon (IIYVJI) 6eutu npefcka-
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3aHbl ¢ momoInbkio koHBeliepa dbCAN CGC, KOTOpBIH
oOHapyXuBaeT cO-JoKain3oBaHHbe CAZy-pellenTOpH,
SusC/D-nono6Hele TonB-3aBrcHMBIE TpaHCIOPTEPH U
peryasaropel TpaHckpunuuu. CyOctpathl ITYJI Gbpuin
oIpefiejieHBl Ha OCHOBe cocTaBa cemelictBa CAZymes,
nporHo3upoBaHus cyoctpaToB dbCAN 1 JaHHBIX JIUTE-
partypsl 06 uzBectHoM apxutektype I1YJ1 y Flavobacteria
u Ipyrux Bacteroidetes.

YTo6Hl onpenenuts KoHTeKcT Flavobacterium sp.
PLBO3 B mpefesnax poga, Mbl CPaBHWUJIU pernepTyapsl
CAZymes B 15 renomax ¢yiaBobakTepuii, BKJII0OUas npem-
CTaBUTeJIell OKpy>Xalollell cpelbl U BU/bI, IaTOreHHbIE
JUIA peIO. DTOT HMMPOKOMAaCHITaOHBIN aHAIU3 BBIABUJI
OCHOBHBIE 3aKOHOMEPHOCTH pasHooOpasusa CAZymes u
mokasaJt, uyto Flavobacterium sp. PLB03 o61afjaeT ofHUM
13 caMbIX paclIMpeHHbIX penepTryapoB CAZymes, 0co-
OeHHO B ceMelCTBaX, aCCOLMMPOBAHHBIX C IJIMKaHAMU
xo3aunHa. [lockosbky apxurekrypa IIYJI 3HauuTEIbHO
pasjmnyaercs y pasHbIX BUJOB U OTCYTCTBYeT I'OMOJIO-
rds Ha ypoBHe JIOKYCOB B IIpefleslaX poja, JeTaJlbHoe
cpaBHeHue [1YJI GpUIO OrpaHHUYeHO IIECThIO pernpe3eH-
TaTUBHBIMU TeHoMmawmu: Flavobacterium sp. PLBO3, F.
johnsoniae, F. piscisymbiosum, F. bizetiae, F. tructae u F.
columnare.

CpaBHUTesBbHBIN aHanmu3 npoduseit CAZymes,
peneptyapoB IIYJI u pacnpepnesnieHuili ceMeiicTs 6a3bl
MEROPS 65111 ipoBefieH 1o 15 reHomam ¢iiaBob6akTe-
puil. MaTpuibl AaHHBIX OBLIM IIOCTPOEHBI HAa OCHOBE
IIO/ICUETOB Ha yPOBHE CeMEMCTB U IIpoaHaJIN31POBaHbI
MeTOJIOM Mepapxuieckol KjacTepru3ally C UCIOJIb30-
BaHNEM MeToja YopJa U eBKJINAOBLIX paccTOAHUM B R.

3. Pe3ynbTarthbl
3.1. Pe3synbTrartbl COOPKH U aHHOTALMM
reHoma

YepHOBUK cOOpKM reHoMa BiJIOYana 334 KOH-
Tura obmeii amHo 6 003 505 map ocHoBaHuii (I.H.).
[Tocne ypaneHuss KOpoTkux KOHTUroB (<200 m.H.) u
KOHTaMMHAHTOB, OKOHYaTeJibHasA cOoOpKa cojepxaa
93 koHTHra obmeil gauHONH 5 925 828 m.H., 3Haue-
Hue N50 cocrasinano 542 557 n.H., a cogepxanue GC
— 34,3%. Orta cbopka reHoma Oblja IpefcTaBjieHa B
GenBank moz HoMepom foctyma JBLIYNOOOOOOOOO u
IOATOTOBJIEHA [JIA IOCJeAylollell aHHOTallUU U aHa-
Jau3a c noMoiubio PGAP. OcHOBHBIE ITOKa3aTean cO0pKU
1 aHHOTalLUU NpefcTasiieHsl B Tabsaune 1.

Pa3Mep reHoma 6oJiblile, 4eM y MaTOre€HHBIX AJIA
pe6 BuAoB Flavobacterium, 1 CONOCTaBUM C IPUPOX-
HBIMH HITaMMaMM C paclIMpeHHBIM MeTaboJI4ecKUM
peneptyapoM (Tabmune S1 Ilpunoxenus).

3.2. ®OunoreHus U aHaAU3 CpeAHEMN
HAEHTUYHOCTH HYKAE€OTHAOB

Ananus wucciiefoBaHus, C IPUMEHEHUEM cep-
Buca TYGS u amanus pesynbratoB BLAST B NCBI
[oKasajam, 4YTo IocjieioBaresibHOCTH Flavobacterium
sp. PLB03 Haubojiee TecHO CBs3aHBI C IIOCJIE/IOBa-
TeJIPHOCTAMHU HeyCTaHOBJIeHHoro Buma Flavobacterium
sp. CSZ, u Flavobacterium sp. KBS0721 u F. bizetiae, F.
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piscisymbiosum u F. piscis. TeHOMHOe CpaBHEHUE 3TUX
IITaMMOB Ha OCHOBe CpeAHell WJAeHTUYHOCTHU HYyKJIeo-
TUAOB TMOKa3asio, uto Flavobacterium sp. PLBO3 o6pa-
3yeT TecHBINI KjacTep Ha BHIOBOM YPOBHE TOJIBKO
¢ Flavobacterium sp. CSZ ¢ ANI 98,96%, 4TO 3HAYU-
TeJIbHO IIpeBhImaeT 95% mopor BUAOBON IIPUHAJIEXK-
HocTU. Bce ocTasibHBIE TPOAHAJIN3UPOBAHHbBIE [€HOMBI
Flavobacterium mokazanu 3Ha4yeHUsA CpelHel UJieH-
TUYHOCTU HyKJIeoTuaoB 89,3-90,8% OTHOCHUTEIBHO
Flavobacterium sp. PLB0O3, 4TO yka3biBaeT Ha MeXBU-
JIOBYI0 AWBepreHIyio. brkalmuM BHUOM BHe Iaphl
Flavobacterium sp. PLBO3 - CSZ 6w11 F. piscisymbiosum
F-30 (90,8% ANI), u3BeCTHBII TaKCOH, CBSI3aHHBIN
¢ peibaMy, XOTA M 3HAUMTEJIbHO HIKe BHIOBOM Ipa-
HuIel (Tabauna S2 Ilpunoxenus). B cOBOKynmHOCTH 3TU
pe3yJibTaThl MOKa3kBaKT, uTO Flavobacterium sp. PLBO3
u F. sp. CSZ 06pa3yoT oT[ie/IbHYI0 BUIOBYIO JIMHUIO.
dusoreHeTyecKuil aHaiau3 gyrB nomecTtun
Flavobacterium sp. PLBO3 B 3KOJIOTMYECKYI0 JIMHUIO
dbnaBobakTepuii, HanboJiee 6M3Ky0 K Flavobacterium
sp. CSZ n HaxoAAIlyI0CA Ha 3HAUYUTEJIbHOM PacCTOAHUN
ot F. psychrophilum, F. columnare u F. branchiophilum,
KOTOPpBIe ABJIAIOTCA maTtoreHamu puid (Puc. 1).

3.3. BbiABA€HHE reHOB YCTOMUYMBOCTH K
NPOTUBOMMKPOOHLIM NpenapaTramMm U reHOB
BUPYACHTHOCTH

[Ipy craHOapTHBHIX IIOPOTOBBIX 3HAYE€HMAX
cTporoctu (MOEHTUYHOCTh U TOKPHITHE 75-90%),
Abricate He o06Hapyxui1 GakTOpOB BUPYJIEHTHOCTU
B reHome Flavobacterium sp. PLB03. IIpu cHUXeHUU
MOpOroBeIX 3HaueHUU o0 60% upeHTudyHoctu U 60%
MOKpEITHA, Abricate cooGuI 0 4eTHIPEX COBNAIEHUSX,
JEeMOHCTPHUPYIOIINX YacTUYHOEe CXOACTBO ¢ Oesikamu,
accoUMMpOBaHHBIMU C BUPYJIEHTHOCTBIO, OIMCaH-
HBIMU B JIpyrux 6aKkTepuasbHBIX TakcoHax: katA, htpB
(GroEL/Hsp60), neuCl (UDP-N-aieTuirjitoKo3aMuH-
2-3nmMepasa) U OAHUM OeJIKOM, aHHOTUPOBAaHHBIM B
VFDB kak addekTop cucteMmsl cekperuu Dot/Icm Trna
IV (Ipg2370).

Bce coBmageHus nokasaJau HU3KYI0 aMHHO-
KUCJIOTHYI0 MJEeHTUYHOCTh (66-68%) u HemoJsiHoe
MoKpeITUEe BbpaBHMBaHUA (70-90%), 4TO yKa3blBaeT
Ha OTAAJIEHHYI0 TOMOJIOTMIO, a He Ha (QyHKIKMOHAJIb-
HyI0 5KBHUBAJICHTHOCTb. JTHU T'eHbl KOAUPYIOT OCHOB-
Hble (QYHKIUU «JOMAallHero Xo3fAICTBa», IIMPOKO
pacrpocTpaHeHHble y OakTepuii, 1 He CUUTAIOTCA I0JI-
HOIleHHBIMU JeTepMHUHaHTaM{ BUPYJIEHTHOCTH poJa
Flavobacterium. Takum o6pa3omM, mramm Flavobacterium
sp. PLBO3 He xoqupyeT TpaaULIMOHHEIE CUCTEMBI BUPY-
JIEHTHOCTH, OIKCAaHHbIEe Y MaTOTeHHBIX JJIA PO mTaM-
MOB, TakuXx Kak F. psychrophilum u F. columnare.

>

3.4. FNeHoOMHBIE OCTPOBA

IslandViewer mpenckazan 23 reHOMHBIX OCTPOBa
pasmepoM ot 4,1 o 74,9 T.n.H. U o0LM pa3MepoM
okoJio 540 T.m.H. (10-12% rexnoma). I'eHBI, accoIuu-
pOBaHHBIE C FT€HOMHBIMY OCTPOBaMH, BKJIIOYAJIM TUIO-
TeTnudeckue OeJIKM, MOOWJIbHBEIE 3JIEMEHTHI, pellel-
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TOPHI, 3aBUCUMBIe OT TonB, U OTHe/IbHbIE KOMIIOHEHTH
cuctemsl cexkperuu IX tumna. 'eHoMHEIe ocTpoBa ObLIN
paccpeoTOYeHBI II0 BCeEMY I'eHOMY 1 He 00pa3oBbIBAJIA
KpyIHble kaacTephl (Puc. 2). BosbmUHCTBO reHOMHBIX
OCTPOBOB OBbLIM IIpefCKa3aHbl Kak MUHUMYM JBYMs
He3aBUCHUMBIMU aJITOPUTMaMH, 4TO CBUETEJILCTBYET O
BBICOKOI JOCTOBEPHOCTH UX I'PaHULL.

Ta6smna 1. CraTtuctrka Heo6pabOTaHHBIX IIPOUYTEHUH U
reHOMHBIX pu3HakoB Flavobacterium sp. PLB03

CBOIiCTBO Flavobacterium sp. PLB03
HeoGpaboTaHHble IPOYTEHUA 7 220 904
JnmiHa c60pKy, II.H. 5925 828
KonmyecTBO KOHTUTOB 93
JlimiHa caMoro AJIMHHOTO 940 434
KOHTHUTA, II.H.
N50, n.H. 542 557
NO9O, n.H. 198 207
Copepxanue GC 34,3%
OO011ee KOJIMYECTBO reHOB 5104
Benok-koaupyromue 4975
HOCJIEIOBATEIBHOCTU
TPHK 64
Hexopupyrome PHK 3
IIceBmoreHnt 32
Howmep noctymna B GenBank JBLIYNOOOO00000

F. sp. PLB03

F. sp. CSZ

F. bizetiae HJ-32-4

F. bizetiae CIP 105534

F. bizetiae FlaQc-53

F. piscis

F. sp. KBS0721

F. piscisymbiosum

F. psychroterrae

F. pectinovorum

F. chilense

F. johnsoniae

F. soyae

F. collinsii

F. lipolyticum

F. tructae

F. aquidurense

F. psychrophilum

F. branchiophilum

F. columnare

C. piscicola
Puc.1. JlepeBo o6benuHeHUs cocelleii, OCHOBaHHOe Ha

TOJIHBIX ITOCJIeAOBaTeIbHOCTAX gyrB.

Genome position (Mbp)

Puc.2. PacnpefeseHre IeHOMHBIX OCTPOBOB B I'eHOME
Flavobacterium sp. PLB03.
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[Tpencka3aHHble reHOMHBIE OCTPOBa OBLIU 00O-
raiieHsl runoTeTuyeckumu 6eskamu (32%, n = 129), a
Takxe TpaHCIo3a3aMU U uHTerpaszamu (4%), membpaH-
HO-accoIMMpoBaHHbIMU OesikaMmu (4%) U peryiaarop-
HBIMU 3JIeMeHTaMU, TaKMMH, KaK TPaHCKPUIII[LIOHHbIE
PeryJiATOph TUNA «CIHUPaJib-MIOBOPOT-ciupaib» (4%).
HexoToprie ocTpoBa coAepkald KOMIIOHEHTHI, THUIINY-
Hble Ui $haBoOaKTepuil, BKJIIOYAsi T€HbI, aCCOLMUPO-
BaHHBIE C CHCTeMOH cekpenuu tuna IX, peljentopsi,
3aBucumMele oT TonB, u 6enku HapyXHOI MeMOpaHBI,
cBsazaHHble ¢ SusC/RagA TonB (n = 4), a Takxe TpaHc-
no3a3bsl ceMmericTBa IS6 (n = 4).

3.5. YraneBop-akTUBHbIEe pepMeHTbI
(CAZymes)

T'enom Flavobacterium sp. PLBO3 koaupyet 392
CAZymes, Bxiaouyas 185 rimkosup rugposas, 53 riu-
ko3ua tpaHcdepassl, 36 yrieBon a3crepas, 14 nosu-
caxapuj Juas, 28 yrjeBojd CBA3BIBAIOIUX MOAYJIEH
1 7 GepMeHTOB BCIOMOTraTeJbHON aKTHUBHOCTU. JTO
nenaet Flavobacterium sp. PLBO3 omguuM u3 HauboJiee
OoraThlx yIJIeBOO-aKTUBHBIMU (GepMeHTaMH MUKpPO-
OpraHu3MOB Cpey H3Y4YeHHBIX NPEeCHOBOIHBIX BUIOB
¢raBobakrepuit (Tabaura 2). Penepryap CAZymes
OXBaTHIBaeT IMMPOKUII CIIEKTp MOJIKMcaXxapuioB pacre-
HUI U Bojopocieill (KCWJiaH, NeKTHUH, KCUJIOTJIIOKaH,
OeTa-rjiloKaH, MaHHaH, ajbI'MHAT, ajibda-rJaoKaH), a
TakXxe ceMelcTBa, 0OBIYHO acCOLMMPOBaHHbBIE C IJIMKa-
HaMU X035AMHa, Takue kak GH29, GH33, GH92, GH95,
GH105, GH127, PL12, PL29 u CBM32. IlocnegHue
WUrpaloT KJII0YEeBYI0 poJjib B Jlerpajaliy MyLHOB, IJIH-
KO3aMHHOIJIMKAHOB Y IJIMKONPOTEHUHOB.

3.6. AOKyCbl YTUAU3ALMU NOAMCAXAPUAOB

C momompio dbCAN3 wu konBeiiepa CGC B
renome Flavobacterium sp. PLBO3 6buto umeHTHU(DU-
UpOBaHO 32 JIOKyca YTUJIM3AlMKM MOJINCAXapUAOB

(ITYJI). CpaBHUTeJNIbHBIN aHaAU3 C NATbI0 Bugamu (F.
johnsoniae, F. bizetiae, F. piscisymbiosum, F. tructae, F.
columnare) BeIABUII B 00I11e1 cimoxHocTy 134 ITYJI (M.
HomnonuutensHyo Tabauiy S3). Flavobacterium sp.
PLBO3 BXOOUT B UKMCJIO BUJOB C HAanOOJIBIIUM KOJIHUe-
ctBoM ITYJI, comocTaBUMBIX TOJIBKO € F. piscisymbiosum
u F. bizetiae, TOor[ja, Kak MaTOreHHBIE IS PHIO IITAMMBI
KOOUPYIOT ropasio MeHbllee konnuectBo ITYJI (ot 1
o 11).

CpaBHeHue apxutekTyp [IYJI Ha ocHOBe CTpPyK-
TYP BBIABUJIO 1O MeHbieil Mepe 11 ITYJI, yHUKaJIbHBIX
s mwramMa Flavobacterium sp. PLBO3, cpenu Bcex
rcciieloBaHHBIX reHoMoB. Haubosiee 3aMeTHBIE YHU-
KaJIbHble KJlacTephbl HallesJleHbl Ha IJIMKaHBI, acCOLUU-
poBaHHEbIe ¢ xo3sauHoM (Tabaura 3).

Hu ogHa u3 aTux CTpyKTyp He Obljia BHIABJIEHA Y
OCTaJIbHBIX IIATU BUJOB (p1aBoOaKTepUll.

3.7. AHanu3 nporea3s

AHHOTanusA mpoTeas W HHIMOUTOPOB IpoTeas
¢ nomomipio 6a3si MEROPS BrisiBuia mupokoe ¢ep-
MeHTaTuBHOe pa3HooOpasue B IIpoaHaJIM3UPOBaH-
HBIX reHoMax (p1aBobakTepuil. [locjie HopMaIM3anuu
an”Hotauuu MEROPS mno yHuuUUMpPOBaHHBIM KoAam
CeMEeNCTB, Bce BHABl KUMeJIM KOHCepBAaTHBHOE AApPO
poreas, B KOTOPOM JOMHHHpOBaiu ceMericTBa 139,
S$33, M14, S12 u S9 ([onosHuTtesbHas Tabiauma S4).
Cpenmu HUX ceMelcTBO MHruoutopos 139 6p10 Haubo-
Jiee pacIpoCTpaHEHHBIM NPAaKTUYeCKU BO BceX I'eHO-
Mmax. HecmoTpsa Ha obuiee Aapo, MaTpula mmporeas Io
BUAaM U ceMeMCTBaM IoKasajla CylleCTBeHHBbIe pas-
JINYWA B CTeleHU paclmpeHus ceMmelicTts. HekoTopeie
BUABl 00jlafjajii KOMIAKTHBIMM penepTryapaMu, B TO
BpeMs Kak Jpyrue JeMOHCTpPUpPOBajY 3HA4YUTeJIbHOe
oboraiieHre HeCKoJIbKUMHU S- U I-cemelicTBamu. ['eHoM
mramma Flavobacterium sp. PLBO3 koaupoBaJt 60J1bInoe
KOJINYEeCTBO T€HOB HECKOJIbKUX OCHOBHBIX CEMEMCTB
npoteas (Puc. 3).

Ta6suna 2. CpaBHUTeJIbHOE pacnpefesieHne kiaccoB CAZy cpenu 15 mramMmoB

Buppsl CAZy-reHn1 GH GT CE PL CBM AA
Flavobacterium sp. PLB03 392 185 53 36 14 28 7
F. soyae SCIV07 408 183 66 32 10 36 6
F. piscisymbiosum F-30 386 175 57 38 13 24 7
F. pectinovorum ZE23VCel01 392 172 60 33 11 34 3
F. johnsoniae FJOH 382 165 59 31 12 29 4
F. bizetiae HJ-32-4 363 153 58 33 9 25 3
F. aquidurense DSM 18293 343 149 39 42 14 18 5
F. chilense DSM 24724 348 134 54 34 15 28 4
F. psychroterrae CCM 8827 331 127 46 28 15 32 3
F. tructae ATCC BAA-2541 276 55 57 25 7 7 6
F. lipolyticum F-126 278 55 60 24 7 8 6
F. collinsii FlaQc-26 270 59 52 21 9 7 5
F. branchiophilum FL-15 (mat.) 180 29 51 14 2 7 2
F. columnare 04017018 (mart.) 154 18 44 12 3 1 1
F. psychrophilum JIP02-86 (mar.) 137 10 45 9 0 0 1

IIpumeuanue: GH - rimkosupa rugposassl; GT — rimkosun TpaHcdepassl; CE — yrieson acrepassl; PL — mosmcaxapup
smasbl; CBM - yryieBo cBA3bIBaIve MOayJid; AA — BClioMoraTesbHble aKkTUBHOCTH.
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Ta6suna 3. I'mukaHbel X035 iMHA U BOJIOPOCJIEBBIE MOJIMICaXapu/bl, HalleJleHHble Ha JIOKYCHl yTWJIM3alUU IOJIMCaXapuoB,

BbIsiBJIEHHBIE B Flavobacterium sp. PLB03

Ty JIYII
CAZymes

KimoueBbie ceMelicTBa

I[Ipumeuanusn

MyuuH-gerpagupyromue JIVII

I'muko3zamuHorarkas (GAG)

JIVII PL12/PL8

I'nukaH x03sA1Ha/TJINKONPOTENH
’KMBOTHOI'O NIPOMCXOXAEHU
JIVII

GH130

Apabunoranaktad/AGP-tun
PL42

Asprunar-crienuguunsie JIYII

GH105, GHS88, PL12/
PL8, CBM32
GH154, GH159, GH128,

GH29, GH33, GH92,

GH105, GH128, GH154,

PL6, PL17, CE20

KaHoHMYecKast apXUTEKTypa, HalleJIeHHas Ha
MYLUH

JBa otaenpHBIX GAG-crieninUYHBIX JIOKyCa

BoJibmmioit 1oKyc, oboramieHHbIH Qyko3nga-
3aMH, cHaJIMa3aMu U O-MaHHO3U1a3aMu

Hanenen Ha apabuHoranakrad u AGP-
mogoOHbIe CyOCTpaTh

YHukaneHb JIoKyc, pa3pymamni ajabru-
HAT, OTCYTCTBYeT Y JPYTHUX BUJIOB

JlanpHelmiee cpaBHEHHE CeMENCTB IIpoTeas B
KJIacTepe 2 BBIABIIIO YeTeIpe ceMerictBa MEROPS: M10,
S1, T2, T3, KOTOpBIE IPUCYTCTBYIOT NCKJIIOUUTEJILHO B
reHoMme mramma Flavobacterium sp. PLB03, HO oTCyT-
CTBYIOT ¥ OCTaJIbHBIX IIpe/icTaBUTesIell 3TOro KjiacTepa.
Bce ueThlpe cemelicTBa IPUCYTCTBYIOT Y OTJEJIbHBIX
BUIOB U3 Kj1acTepoB 1 1 3, HO OTCYTCTBYIOT B reHOMax
Apyrux npefcTraBUTesier kiaacrepa 4.

4. 06cy)xpenue

T'ernom uzosmpoBaHHoro mramma Flavobacterium
sp. PLBO3 nemoHCTpupyeT couyeTaHHE IIPHU3HAKOB,
TUMAYHBIX Ui CBOOOJHOXUBYIIUX IpeACTaBUTESIEN
pona Flavobacterium, c Moy JisAMU, OOBIYHO CBA3aHHBIMU
C B3aMMO/IENICTBHEM, C XO3AMHOM. DUIoreHeTuYeCcKoe
PacCIIOJIOKEHE W BBICOKME 3HAYEHHsA CpeqHed WIeH-
TUYHOCTA HYKJIEOTHIOB SCHO JEMOHCTPUPYIOT, YTO
Flavobacterium sp. PLBO3 o6pa3yeT OTAeJbHYI0 BUIO-
Byi0 juHUi0 BMecte ¢ Flavobacterium sp. CSZ, ocra-
BasCh MPH 3TOM HAJIEKMM OT XOPOIIO OXapaKTepHU30-
BaHHBIX MMATOTEHHBIX AJIS PHIO MITAMMOB, TaKUX Kak F.
psychrophilum, F. columnare u F. branchiophilum. Taxoe
pacIoJIOKEHNE TOATBEPXKOAAET MHEHHE O TOM, 9YTO
mramMm Flavobacterium sp. PLBO3 sBiisieTcs, mpexie
BCEro, 9KOJIOrMYECKUM TaKCOHOM, a He CIIeNUaIu3npO-
BaHHBIM [IATOTE€HOM.

HecmoTps, Ha OTCyTCTBHE KJIACCUYECKUX JleTep-
MHHAHT BUPYJIEHTHOCTH — JjaXke IPU CMAYeHHBIX
noporax oOHapyxeHuss — reHoM Flavobacterium sp.
PLBO3 conmepxut psax GyHKIMOHAIBHBIX 0COO€HHOCTEN,
KOTOpBIE MOTYT yCHJIMBAaThb €ro CIIOCOOHOCTU paspy-
maTh TKaHU I'yOOK U 3eJIEHBIX CUMOMOTUYEeCKUX MUKPO-
BozjopocJieil. OTMeueHo, uTo TeHoM Flavobacterium sp.
PLBO3 6ospie, yeM y naTOreHHBIX JJIA PBHIO MITaMMOB
U KOAUpyeT pacIIMpeHHBI MeTaboJMYecKuil penep-
Tyap. Tak, 392 rena CAZymes fesainT reHOM IITaMMa
Flavobacterium sp. PLB03 oagHuM U3 HanboJiee 60raThix
YIJ1€BOJI-YTUJIN3UPYIOIYX BUJOB CPeAU TPeCHOBOAHBIX
Flavobacterium, usyueHHbIX paHee. Ocoboe BHUMaHUe
npuBJeKaeT Hainuue ceMelicTB CAZymes, 0OBIYHO CBA-
3aHHBIX C Jlerpajanrei 5yKapuoTUYeCKUX TJIMKOKOHbB-
oraTtoB, Bkyouas GH29, GH33, GH92, GH95, GH105,
GH127, PL12, PL29 u CBM32. Otu depmeHTH obecIie-
YMBAIOT pacliellyieHne MyLIMHOB, IJTNKO3aMUHO-TJINKa-
HOB U CJIOKHBIX XKWBOTHBIX TJIMKONPOTEHMHOB — KJIIO-
YeBBIX CTPYKTYPHBIX I10JINCAaXapUI0B B TKaHAX I'yOOK.

OTOT MeTaboJIMYecKUll MOTeHI[hasl OTpaXeH B
apxutekType 32 nAeHTUDUIMPOBAHHBIX JIOKYCOB YTU-
Jmzanuu nosucaxapusoB (ITYJI). Cpeau HUX eCTh Kak
MHHUMYM [ATb KPYIHBIX KJIACTEPOB, CHENU(UYHBIX
Juts Flavobacterium sp. PLB03, HalleJIeHHBIX Ha acCoOIfu-
HMPpOBaHHbBIE C XO3ANHOM IJIMKaHbl: KaHOHNUYecKui [TV I,
JlerpaJUpymoInil MyI[UH, [1Ba He3aBHUCUMBIX JIOKyca

-

[

Cluster 2

T

Cluster 1

F. columnare

F. branchiophilum
F. psychrophilum

F. aquidurense

F. bizetiae

F. piscisymbiosum
F. sp. PLBO3

F. collinsii

Cluster 3 Cluster 4

F. tructae

F. chilense

F. lipolyticum

F. psychroterrae
F. soyae

F. johnsoniae

F. pectinovorum

Puc.3. Uepapxudeckas kjacTepusanus BugoB Flavobacterium Ha ocHoBe npoduJieii ceMeiicTBa npoteas mo MEROPS.
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rjMko3aMuHorjaukaHoB (GAG), 6osbimori ITYJI, cBA3aH-
HBIM € IJIMKaHaMU XO3AMHa/XUBOTHBIM IJIMKOIIPOTEH-
HOM, oforaiieHHBI! (yKo3ujasaMu, cuaauaazamMu U
a-mMaHHo3ugasamu, I1YJ1, cBA3aHHbIN ¢ apabrUHOranak-
TaHoM Tuna AGP, U yHUKaJbHBIN JIOKYC, Aerpaaupy-
IOIIMH aJIbI’MHAT, OTCYTCTBYIOIIMI BO BCEX CpaBHUBae-
MBIX TeHoMax. Takoil pa3HooOpa3Hbiii pernepryap I1YJI
npejmoJaraeT MUPOKUH CHEKTp cyOCTpaTOB U Xapak-
TepeH MJiA «ONIMOPTYHUCTUYECKUX» (pJiaBoOaKTepuil,
CIIOCOOHBIX MCIOJIb30BaTh KakK MOoJIMcaxapuabl OKpyxa-
IoIlell cpefibl, TaK U NoJMcaxapyuabl 5yKapruoTHYeCKOro
(KMBOTHOIrO) TNPOUCXOXJeHHA. JIONOJHUTEJIbHBIM
JloKa3aTeJIbCTBOM aJalNTUBHON yHHUBEPCAJIbHOCTHU CJIy-
KUT Hajnuye 23 TeHOMHBIX OCTPOBOB, COCTaBJIAIONMINX
10-12% reHoma. 3TU oCTpoBa oOoraiieHbsl ranoTeTu-
yeckUMHU OesikaMy, MOOWJIBHBIMM 3jeMeHTaMy, TonB-
3aBHCUMBIMM pelleNTopaMH, KOMIIOHEHTaM{ CHUCTEeMBI
cekperuu IX tuma u SusC/RagA-mogo6HBIMHM TpaHC-
opTepaMy, 4YTO yKa3blBaeT Ha aKTUBHYI0 MOAYJIbHOCTb
reHoMa U [IoTeHI[haJIbHOe FTOpHU30HTaIbHOE IprobpeTe-
HUe reHoB. PacnipesiesieHHOe paclipefiesieHrie MoJyJiei
TonB-SusC, acconuupoBaHHBIX C F€HOMHBIMU OCTPO-
BaMM, COTJiaCcyeTcs ¢ TUMMYHOM opraHuzanuei IIYJI y
dnaBobakTepuii, 4TO AOMOJIHUTEJIbHO MOATBEpXAaeT
upaern o cyocTpaT-3aBUCUMOM IJIaCTUYHOCTU FeHoMa.

Ananus nporeas BBIABUJI paclIMpeHHBIN penep-
tyap MEROPS y Flavobacterium sp. PLB03, BkrOUaro-
mmil dyetsipe cemetictBa (M10, S1, T2, T3), koTopsie
OTCYTCTBYIOT y APYIMX IIpe/iCTaBHUTejiell 3TOro KJia-
cTepa, HO MNPUCYTCTBYWT y Oojlee MeTaboJIM4eCKHU
rMOKUX BUJOB. OTU NpOTeasbl MOI'YT CIOCOOCTBOBATH
Jerpafgaunu 6eJIKOBBIX KOMIIOHEHTOB TKaHel rybok. ¥
¢1aBobakTepuil MpoTeassl YacTO JEHCTBYIOT CUHEpre-
Tudecku ¢ CAZymes npy paspylleHUU CJIOXKHBIX Opra-
HMYECKUX MAaTpull, 4TO yKasblBaeT Ha HX B3anUMOJO-
MIOJIHAIONIYIO POJIb B YCBOEHMU cyOcTpara.

B coBokymHOCTHM, TeHOMHEIE OCOOEHHOCTHU
mramma Flavobacterium sp. PLBO3 yka3plBalOT Ha TO,
YTO 3TO He KJIaCCUYeCKUH IaToreH, a CKopee 3KOJIO-
rM4YecKyd aJanTHpoBaHHBE OAKTepUM C pacUIMpeHHOH
CIIOCOOHOCTBIO K Jerpajanyi CJI0XKHBIX OpraHUYecKux
cyOCcTpaToB, B TOM YHCJIe )XMBOTHOTO M paCTUTEJIbBHOTO
npoucxoxjeHusa. CoueTaHue Ooratoro pemnepryapa
CAZymes u I1YJI, yHUKaJIbHBIX JIOKYCOB, OPUEHTUPO-
BaHHBIX Ha IJIMKaHbl XO03AMHA, pa3sHOOOpa3HBIX IpO-
Tea3 ¥ MOAYJIbHBIX TeHOMHBIX OCTPOBOB O0ecrieurBaeT
MeXaHUCTUYeCKyl0 OCHOBY HabJiogaeMoil CIocoOHO-
ctu Flavobacterium sp. PLBO3 pgerpaaupoBaTh TKaHU
ry0OK U 3eJIeHBIX MUKPOBOAOPOCJIel. OTU AaHHbIE NOA-
TBEPXKAAIOT HMHTepIpeTaluio TOro, YTO H30JIMPOBaH-
Hbll mTamMm Flavobacterium sp. PLBO3 mpefcraBiser
c06011 3K0JIOrMYeckr YHUBEpPCaIbHbIN OpPraHU3M, CIIO-
COOHBIN K ONMOPTYHUCTUYECKUM B3aUMOOEUCTBUAM C
OpraHu3MaMM-X03sAeBaMU.

5. BoiBOABI

HccremoBaHHBII  HaMHM  [eHOM  IITaMma
Flavobacterium sp. PLBO3 sBJyisieTcA HOBBIM BUAOM U
OTHOCHUTCA K Ipylne CBOOOJHOXUBYIIMX (9KOJIOrHYe-
CKM paclpocTpaHeHHBIX) diaBobakTepuii, ¢ 6OJIBIINM
reHoMoM. PacueTsl cpeHell NAEHTUYHOCTU HYKJIEOTH-
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noB co 3HaueHusAMu 89,4-90,8%, 3HAUUTEJIBHO HUXeE
[IOPOTOBBIX 3HAYeHUH, UCIOJIb3YEeMBIX JJI1 pa3InueHNus
npeacTaBuTesiel 0JIM3KOPOACTBEHHBIX BUAOB, IOATBED-
XOaroT, uTo mramMm Flavobacterium sp. PLBO3 sBysieTcA
yHUKaJIbHBIM BuAoM. IlItamm Flavobacterium sp. PLBO3
He o6Js1afjaeT TUINYHBIMU (aKTOpaMy BHPYJIEHTHOCTH,
HO o0JlafjaeT MKWPOKUMU MeTabO0JINYeCKUMH BO3MOX-
HOCTAMM [JIA WHBa3WU U paspylleHusA TKaHel X03f-
nHa. Kpome toro, Flavobacterium sp. PLB03, BeposiTHO,
ABJIAETCA CUMOMOHTOM TIyOOK, TOCKOJIBKY o6Jjanaer
YHUKaJIbHEIM HabopoM crnenududeckux (pepMeHTOB,
pacIienIAlIINX IJIMKaHbl X03A1HA, YTO HeOObIYHO IJIA
pona Flavobacterium. AHanu3upysi ero CrnocoGHOCTb
pacienyiATh IMoJHucaxapyuibl, Mbl yCTaHOBWJIM, YTO
mrramM Flavobacterium sp. PLBO3 o61afjaeT 3HaYUTE -
HBIM [IOTEHI[HaJIOM B 3TOH obyiactu. OgHAKO HeoOXo-
JUMBl JajibHeNIINe HCCIeJOBaHuA [JIA ollpeliesieHusd
KOHKpPeTHBIX I[10JIMCaxXapuJoB, KOTOpble pacllenisieT
3TOT WITaMM, 4YTO OyJeT crmocoO6CTBOBaTh HallleMy
[IOHMMAaHUIO 3KOJIOTMYECKON poJid U OMOTeXHOJIornde-
CKUX IPUMeEHeHU TaMMOB (JiaBobaKTepHUii.

BaaropapHocTH

HccrenoBaHue BBHINIOJIHEHO B paMKax TIocy-
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Nanoplastics as a substrate for fungal
growth Lecanicillium coprophilum
(Cordycipitaceae, Hypocreales)
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ABSTRACT. Anthropogenic pollution of the environment by plastic waste represents one of the most
serious environmental problems. Nanoplastics, particles smaller than 1000 nm, pose a particular dan-
ger, as their small size and high specific surface area result in high bioavailability and toxicity for a wide
range of aquatic organisms. Fungi are promising candidates for cleaning contaminated ecosystems due
to their metabolic capabilities for breaking down complex molecules. In this study, for the first time, we
experimentally investigated the ability of the micromycete, Lecanicillium coprophilum, to use nanopar-
ticles of synthetic polymers—polyvinyl chloride (PVC), polystyrene (PS), and polymethyl methacrylate
(PMMA)-as a growth substrate. Fluorescence microscopy and measurements of polymer concentrations
in the medium proved that this fungus can not only adsorb nanoplastics on the surface of its hyphae but
also metabolize them. Non-parametric analysis of variance (Kruskal-Wallis test) revealed statistically
significant differences in mycelial biomass accumulation in media containing different plastics at 10°C.
PS was the most favorable substrate for the growth of L. coprophilum. The median mycelial biomass
values demonstrated a consistent ranking of polymers by favorability: PS > PMMA > PVC, which
remained across different cultivation temperatures. This paper also discusses the enzymatic activity of
L. coprophilum and the potential contribution of enzymes, particularly lipases, to the biodegradation of
nanoplastics by this fungal species.

Keywords: nanoplastics, bioremediation, micromycetes, fluorescent dye
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1. Introduction surface area, NPs exhibit increased bioavailability and

toxicity for a wide range of aquatic organisms, includ-
ing heterotrophic unicellular organisms (Annenkov et
al., 2023) and photosynthetic diatoms (Sendra et al.,

The rapid development of the chemical, medi-
cal, and cosmetics industries has significantly improved

human life. However, it has had a negative conse-
quence: the release, often unintentional, of numer-
ous chemical substances into ecosystems, sometimes
with devastating effects. Anthropogenic pollution of
the environment with plastic waste is one of the most
serious global environmental problems. Nanoplastics
(NPs), particles smaller than 1000 nm, formed from the
fragmentation of macro- and microplastics, are of par-
ticular concern, as they are now present in all natural
environments. Due to their small size and high specific

2019; Palshin et al., 2020; Baudrimont et al., 2020). In
this context, the search for effective methods to neu-
tralize NPs is a relevant scientific challenge.
Bioremediation is one of the methods for combat-
ing chemical pollution. It involves biologically medi-
ated processes, through which undesirable compounds
are transformed, degraded, immobilized, and removed
from an ecosystem. Fungi are promising candidates for
this purpose, as they possess metabolic capabilities for
breaking down complex molecules, including chemi-
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cally stable macromolecules of industrial plastics, pesti-
cides, and pharmaceutical and cosmetic products. Some
fungi (Alternaria, Aspergillus, Cladosporium, Fusarium,
and Penicillium spp.) can degrade polyethylene, poly-
propylene, polyvinyl chloride, and other synthetic plas-
tics (Sanchez, 2020; Saeed et al., 2022; Khatua et al.,
2024; Ibrahim et al., 2024).

The use of fungi and other organisms for biore-
mediation must be combined with adherence to bio-
safety standards; the organisms used must not cause
adverse effects upon contact with humans. Fungi are
of great interest in this regard, as they exist in environ-
ments that surround humans, which inherently suggests
their harmlessness. Members of the genus Lecanicillium
are known as biocontrol agents (entomopathogens and
mycoparasites) (Goettel et al., 2008; Meng et al., 2022),
as well as for their biotechnological activity. Fungi of
this genus are considered plant protection agents (bio-
insecticides) due to their ability to infect insects, nem-
atodes, and harmful fungi (Goettel et al., 2008; Meng
et al., 2022). It has recently been demonstrated that
L. coprophilum can synthesize zinc oxide nanoparticles,
possessing an antimicrobial effect against plant-patho-
genic bacteria and fungi (Anuar et al., 2025). This study
was initiated by repeated observations of spontaneous
mycelial biomass growth in laboratory dispersions of
polyvinyl chloride (PVC) nanoparticles. The isolated
and identified micromycete belonged to the species
L. coprophilum. During the preparation of this paper
for submission, data on the ability of L. coprophilum to
degrade polyethylene have been published (Kheswa et
al., 2025). However, the ability of this fungal species to
utilize other types of plastics, especially in nano-form,
as a substrate has not been previously studied.

The aim of this study was to investigate the abil-
ity of the fungus L. coprophilum to use NPs, such as poly-
vinyl chloride (PVC), polystyrene (PS), and polymethyl
methacrylate (PMMA), as growth substrates.

2. Materials and methods

The synthesis of nanoparticles utilized PVC
(Russia, Usolye-Sibirskoye) with a molecular weight of
1600 kDa, PS (Merk, 192 kDa) and PMMA from dispos-
able spectrophotometer cuvettes (BRAND GMBH + CO
KG). Sodium dodecyl sulfate (SDS) was used without
prior purification. Tetrahydrofuran (THF) was boiled
with sodium wires under an argon atmosphere, filtered,
and distilled over LiAlH, under an argon. Acetone was
purified by distillation.

Dispersions of plastic nanoparticles were
obtained in accordance with previously developed
methods (Palshin et al., 2020; Annenkov et al., 2021).
Dibenzylfluorescein (DBF), which exhibits fluorescence
in the green region, was used to stain the nanoparticles.
A solution of the polymer and the fluorescent dye in tet-
rahydrofuran (acetone for PMMA) was added dropwise
to an intensively stirred aqueous SDS solution, followed
by stirring for 1 hour to allow the organic solvent to
evaporate. An excess of SDS was removed by centri-
fuging the dispersions, followed by re-suspending the
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nanoparticles in water and filtering through a syringe
filter with a pore size of 0.45 pum. Particle sizes were
measured by dynamic light scattering using a Photocor
Complex instrument. The polymer concentrations in
the obtained dispersions were determined using UV
spectroscopy for PS (a CM-2203 spectrofluorimeter)
and IR spectroscopy for PVC according to (Annenkov et
al., 2021). Particle sizes and initial dispersion concen-
trations are listed in Table 1.

The micromycete monoculture was isolated on
potato dextrose agar. Species identification was carried
out using the ITS1-2 molecular genetic marker (the
universally accepted DNA barcode for fungi). DNA was
extracted from the fungal monoculture using a modi-
fied Doyle and Dickson protocol (Doyle and Dickson,
1987). The ITS1-2 fragment was amplified using prim-
ers ITS1 F: 5-TCCGTAGGTGAACCTGCGG-3’ and ITS4
R: 5-TCCTCCGCTTATTGATATGC-3’ (White et al.,
1990). The parameters for 35 amplification cycles were
as follows: DNA pre-denaturation at 94°C—4 min, dena-
turation at 94°C-1 min, primer annealing at 55°C-1
min, and elongation at 72°C-1 min (5 minutes in the
final cycle). Sanger sequencing was performed at the
“Genomics” shared use center (Novosibirsk).

Themaximumlikelihood algorithmintheIQ-TREE
program (Nguyen et al., 2015; Kalyaanamoorthy et al.,
2017) was used to find the optimal model of nucleotide
substitution and construct a phylogenetic tree.

Based on the minimum value of the Bayesian
Information Criterion (BIC), the TIM2+F + G4 model
was selected as the best of nucleotide substitution.
Pairwise genetic distances were calculated using MEGA
6.06 (Tamura et al., 2013).

Light and fluorescence microscopy were per-
formed on an inverted MOTIC AE-31T microscope with
an HBO 103 W/2 OSRAM mercury lamp. A 470 nm
excitation filter (emission from 525 nm) was used to
induce green and yellow fluorescence.

The morphology of the fungus was studied using
a FEI Quanta 200 scanning electron microscope. For
this purpose, the fungal mycelium was divided into the
central upper part of the colony, the peripheral hyphae,
and the central inner part, which were put into cor-
responding Eppendorf tubes. The tubes were frozen
in liquid nitrogen and freeze-dried. The dried samples
were placed on an aluminum holder using double-sided
tape. A 20 nm gold layer was sputter-coated onto the
sample (Desktop Sputter and Carbon Coater DSCR).

Table 1. Characteristics of nanoplastic dispersions.

Polymer Concentration, mg/L Diameter,
Stock solution |Working solution nm
PVC 1856 100 94
PMMA 311 100 170
PS 859 100 208
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Cultivation of the fungus at different temperatures

To study the influence of NP type and tempera-
ture, NP dispersions with an identical polymer con-
centration of 100 mg/L were prepared. The prepared
dispersions were sterilized by autoclaving. Hyphae of
L. coprophilum were placed into the dispersions and cul-
tivated at 4, 10, and 25 °C. After 76 days of cultivation
in the NP dispersions, the mycelium was separated by
filtration. The residue on the filter was washed with
10 mL of distilled water and dried together with the
pre-weighed filter paper to determine the dry mass. For
statistical analysis, the non-parametric Kruskal-Wallis
test (for comparing three or more groups) was applied,
followed by Dunn’s post-hoc analysis with Holm-
Bonferroni correction.

Engzymatic Activity

The enzymatic activity of the fungus was
assessed at temperatures of 4°C, 10°C, and 25°C on
Petri dishes with selective media: amylase activity on
a starch-containing medium (Gopinath et al., 2005),
cellulase activity on a carboxymethylcellulose medium
(Sunitha et al., 2013), laccase activity on an ABTS
(2,2’-azino-bis(3-ethylthiazoline-6-sulfonate)) medium
(Ramirez et al., 2012), and lipase activity on a Tween-
20 medium (Gopinath et al., 2005). Protease activity
was determined using a skim milk medium (Ramirez
et al., 2012).

3. Results and discussion

During storage of non-sterile dispersions of PVC,
PS, and PMMA nanoparticles (without fungicidal or
bactericidal additives) at 10-11°C, a mass morpholog-
ically similar to fungal mycelium was visually detected
in the PVC samples after 1-2 months (Fig. 1). This phe-
nomenon was not observed in dispersions of the other
plastics.

The phylogenetic tree based on the ITS1-2
sequences from the studied fungus and sequences of
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Fig.1. The appearance of the mycelium-like mass form-
ing in aqueous dispersions of PVC nanoparticles at 10-11°C
(PVC concentration is 328 mg/L, diameter of particle is 96
nm).

other Lecanicillium species available in the GenBank
database demonstrates that the studied fungus reli-
ably belongs to the species L. coprophilum (Fig. 2). It is
identical to other members of this species isolated from
various sources (PP106253 and MH177616). Members
of L. coprophilum form a shared clade with the species
L. calimantanense and L. wallacei. The pairwise genetic
distances between L. coprophilum and L. calimantan-
ense and L. wallacei are 0.053 and 0.011, respectively.
Overall, genetic distances between different species of
the genus Lecanicillium range from 0.004 to 0.146.

The results of scanning electron microscopy are
shown in Fig. 3. Optimization of the sample preparation
protocol prevented the collapse of spores. We observed
smooth-walled mycelium and conidiophores with fusi-
form conidia (non-motile asexual spores), which corre-
sponds to the morphological description of the species.
We also observed swollen hyphae, which are one of
the distinctive morphological features distinguishing L.
coprophilum from L. calimantanense and L. wallacei (Su
et al., 2019).

Upon inoculation of the L. coprophilum mycelium
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PP732308_Lecanicillium_dimorphum_BEOFB0470301
PQ678799_Lecanicillium_saksenae_AS3
OP585577_Lecanicillium_uredinophilum_CBF16
KC633233_Lecanicillium_sabanensis_JCh021
EF192939_Lecanicillium_attenuatum
FJ515771_Lecanicillium_lecanii_ICAL_7
DQ007050_Lecanicillium_muscarium_VL72
MT004829_Lecanicillium_pissodis_BBC7
MH855713_Lecanicillium_longisporum_CBS_384_35

L—NR_119418_Lecanicillium_primulinum_JCM_18525

MH861888_Lecanicillium_antillanum_CBS_350_85

Fig.2. The phylogenetic tree based on the ITS1-2 sequences using the IQTree program and a photograph of the L. coprophilum
culture. The studied species is highlighted in red in the tree. Statistical support values below 50% are not shown.
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Y

fusiform conidia (b and c). Scale: (a) and (¢)-10 pm, (b)-1 pm.

into freshly prepared and sterilized polymer dispersions
(Fig. 4), the formation of visible fungal biomass after
76 days was observed for all studied plastic types—PS,
PVC, and PMMA. Analysis of the samples using fluo-
rescence microscopy (Fig. 5) visualized the interaction
between plastic nanoparticles and the L. coprophilum
mycelium. The images clearly indicated the green fluo-
rescence, corresponding to NP, which is uniformly dis-
tributed both on the surface and within internal regions
(Fig. 5-d). When the fungus grows in non-sterile condi-
tions with high concentrations of PVC nanoparticles,
areas of bright fluorescence are also observed on the
external surface of the hyphae, which may indicate local
adsorption of nanoparticles (Fig. 5-b). Noteworthy is
that the fluorescent dye (dibenzylfluorescein) was dis-
tributed within the nanoparticle mass in the course of
their synthesis, not merely on their surface, and it is not
washed out into the aqueous phase (Annenkov et al.,
2021). Therefore, such a uniform fluorescence distribu-
tion as shown in Fig. 5-d, f requires the nanoparticles to
be distributed inside the hyphae and/or to be degraded
with the following distribution of the fluorescent hydro-
phobic marker within the organism. Thus, the observed
dye distribution suggests that, in addition to passive
adsorption, there is an active process of nanoparticle
uptake. This observation serves as morphological evi-
dence of the fungus’s ability not only to colonize the
surface of nanoplastics but also to metabolize them.

Cultivation of L. coprophilum in nanoplastic
dispersions was accompanied by acidification of the
medium (pH decreases of 0.3-0.5 units) compared
to the control measurements (pH of PMMA disper-
sion-6.82, PVC-7.18, and PS-7.12). PS dispersions at
4°C (pH 6.71) showed the most pronounced change,
indicating active fungal metabolism. The observed
acidification could result from the excretion of organic
acids, which is characteristic of fungi when utilizing
complex substrates.

Measurement of the residual plastic concentra-
tion in the dispersions revealed a decrease of 10.7%,
17.3%, and 10.4% for PS, PVC, and PMMA, respec-
tively. These data are consistent with the fluorescence
microscopy results and indirectly suggest an active bio-
chemical degradation of the polymers by the fungus.
At the same time, the control experiment revealed that
fungal growth was also observed in an SDS solution,
which was used as a dispersion stabilizer. However, the
SDS concentration in the dispersions was an order of
magnitude lower (~30 times lower) than the NP con-
centration, and it was primarily concentrated on the
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Fig.4. Photographs of synthetic polymer dispersions
before (top) and after (bottom) inoculation with the L.

coprophilum fungus and incubation for 76 days at 10-11°C.
The initial nanoparticle concentration is 100 mg/L.

——
e 100um

Fig.5. Light and fluorescence micrographs of L. coprophi-
lum hyphae after growth in media containing NP stained with
a fluorescent dye: (a-b)-non-sterile PVC dispersion, (c-d)-
sterile PVC dispersion, and (e-f)-sterile PS dispersion. The
green fluorescence comes from NP particles. Scale: (a-b)-10
um, (c-d) — 20 um, and (e-f)-100 pm.
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particle surfaces to ensure their stability. The fluores-
cence microscopy data, indicating uniform intracellu-
lar localization of fluorescence, suggest that, despite
the potential metabolism of the stabilizer, the plastic
nanoparticles also serve as a substrate for fungal myce-
lial growth. Additional studies are required to unam-
biguously differentiate the contribution of the stabilizer
and the polymer particles to the fungus metabolism.

The Kruskal-Wallis test showed that the type of
polymer affects the accumulation of the L. coprophilum
mycelial biomass (Fig. 6). At 10°C, the differences were
statistically significant (H=7.20 and p=0.027). At 4°C
and 25°C, there was a pronounced trend toward differ-
ences (p=0.058 and p=0.066, respectively), which is
likely due to the limited sample size (n=3).

At all temperature regimes, PS promoted the
greatest biomass accumulation, followed by PMMA
and PVC. The obtained results indicate that PS is the
most favorable substrate for the growth of the studied
micromycete. This may be explained by differences in
the hydrophobicity and/or chemical structure of the
polymers that affect mycelial adhesion and subsequent
colonization and uptake. A post-hoc analysis using the
Holm-Bonferroni correction (Dunn’s test) revealed at
10°C a statistically significant difference in biomass
accumulation only between PVC and PS (Z = -2.683, p
= 0.022). The differences between the PMMA-PS (Z =
-1.342, p = 0.180) and PMMA-PVC (Z = 1.342,p =
0.180) pairs did not reach the level of statistical signif-
icance that is most likely due to the small sample size.

A study of the enzymatic activity of the L.
coprophilum fungus (Table 2) revealed hydrolase group
enzymes (amylase, lipase, and protease), among which,
lipase is of particular importance in the context of this
study. The activity of this enzyme, along with protease
and amylase, indirectly indicates that the fungus can
hydrolyze ester bonds, which is a fundamental mech-
anism for attacking synthetic polymers structurally
similar to the natural substrates of these enzymes. The
relatively high extracellular activity of lipase and pro-
tease, which was observed at 4°C against a background

Table 2. Enzymatic activity of the L. coprophilum fungus

1.8
1.6
1.4
1.2

B4 °C
§10 °C
@25 °C

Z

MMM

0.8
0.6
0.4
0.2

Weight, g

PVC

Plastic type

Fig.6. Comparative analysis of mycelial biomass accumu-
lation by L. coprophilum in PVC, PMMA, and PS nanoparticle
dispersions at 4, 10, and 25°C. Median values are shown. *-
at 10°C, the differences are statistically significant (post-hoc
analysis using the Holm-Bonferroni correction (Dunn’s test),
p=0.022).

PS

of absent or low biomass increase, suggests an adap-
tive orientation of the L. coprophilum metabolism under
these conditions. In this scenario, the colony primarily
secretes exoenzymes rather than focusing on growth.
Overall, the high extracellular lipase activity suggests
that this enzyme may play a key role in the degradation
of PMMA, which contains ester groups.

While some other fungi that had been studied
using the same methodology showed a positive reac-
tion for laccases (Polyakova et al., 2025), the investi-
gated L. coprophilum did not exhibit laccase activity. At
the same time, in some studies, laccases and related
oxidative enzymes were considered the key initial cata-
lysts for the biodegradation of PVC (Kirbas et al., 1999;
Zhang et al., 2022; Temporiti et al., 2022). Perhaps L.
coprophilum employs a fundamentally different non-ox-
idative mechanism of plastics degradation.

Enzyme type Substrate Temperature, °C Diameter, MM
Colony Reaction zone
Amylases Starch 4 0 0
10 10.3+0.4 16.7£0.5
25 30.3x1.4 32.3x1.4
Cellulases Carboxymethylcellulose 4 0 0
10 0 0
25 0 0
Laccases ABTS 4 0 0
10 0 0
25 0 0
Lipases Tween 20 4 0 30.3x1.5
10 13.8+0.4 33.7%x1.2
25 26.6£0.5 47.3+0.8
Proteases Skim milk 4 8.3+0.5 22.7+1.0
10 14.8+1.0 30.0+0.9
25 37.3x0.5 54.5*+0.6
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4. Conclusions

For the first time, we experimentally investi-
gated the ability of the L. coprophilum micromycete to
use nanoparticles of synthetic polymers, namely, poly-
vinyl chloride (PVC), polystyrene (PS), and polymethyl
methacrylate (PMMA), as a substrate for growth. This
study revealed that this fungal species is capable not
only of adsorbing NPs on the hyphal surface but also of
incorporating them into its metabolism. Fluorescence
microscopy data, which demonstrated the intracellu-
lar localization of particles, as well as a decrease in
polymer concentration in the medium, confirmed this
result.

The accumulation of mycelial biomass depended
on both the polymer type and the temperature. In
particular, there was a significant difference between
PS and PVC in biomass quantity at 10°C. Notably, PS
supported consistently high fungal growth at all tem-
peratures studied (from 4 to 25°C). For the other two
plastics (PVC and PMMA), visual analysis of the data
indicated a trend towards maximum biomass accumu-
lation at 10°C. The median mycelial biomass values
demonstrate a consistent ranking of polymers in terms
of favorability: PS > PMMA > PVC, which remains
constant across all cultivation temperatures. However,
additional experiments with an increased number of
replicates are required to confirm the optimal growth
temperature on these substrates.

The relatively high extracellular activity of
hydrolytic enzymes, particularly lipases, in L. coproph-
ilum indicates a potential ability to break down ester
and other chemical bonds in polymers. The absence of
activity of laccases in L. coprophilum, which are often
considered potential agents for the oxidative biodegra-
dation of plastics, suggests a likely alternative non-ox-
idative degradation mechanism. To date, the mecha-
nism of plastic biodegradation by various organisms
remains poorly understood, and our data also indicate
that it may proceed via several pathways.

Thus, this study demonstrates that L. coprophi-
lum, a widespread and biotechnologically significant
fungus, can utilize various types of nanoplastics as a
substrate. This opens prospects for considering it a
potential agent for the bioremediation of plastic pollu-
tion. To confirm the direct biodegradation process, elu-
cidate the biochemical mechanisms, and assess its effi-
cacy under real-world conditions, further research with
an increased sample size is necessary. The obtained
data contribute to understanding the ecological role of
micromycetes in the biogeochemical cycling of plas-
tics and expand the list of candidate organisms for the
development of environmental cleanup technologies.
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OpuruHanbHan craTbf

HaHonAacTMKM Kak cybcTpar AnA pocTa LIMNOLOGY
rpuba Lecanicillium coprophilum FRESHWATER
(Cordycipitaceae, Hypocreales) BIOLOGY

M

| AHHenkoB B.B.!
MunueBa E.B.?2

, [ManpmuH B.A.'*", TanunosieBa E.H.!", TTossikoBa M.C.23,

T JTumHostoeudeckuti uHcmumym Cubupckozo omdesteHua Poccuiickotl axademuu Hayk, yit. Yaan-Bamopckaa, 3, Hpkymck, 664033,
Poccua

2 Batikabekuti My3seti Cubupckoeo omoesieHuA Poccutickoti akademuu Hayk, Y. Akademudeckas, 1, Jlucmasanka, 664520, Poccua

3 Cubupckuti uHcmumym ¢u3uostoeuu u 6uoxumuu pacmeruti Cubupckoeo omoesieHusA Poccutickoti akademuu Hayxk, yJt.
Jlepmonmoaa, 132, Hpxymck, 664033, Poccusa

AHHOTALIUA. AHTpONOreHHOe 3arps3HeHNle OKpYXalollell cpeAbl IJIACTUKOBBIMM OTXOAaMM Iped-
crapiiseT coboli oAHy U3 HauboJjlee cepbe3HBIX 9K0JIornieckux npobem. Ocobyio oracHOCTh IpeACTaB-
JIAIOT HaHOIUIACTUKU — dYacTUIlpl padMepoM MeHee 1000 HM, Tak Kak K3-3a CBOMX MAaJIbIX pasMepoB
1 BBICOKOU YJeJIbHOM MOBEPXHOCTH [JI HUX XapaKTepHa BbICOKasA OMOAOCTYIHOCTb U TOKCHUYHOCTb
JJIA MUPOKOro Kpyra ruApoOMOHTOB. MHOroob6emanuiiMi KaHAnAaTaMy I OYMCTKU 3arpsA3HEHHBIX
DKOCHUCTEM ABJAIOTCA I'PUOBI, TaK Kak OHM 00JafaroT MeTab0oJIMYeCKHMHU BO3MOXHOCTAMMU [JIA pac-
HIeIJIeHNs CJIOKHBIX MOJieKyJl. B naHHOI pabGoTe BliepBble 3KCIIEpPHMEHTAIBHO M3ydyeHa CIIOCOOHOCTh
MuKkpomurieTa Lecanicillium coprophilum ucrnosib30BaTh HAHOYACTUIIBI CMHTETUYECKUX IMOJIMMEPOB —
noyuBuHWIXJIOpHAa (I1BX), mosmcruposa (I1C) u monuMerunmerakpwiaata (IIMMA) — B kauyecTBe
cyberpara asis pocta. C moMorbsio (JIyopecieHTHON MUKPOCKOIIUY 1 yUeTa KOHIIEHTPAIMU ITOJIMMEPOB
B Ccpefle J0Ka3aHo, YTO JaHHBIN I'pub criocobeH He TOJIbKO aAcopOoupoBaTh HAHOILJIACTUKY Ha IOBEPXHO-
CTH CBOUX '@, HO U BOBJIEKaTh UX B CBOM MeTaboJin3M. HenmapameTpruueckuii AyCIIEpCUOHHBIN aHAIN3
(xputepuii Kpackea-YoJsuinca) BBISBUJI CTaTHUCTUYECKU 3HAUKMMBle pas3jidyis HaKOIJIeHUA 0HMOMacChl
MUIIeJINA B cpefle ¢ pa3HbBIMU ItacTukamu rnpu 10°C. HanGoJiee Gi1aronpusaTHEIM cyOcTpaToM AJid pocTa
L. coprophilum oxa3asics IIC. MenuaHHble 3HaUeHUsT GMOMAaCChl MULEJINA JEMOHCTPUPYIOT YCTONINBOE
paHXUpoBaHNe NOJIMMEPOB M0 cTeneHu oiaronpuatHocty: [IC > [IMMA > [1BX, coxpaHsommeecs Npu
Ppa3JIMYHBIX TeMIlepaTypax KyJbTUBHPOBaHUA. Takxe B paboTe oOCyxaaeTca GpepMeHTATUBHASA aKTHB-
HOCTb L. coprophilum v BO3MOXHBIN BKJaJ] GepMEHTOB, B YaCTHOCTH JIUMAa3, B OHOAerpafaliyio HaHO-
IJIaCTUKA AAaHHBIM BHUJIOM rpuba.

Kioueawie cnoea: HaHonactuk,6MopeMeuanus, MUKpPOMULIETHI, (GJIyOpecleHTHBIN KpacuTe lb

Jiisa mutupoBauusa: AHHeHKOB B.B., [Tanpmun B.A., [Janunosiesa E.H., [Tosakosa M.C., MunueBa E.B. HaHonsacTuku kak cy6-
crpaT asa pocra rpuba Lecanicillium coprophilum (Cordycipitaceae, Hypocreales) // Limnology and Freshwater Biology. 2025.
-Ne 6. - C. 1329-1342. DOI: 10.31951/2658-3518-2025-A-6-1329

1. Beepenue IJIACTUKOBHIMM OTXOJaMM TpeACcTaBjAeT cO00i OOHY

U3 HauboJiee Cepbe3HBIX IJIO0AJIBHBIX 3KOJIOTHMYECKUX
npo6JsieM. Ocobyio OMmacHOCTh NMPeNCTaB/IAIT HAaHOILIA-
ctuku (HIT) — uacTtuipl pasamepoMm MeHee 1000 HM,
obpasylolniuecsa mpu pparMeHTaIMM MaKpo- U MUKPO-
IUIAaCTUKOB U MPHUCYTCTBYIOIIHE YyXXe BO BCeX MPHUPOJI-
HBIX cpeflaX. M3-3a CBOMX MaJIbIX pa3MepOB U BBICOKOM
yIeJbHON ITOBEPXHOCTU HAHOIUIACTUKU JI€MOHCTPU-
PYIOT TOBBIIIEHHYI0 OMOOOCTYIMHOCTh W TOKCHUYHOCTH

BypHOoe pa3BUTHE XUMHYECKOH, MEIUINHCKOM,
KOCMETHYECKOU  MPOMBIIUIEHHOCTU  CYIIECTBEHHO
YJIyYIINJIO XU3Hb JIIOAEH, HO HEraTUBHBIM IOCJIEN-
CTBHEM 3TOrO CTAJIO IOMAJaHUe, 3a4YacTyl0 HeHaMe-
pEHHOEe, MHOXeCTBA XUMHYECKUX BEIIECTB B 3KOCH-
CTEMBI, MHOT/A C Pa3pyLIMTEbHBIMU ITOCJIECTBUAMU.
AHTpONOTEHHOE 3arpsi3HEHUE OKpYyXalolleil Cpembl
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A7 HIMPOKOr0 Kpyra rugpoOHOHTOB, BKJII0Yas OJIHO-
KJIETOYHBIX THJPOOMOHTOB, CIIOCOOHBIX K TIeTepoTpo-
dHOMY muTanuo (Annenkov et al., 2023) u porocun-
TEe3UPYIOLIMX IUAaTOMOBBIX BojopocJiel (Sendra et al.,
2019; Palshin et al., 2020; Baudrimont et al., 2020). B
3TOMN CBA3U MOUCK 3P(PeKTUBHBIX METOHNOB HeUTpaJiu-
3alM HAHOILIACTUKOB SIBJIIeTCS aKTyaJIbHOU Hay4YHOM!
3a/1aven.

BuopemMenuanus sBJisieTcss OAHUM U3 CIOCOOOB
O60pbOBl ¢ XMMHUYECKHMMU 3arpsi3HEHUsAMH, OHa BKJIIO-
yaeT OMOJIOTMYECKM ONOCPEeNOBAaHHBIE IIPOLIECCH, B
X0/le KOTOPBIX HexXeJlaTeJIbHble COeJUHEeHUs TpaHC-
dopmupyioTces, AerpagupyloT, CBA3BIBAIOTCA U yAasis-
I0TCA U3 3KocucTeMbl. ['prubbl ABJAIOTCA MHOroo0era-
IOMIMMHM KaHOAuAaTaMu [OJid 3TUX I[ejiel, IOCKOJIbKY
OHM 00J1alaloT MeTaboJUYeCKMMU BO3MOXHOCTAMMU
71 pacliensieHus CJI0XHBIX MOJIeKyJl, BKJIlo4asi XUMU-
Yyecku CcTabWJIbHblE MAaKpPOMOJIEKYJIBI IPOMBIIIIEHHBIX
IJTaCTUKOB, MeCTULUAL, (papmMalieBTHUeCcKre U KocMe-
TU4eckue npenapatel. OOHapyXkeHa CIIOCOOHOCTD psfa
rpuboB (Alternaria, Aspergillus, Cladosporium, Fusarium,
Penicillium spp.) pasjiaraTh MOJIU3TUJIEH, TOJHUIPOIU-
JIeH, TOJIMBUHUJIIXJIOPUM, U [OPYyrvue CHUHTETHUYECKHE
miactuku (Sanchez, 2020; Saeed et al., 2022; Khatua
et al., 2024; Ibrahim et al., 2024).

Hcnosnbp3oBaHue TrpubOB U JpPYTUX OpraHUs-
MOB B IleJiIX OuopeMeduanuu JOJDKHO COYETATHCA C
cobogeHreM HOpM 61106e3011acHOCTH, UCII0JIb3yeMble
OpPraHU3MBl He [IOJDKHBI BBI3bIBATh OTPUI[ATEJIBHBIX
3ddexToB B cilyuae KOHTaKTa ¢ yejoBeKoM. ['pubhl B
3TOM ILJIaHE NpPeJCTaBJIAIOT OOJIBIION HHTEpec, TakK
KakK CyIL[eCcTBYIOT B OKpY’Xalllell yejioBeka cpefe, 4To
npeponpenesseT ux 0e3BpegHocTb. [IpefcraBuTesnu
poaa Lecanicillium “3BeCTHHI KaK areHThl OMOKOHTPOJIA
(aHTOMOMaTOreHH M Mukomapasutsl) (Goettel et al.,
2008; Meng et al., 2022), a TakXe CBOell OGUOTEXHO-
JIOTUYECKON aKTHUBHOCTBIO. I'pubbl poja Lecanicillium
paccMaTpuBalOTCA B KauecTBe CPeACTB 3alluTHl pac-
TeHUU (O6MOMHCEKTUIUAOB), Garogaps CIOCOOHOCTU
nopaxarb HaceKOMbIX, HEMAaTOJ] M OHacHhIX I'puboB
(Goettel et al., 2008; Meng et al., 2022). HenaBHo
MoKasaHa crmocobHOCTh L. coprophilum cuHTe3UpOBaTh
HaHOYACTMIIBI OKCHJa I[MHKa, oOJiajiaioliiie aHTUMU-
KpoOHBIM 3¢ @eKToM MPOTUB NATOreHHBIX AJIA pacTe-
HUI G6akTepudi U rpubos (Anuar et al., 2025). JaHHOe
vccie/joBaHye ObLIO MHUIIMUPOBAHO MHOTOKPATHBIMU
HaOJIOeHUsAMU CIIOHTAaHHOTO POCTa MHUlleTUaIbHOMN
6uoMaccel B JIaOOpPaTOPHBIX AMCIEpPCUSAX HAHOYACTUII
noynuBuHMWIXJIopyuaa (I1BX). BeigesieHHBINT U UOeHTU-
puLUpPOBaHHBII MHKPOMHULIET MpUHAAJeXasl K BUAY
Lecanicillium coprophilum. B nepuoa MOATOTOBKU K
ny6MKalnuy JaHHOM CTaThU B JINTEpAType MOSBUJIUCH
JaHHbIe O crmocoOHOCTH L. coprophilum x gerpapanuu
noaustuiieHa (Kheswa et al., 2025). TeMm He MeHee CIIO-
CcOOGHOCTB 3TOr0 BHUAa IpubOB K MCIIOJIb30BAHUIO B Kaye-
CTBe cyOcTpara APYryux THUIIOB IJIACTMKOB, 0COOEHHO B
HaHo(doOpMe, paHee He U3yyaJack.

Llenpio mgaHHOI paboTH CTajo0 HcCCJieJoBaHUe
cnoco6HOocTH rpuba L. coprophilum wcnosb30BaTh
HaHOIUIAaCTUKU — nosyuBuHWiIxaopuf (I1BX), monuctu-
pon (IIC) u nmonumerunmerakpuiat (IIMMA) B kaue-
cTBe cybcTpaTa AJid pocTa.
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2. MaTepuanbl U MEeTOADI

JUiA cuHTe3a HaHO4YacTULl ucnosib3oBanu [1BX
(Poccus, Yconbe-Cubupckoe) ¢ MOJIEKYJIAPHOU Mac-
coit 1600 x[a, I[IC (Merk, 192 x/la) u IIMMA u3 ogto-
pas3oBeIX crekTpodoroMerpuueckux kioBeT (BRAND
GMBH + CO KG). Hogmemnuincynbdar Hatpusa (SDS)
Hcrosb3oBaiyu 0Oe3 IpeBapUTesIbHON IMOATOTOBKHU.
Terparuapodpypan (TI'®) kumaATUIM C HATPUEM B
atMocdepe aproHa, GuiabTpoBaId MU NEPErOHAIN
Hajg LiAlH, B atmocdepe aproHa. ANeTOH OuYMIaIA
[IeperoHKoM.

Jucnepcuy HaHOYACTUI] [JIACTUKOB IOJIyYasiu B
COOTBETCTBUU C paHee pa3pabOTaHHBIMU MeTOAUKaMU
(Palshin et al., 2020; Annenkov et al., 2021). J{sa okpa-
CKM HAHOYACTUI] NpUMeHAIn AubeH3uIdIiyopecrernH
(ABb®d), nyis koToporo xapakTtepHa (JiyopecLeHIUs B
3es1éHoN obs1actu. PacTBop mosimMepa u GJiyopeciieHT-
HOro Kpacutessg B TeTparugpodypasHe (aueToH A
[IMMA) po6aBiisid Mo KamisM K WHTEHCUBHO Iepe-
MelMBaeMoOMy BOAHOMY pacTBopy SDS, mocie uero
OCTaBJIAJIM IlepeMellllBaHKe Ha 1 yac [JiA uclapeHus
opraHuyeckoro pacrsopurenda. U36eitok SDS ynananu
1eHTpudyrupoBaHueM JUClepcruil ¢ MOocjieAyoMUM
[IOBTOPHBIM CyCIIeHAMpOBaHUEM HaHOYaCTUI] B BOJe
1 QUIBTPOBAHMEM 4epe3 MINPHULEeBON QUIbTP C gua-
MmeTpoM nop 0,45 MkM. Pasmepnl gacTul, U3Mepsaid
MeTO[OM AWHaMHUYeCKOro CBeTOopaccesHWs Ha IpH-
6ope Photocor Complex. KoHIeHTpamnuio mojuMepa
B IOJIyYEHHBIX AUCIEPCUSAX Olpefesisyld C IIOMOIIbI0
Y®-cnextpockonuu i [IC  (cnexkrpodiyopuMeTrp
CM-2203), HUK-cnextpockonuu misa IIBX corsacHo
(Annenkov et al., 2021). Pa3mepsl YyacTHUIl ¥ UCXO/THBIE
KOHI[eHTpaluu Qucnepcuil ykazaHsl B Tabmune 1.

BoigeneHne 4YHCTON KyJbTYpEL MHUKPOMHUIETA
IPOBOAWJIM Ha KapTodesbHO-TJIIOKO3HOM  arape.
BupoByto naeHTUGUKALNMIO0 IPOBOAWIIM 10 MOJIEKYJIAP-
Ho-reHeTnueckoMy Mapkepy ITS1-2 (obuienpuHATOMY
nasa rpubos JHK-6apkony). JHK skcrparuposaniu
M3 YUCTON KyJIbTYpHl rpubda mno moguduirpoBaHHON
Metoauke Jloita u [lukcoH (Doyle and Dickson, 1987).
®parmeHT ITS 1-2 amMmiuuuupoBanu ¢ IOMOIIBIO
npatimepoB ITS1 F: 5-TCCGTAGGTGAACCTGCGG-3’
u ITS4 R: 5’-TCCTCCGCTTATTGATATGC-3’ (White et
al.,, 1990). ITapamerps npu 35 nuKiIax amiUiaduka-
uu cienyomiue: npefgeHarypauus JHK npu 94°C - 4
MUH., fleHaTypauus rnpu 94°C — 1 MuH, OTXUT IIpaiiMe-
poB npu 55°C — 1 muH, asoHranus npu 72 °C — 1 MuH
(5 MuHyT Ha nocnemHeMm nukJe). CeKkBeHUpPOBaHUE
no CoHrepy BeINOJHANA Ha 0Oasze LIKII «['eHOMWMKa»
(r. HoBocubupck).

Ta6smna 1. XapakTepucTUKU JUCHEPCUI HAHOILIACTUKOB.

INosmumep KoHuenTpanuu, Mr/J Juamertp,
CTOKOBBII Pa6oumnii HM
pacTBop pacTBop
[1BX 1856 100 94
[IMMA 311 100 170
I1C 859 100 208
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OmnpepiesieHre ONTHMAaJbHOM MoOJeau HyKJle-
OTUIHBIX 3aMeH M MOCTpoeHue (UIOreHeTHYecKoro
nepeBa ayroputmMoM Maximum Likelihood mposo-
auu B mporpamMe IQ-TREE (Nguyen et al.,, 2015;
Kalyaanamoorthy et al., 2017).

B kadecTBe HamIyulell MoJes HyKJI€OTUAHBIX
3aMeH Ha OCHOBaHWM MHWHHMAaJIbHOTO 3HauyeHus Oail-
ecoBckoro nHdopmanuonHoro kpurepus (BIC) Oblia
BolOpaHa mopgesnb TIM2+F+ G4. IlomapHble reHeTu-
Yyeckye AVCTAHIMM pacCYMThIBaIX c¢ nomoibio MEGA
6.06 (Tamura et al., 2013).

CseToBas U QJiyopeclieHTHas MUKPOCKOIIUA IIPO-
BOAWJIACh Ha HMHBEpPTUPOBAaHHOM Mukpockorne MOTIC
AE-31T c pryTHoii tammnoii HBO 103 W/2 OSRAM. [lns
BO30yXJeHUA 3eJIEHOU U KeJITOM SMHCCUU HCIO0JIb30-
Basiu cBetoduiabTp 470 HM (UcnyckaHue ot 525 HM).

Mopdosoruio rpuba usyyasu Ha CKaHHUPY-
omeM dyekTpoHHoOM Mukpockone FEI Quanta 200.
Jia aToro munenuil rpuba OTAe/IAIN B SNIIeHA0POHI,
OTAEJIPHO IeHTPaJIbHyl0 BEPXHIO YacTb KOJIOHUH,
nepudepudeckre Tudbl U eHTPaJIbHYI0 BHYTPEHHIOI
4yacTh. ONneHAopdbl 3aMOpaXUBaJIM B JKUJKOM a3oTe
U CcymInaIy JuoduibHO. BeicyiieHHble o0pasipl pa3Me-
maayd Ha ajJloMUHHEBOM CTOJIMKE IIPU IOMOIIU ABYX-
CTOpPOHHero ckorda. CBepxy Ha oOpasel] HalbLIAIN
ciont 3osiota 20 HM (Desktop Sputter and Carbon
Coater DSCR).

Kynmvmugupoasatue
memnepamypax

JiA u3ydeHus BIWAHMA TUNAa HaHOIUIACTHKAa
U TeMmIepaTypsl TOTOBWJIM ANCIEPCUN HaHOILJIACTH-
KOB € OQUWHAKOBOM KOHIleHTpaluel mnosumMepos 100
Mmr/j. IlogroroBiyieHHBIE AUCIEPCUN CTepUIM30Bajd
aBTOKJIaBUpOBaHHeM. B aucnepcum nomemasny ru@bl
L. coprophilum wn xynpTuBupoBanu npu 4, 10 u 25
°C. Ilocye 76 OHell KyJbTUBUPOBAHUA B JUCIIEPCHUAX
HaHOIJIACTUKOB MUIEJINH OTAe/ AN (PUIbTPOBAHUEM.
Ocapok Ha ¢uiabTpe mpoMmbiBagu 10 MJI AUCTUILIN-
POBaHHON BOAB! M BHICYIIMBAJIU BMeCTe C IpeJiBapu-
TeJIbHO B3BellleHHON (UIbTPOBAaJIbHOU OyMaroil mjis
ompejesieHds CyxXoi Maccel. 1A CTaTUCTUYECKOro
aHajau3a IPUMEHAIN HelapaMeTpUuYeCcKuil KpUTepun
Kpackena-Yomnuca (Ana cpaBHeHUs Tpéx u 0OoJiee
T'PYII) C IOCJIeAYIOUYM MOCT-XOK aHaJInu30M 1o JJaHHY
¢ nonpaskoii Xoysma-BoHdpeppoHuU.

depmeHmMamueHas aKkmueHOCb

depMeHTaTUBHYI0 aKTHBHOCTh Ipuba oOIeHu-
Bayiu nipu temmneparype 4°C, 10°C u 25°C Ha yamkax
IleTpu c ceJIeKTUBHBIMM CpeJaMUy: aKTUBHOCTb aMH-
J1a3el Ha cpefie ¢ kpaxmasom (Gopinath et al., 2005),
1[eJUTI0JIa3kl — Ha cpejfie ¢ KapOOKCU-MeTUJILeJIJTI0JI030M
(Sunitha et al., 2013), akTUBHOCTbH JIaKKa3 ONpeAesIsIN
Ha cpefle ¢ ABTS (2,2’-azino-bis-(3-ethylthiazoline-6-
sulfonate) (Ramirez et al., 2012), akTUBHOCTH JIMIIA3bI
Ha cpefie ¢ Tween-20 (Gopinath et al., 2005). s omnpe-
JleJleHHs aKTMBHOCTU IIPOTea3 MCIO0JIb30BAJIM Cpefy C
ob6e3xupeHHBIM MoJiokoM (Ramirez et al., 2012).

epuba npu PasHbIxX

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

[Ipu xpaHeHUY HECTEPUJIBHBIX AUCIIEPCUI HAHO-
yactur] [1BX, I1C u IIMMA (6e3 GyHruruHbx 1 6ax-
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TepuIUaHBIX f06aBok) rpu 10-11°C yepe3 1-2 mecsiia B
obpasnax [1BX 6bl71a BU3yaapbHO OOHapy’keHa Macca, o
mopdoJioruu cxoiHas ¢ rpubHeM MutlenveM (Puc. 1).
B mucnepcuax Apyrux IJIacTMKOB NOAOOHOe sBJIEHHE
He ObJIO OTMEeUeHO.

Ha dwuiorenernyeckoM JpeBe, IOCTPOEHHOM
Ha OcHOBe mocjiefoBaTenbHOcTell ITS1-2, mosyuyeH-
HBIX OT HCCJIE[JOBaHHOIO rpuba U mocjieoBaTesIbHO-
creii Apyrux BuAOB poaa Lecanicillium, mOCTymHBIX
B 6ase manHbX GenBank, BHOHO, YTO HCCJI€yeMBIH
rpub IOCTOBEpPHO OTHOcUTCA K Buny L. coprophilum
(Puc. 2), 6yayun HOeHTUYHBIM JpPyTUM I[pe/iCTaBU-
TeJIAM 5TOr0 BH[A, M30JIMPOBAaHHBEIM W3 Pa3IM4HBIX
ncrounukos (PP106253, MH177616). Ilpencrasurenu
L. coprophilum o6pa3yT COBMECTHYIO KJIa[ly C BUOAMU
L. calimantanense w L. wallacei. TlomapHble TeHETU-
Yyeckue OUCTAHIUU Mexny Bumgamu L. coprophilum n
L. calimantanense n L. wallacei coctasnsor 0,053 u
0,011 cooTBeTCcTBEHHO. B mesoMm, reHeTUuYecKue JKC-
TAHIMY MeXAy pa3HeIMU BuAamMu poma Lecanicillium
BapbUpyloT B Ipefesnax ot 0,004 go 0,146.

Pe3ysibTaThl CKaHUPYIOLIEH 3JIeKTPOHHON MUKPO-
CKOIIMU TpeAcTaBiieHbl Ha PucyHke 3. OntumMusanus
METOAVKU IIPOOONOATOTOBKH I03BOJIMJIA K30exaTh
KoJL1ancupoBaHusa crnop. Mel Habtofanu rjaaaKkocTeH-
HBII MULeJUHA U KOHUAMOGMOPH C BepeTeHOBUIHBEIMU
KOHUAYAMU (HeOABMXXHBIMU clIopaMu 6ecroJioro pas-
MHOXEHH:), 4TO COOTBETCTByeT MOPQOJIOrUiecKOMY
onucaHuio Buaa. Takxke Mbl HaOaogaau B3OyThle
rusl, KOTOpble ABJIAIOTCA OJHUM U3 OTJINYUTEJbHBIX
Mop®oI0rnYeckux BUIOBBIX IPU3HAKOB L. coprophilum
ot L. calimantanense u L. wallacei (Su et al., 2019).

[Tpu noceBe munenus L. coprophilum B cBexe-
[IPUTOTOBJICHHBlE W CTEepUJIM30BaHHBIE AUCIIEPCUU
nosiumepoB (Puc. 4) dbopMmupoBaHue BUAVMMONI TI'pub-
HOI Macchl yepe3 76 QHell oTMeueHO AJiA BCexX Ucciie-
ayeMbix TinoB miactuka — I1C, IIBX u IIMMA. Axanus
00pasIoB ¢ MOMOIIbI0 (GJIyopeclieHTHON MUKPOCKONUHU
(Puc. 5) no3Bosyna BU3yaJIu3UpoOBaTh B3auMO/IeliCTBLIE
HaHOYACTUIl IUTacTUKA ¢ MuresueM L. coprophilum. Ha
n300paxeHraX 4ETKO BHUJHO 3eJIeHOe CBeueHHe, COOT-
BeTCTBYyIOIllee HAHOIUJIACTUKY, KOTOPHIYI paBHOMEPHO
pacrpefieJiéeH KaKk CHapyX{, TaKk U BO BHYTPEeHHUX
obnactsax (Puc. 5-r). Korga xe rpub ¢opmupyercs B
HeCTepUJIbHBIX YCJIOBUAX C BBICOKOM KOHIleHTpauuen
HaHouactul] [IBX, B goOaBjieHre Ha BHeIIHell MOBeX-
Hoctu rud HabmopaTcsa objacTu sApkon ¢Jiyopec-

&

Puc.1. BuemHuil Buj Muneauii-nogqo6Ho Maccel, obpa-
3ylollelici B BOAHBIX Aucnepcusx HaHouactur] IIBX npu
10-11°C (Konnenrtpauus IIBX 328 wmr/n, nuaMerp 4acTuil
96 HM).
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95.5/99

98.2/98

100/100

PP106253_Lecanicillium_coprophilum_MS2
98.6/100 |MH177616_Lecanicillium_coprophilum_TBS415
PQ128358_Lecanicillium_coprophilum_B_231
97.4/100 AB360356_Lecanicillium_kalimantanense
NR_111267_Lecanicillium_wallacei_CBS_101237
93/97,PP549998_Lecanicillium_fusisporum_ICAR_NBAIR_VL8
JN255572_Lecanicillium_araneicola_LI_1
JQ764778_Lecanicillium_tenuipes_15B
AJ292464 _Lecanicillium_aranearum
94.9/97 MH859668_Lecanicillium_flavidum_CBS_300_70D
—@ PP182408_Lecanicillium_fungicola_var_aleophilum_DC_262
PP182307_Lecanicillium_fungicola_var_fungicola

EF641893_Lecanicillium_acerosum_CBS_41

= ____

AJ292396_Simplicillium_lanosoniveum

0.04

L_—NR_119418_Lecanicillium_primulinum_JCM_18525

MH861888_Lecanicillium_antillanum_CBS_350_85
KR866082_Lecanicillium_psalliotae
PP564874_Lecanicillium_aphanocladii_Tr247
PP732308_Lecanicillium_dimorphum_BEOFB0470301
PQ678799_Lecanicillium_saksenae_AS3
OP585577_Lecanicillium_uredinophilum_CBF16
KC633233_Lecanicillium_sabanensis_JCh021
EF192939_Lecanicillium_attenuatum
FJ515771_Lecanicillium_lecanii_ICAL_7
DQ007050_Lecanicillium_muscarium_VL72
MT004829_Lecanicillium_pissodis_BBC7
MH855713_Lecanicillium_longisporum_CBS_384_35

Puc.2. ®unoreHeTnueckoe gepeBo, IOCTPOEHHOE Ha OCHOBe mocJiefoBaTesibHocTell ITS1-2 B nporpamme IQTree u ¢oTorpa-
dusa kynbrypsl L. coprophilum. ViccneayeMslil BUZ BbljeJIeH Ha JpeBe KPACHBIM IIBETOM. 3HAYEHUs CTAaTUCTHYECKON MOAAEePKKHU

< 50% He noKa3aHHI.

L[eHIIM, YTO MOXEeT CBHUJETeJIbCTBOBATh O JIOKAJIbHOM
aacop6iun HaHovacTtul. (Puc. 5-6). BaxXHO OTMeTHUTb,
yTo (iIyopecueHTHBIN KpacuTesib (aubeH3uIdIyopec-
IlerH) paclpejesieH B Macce HaHOYACTUI] Ha CTaguu
UX MOJIy4eHUs, a He Ha UX [IOBEPXHOCTU U He BHIMBIBA-
eTcs B BogHyIo da3y (Annenkov et al., 2021). I[ToaTomy
JJI1 TAKOTO PaBHOMEPHOI'O paclpejesieHHs CBeYeHNs,
Kak Mokas3aHo Ha Puc. 5-r, He0OX0AUMO paclpeneanTh
HaHOYACTUIIB BHYTpU r'ud 1/WIM NOABEPrHyTh UX pas-
JIOXKEHHUI0 C MOCJeyIluM pacnpejeyieHueM ¢Jryo-
pecuieHTHOU ruApo¢dOoOHON METKH BHYTPU OpraHu3Ma.
Takum obpaszoM, HabsofaeMoe pacipefesieHUe Kpa-
CUTeJIsI NO3BOJIAeT IPeANOJIOKUTh, YTO IOMHUMO Iac-
CHUBHOH aJicopOIMY, UMEeT MeCTO aKTHUBHBIM IMpoIiecc
MOTJIOL[eH!WA HaHO4YacCTUI[. JTO HaOJIoAeHHe CJIyXUT
MOpP(}OJIOTUUECKUM  CBUAETEJIbCTBOM  CIIOCOOHOCTHU
rpuba He IPOCTO KOJIOHM3UPOBATh [IOBEPXHOCTh HaHO-
[JIACTUKOB, HO U BOBJIEKaTh X B CBOM MeTabO0JIU3M.
KynbruBupoBanue L. coprophilum B nucnep-
CHAX HAaHOILJIACTUKOB COIIPOBOXAAJIOCh MTOJKMCIIEHHEM
cpensl (cumwxenne pH Ha 0,3-0,5 equnui) mo cpaBHe-
HUIO C KOHTPOJIbHBIMU u3MepeHusiMu (pH aucnepcuit
IIMMA - 6,82, IIBX - 7,18 u IIC - 7,12). HauboJee
BEIpaXXeHOe M3MeHeHe NPOoABJIAIOCh B ciIyyae quciep-
cuti IIC npu 4°C (pH 6,71), 3TO yka3biBaeT Ha aKTHB-
HBIN MeTabosim3m rpuba. HabsojaeMoe moKucieHue

Puc.3. Mukpodotorpadpuu COM riagkoCcTeHHOro Murenus L.

MOXeT OBbIThb CJIe[ICTBHEM SKCKpell OpraHUYecKux
KHCJIOT, XapaKTePHOU [AJiA TpubOOB MPU YTHUIIU3ALUU
CJIOXKHBIX CyOCTpPaTOB.

OmnpepiesieHre OCTaTOYHOU KOHI|EHTpaluM ILjia-
CTHKa B AUCIEpCUAX IIOKa3ajio eé yMeHbllleHue Ha
10,7, 17,3 u 10,4% pjia IIC, TIBX u IIMMA cooTBeT-
CTBEHHO. JTU JaHHBIEe COIJIACylTCs C pe3yJibTaTaMu
(dyopecrieHTHOM MUKPOCKONMM U KOCBEHHO YyKa-
3BIBAIOT Ha aKTUBHYH OHOXMMUYECKYI0 Jerpafaljuio
oiMepoB rpuboM. I1py 5TOM KOHTPOJIBHBI dKCIlepu-
MEeHT IOKa3aJi, YTO pPOCT rpuba Takxke Habogaaca u
B pacTtBope SDS, KOTOPHI{I KCIOJIb30BAJICS B KauecTBe
crabunusatopa aucnepcun. OAQHAKO KOHI[EHTpaIUA
SDS B gucnepcusax Ha NOPAJNOK Hirke (nmpumepHo B 30
pa3 MeHbllle), yeM KOHI|eHTpalusa HaHOIUIaCTHKa, U
OH OBLJI IPeUMYIeCTBEHHO COCpeJOTOYeH Ha IOBepx-
HOCTM dYacTull AJig obeclieyeHHUs NX YCTOMYMBOCTH.
JaHHble ¢JiyopeciieHTHON MUKPOCKONUY, JeMOHCTPH-
pyioliiiie BHyTPUKJIETOUYHYI0 PaBHOMEPHYI JIOKasIn3a-
1yio GJIyopeclieHIINY, T03BOJIAIT NPeNoJIOKUTh, YTO
HEeCMOTps Ha BO3MOXHOCTh MeTabosiM3Ma cTabuimnsa-
TOpa, HAHOYACTUI[BI IJIaCTHKa Takxe cjIyXaT cybcTpa-
TOM AJIA pocTa rpubHOro Mutesnus. 111 oJHO3HaYHOT O
pasrpaHuuyeHHs Bkjaja crabususaropa U IoJUMep-
HBIX 4acTUl] B MeTabosm3M rpuba TpeOyoTCcA OOMOJI-
HUTeJIbHbIe HCCIeJOBaHMUs.

coprophilum (a), B3AyTeIX rid ¥ KOHUANOPOP C BEpETEHOBU-

HBIMM KoHuauAMU (6 u B). Macmrab: (a) u (B) — 10 MM, (6) — 1 MKM.
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Kpurepuii Kpackesa-Yosuinca nokasas, 4TO THI
noJjiMMepa OKasblBaeT BJIMSHWE Ha HaKoIlJIeHue Ouo-
Macchl munenus L. coprophilum (Puc. 6). Ilpu Temnepa-
Type 10°C pasnuuusa ObUIN CTaTUCTUYECKH 3HAUMMBIMU
(H=7,20, p=0,027). IIpu 4°C u 25°C nHabioganach
BBIpaXXeHHas TeHAeHNUs K pazauuusaMm (p=0,058 u
p=0,066 COOTBETCTBEHHO), YTO, BEPOATHO, CBA3AHO
¢ orpaHUyYeHHBIM oOBeMoM BbIOOpPKH (n=3). Bo Bcex
TeMmnepaTypHbix pexumax IIC crnocoGcTBOBajl Hawu-
60JiblIIeMy HaKOILIEHHI0 OOMAaccCHl, 3a HUM CJIeJ0BaJIN
I[IMMA wu IIBX. [osyyeHHbIe pe3yJIbTaThl YKa3bIBAIOT
Ha 1O, uTOo IIC ABnAeTca Haubosiee 6JIArONPUATHBIM
cyOcTpaToM A pocTa HccjiefyeMOoro MHUKPOMMUIIETa.
OTO MOXeT OOBACHATHCA Pa3IUUUAMU B rUAPODOOHO-
CTU W/WIN XUMHUYECKON CTPYKType IOJIMMEpOB, YTO
BJIMAET Ha a[re3uio U MOCJIeAyIOUIyl0 KOJIOHU3aLWI0 U
norJionieHue MunenueM. [TocT-xok aHaau3 C MOMNpas-
kxoii Xonma-BoHdeppoHu (kputepuil JJaHHa) BBIABUIIL,
yto npu 10°C craTucTHYecKM 3HAYMMOe pasjinuue B
HaKoIUIeHUM Onomacchl HabloJaeTca TOJIBKO MeXAy
I[IBX u IIC (Z = -2,683, p = 0,022). Paznuuusa Mexay
napamu [IMMA-ITIC (Z = -1,342, p = 0,180) u IIMMA-
IIBX (Z = 1,342, p = 0,180) He moCTUTJIM YPOBHA CTa-
TUCTUYECKOHN 3HAUYMMOCTH, YTO CKOpee Bcero 0ObACH:A-
eTcsa MaJIbiM 00beMOM BBIOOPKH.

N3yueHne pepMeHTaTUBHOM aKTUBHOCTH Ipuba
L. coprophilum nokasaso (Tabouia 2) HaJuyue akTUB-
HOCTH (pepMeHTOB M3 TIpynmbl ruapoJas (amMmuiasel,
Jmnassl 4 IpoTeassl), cpeild KOTOPHIX 0co0oe 3HaueHue
B KOHTEKCTe OaHHOIO HCCJIeJOBaHUA HMeeT JIuIasa.
AKTHBHOCTB 3TOro (pepMeHTa, HapAAy C IIpPOTeasoil U
aMmJa30l, KOCBEHHO CBUETEJIbCTBYEeT O CIIOCOOHOCTH
rpuba K ruipon3y cJI0XHO3(UPHBIX CBA3€el, YTO ABJIA-
eTca ¢pyHAAMeHTaJIbHBIM MeXaHU3MOM J[JiA aTaku Ha
CHUHTeTHYecKHe MOJIMMepHl, OJM3Kue MO CTPYKType K
MIPUPOAHBIM cyOCcTpaTaM 3TUX (pepMeHTOB. J[oCTaTOYHO
BBICOKAas aKTUBHOCTb BHEKJIETOYHBIX JIWMA3bl U TPO-
Tea3sl npu 4°C, HabsoaeMass Ha (QOHe OTCYTCTBUSA
WIN HU3KOTO NpHUpocTa OGuoMacchl, CBUAETEJIbCTBYyeT
06 ajanTUBHOU HalpaBJieHHOCTH MeTabosusma L.
coprophilum B [aHHBIX YCJIOBUAX, TaK KaK KOJIOHUA B
OoJiblllell CTelleHU CeKpeTHpyeT 3K30(epMeHTH], a He
pacter. B mesom, BBICOKas BHeKJIeTOYHaA JiUNaszHasd
aKTHUBHOCTb I0O3BOJIAET IPEANOJIOKUTh, YTO AAHHBIN
depmeHT MOXxeT UrpaTh KJII0UeBYI0 poJjb B erpajanuu
[IMMA, copepxaliero cj0XH03(dHpHbIE IPYIIIHL.

XoTa pAx Apyrux rpuboOB IPU HCIOJIb30BaHUU
TOM )Xe MeTONUKHU, YTO U B JAaHHOU paboTe, moKa3zaiu
MIOJIOKUTEJIBHYI0 peakiiiio Ha Jakkasbl (ITossikoBa u
ap., 2025), uccrnenyemsiii L. coprophilum He mokasast
aKTHMBHOCTU Jiakka3. B Toxe Bpemsa jakkasbl U 6Jm3-
KHe OKHCJIUTe bHble (epMeHTH B psAe paboT paccMa-
TPUBAIOTCA B KadeCTBe KJIIOYEBBIX, MCXOJHBIX KaTa-
auzatopoB 6uonerpamauuu IIBX (Kirbas et al., 1999;
Zhang et al., 2022; Temporiti et al., 2022). Bo3amoxHo,
L. coprophilum cBOICTBeHEH NPUHIUIINAIBHO HHOM,
He-OKCHJIaTUBHBIN MeXaHU3M AeCTPYKIUU IIJIaCTUKA.

4. BoiBOADI

B pesyspTaTe MNPOBEAEHHOTO UCCJIENOBAHUSA
BIIEPBbIe JKCIEPUMEHTAJIPHO M3y4YeHa CIIOCOOHOCTh
Mukpomunera L. coprophilum wvcnosbp3oBaTh HaHOYa-

PVC
PV23-pm784 |
129,11.23

Puc.4. ®otorpaduu  aucnepcuil = CHUHTETUYECKUX
nojuMepoB Ao (BBepxy) U mocjie (BHU3Y) IoceBa rpuba
L. coprophilum W BBIAEpXUBaHUA B TeueHWe 76 [HEN IpU
10-11°C. HavasnbHas KoHIleHTpanusa HaHovyacTul — 100 mr/J.

o | 100um

Puc.5. CseroBbie u ¢JiyopecleHTHbBe MUKpodoTOrpa-
¢uu rud L. coprophilum nocsie pocta B cpefie C OKpalIeHHBIM
dyopeciieHTHEIM KpacuTesjeM HaHomiactTukoM: (a-6) -
HecTepusibHasA qucnepcus I[1BX, (B-T) — crepusibHas aAucmep-
cus I1BX, (g-e) — crepuwibHas guctiepcus [IC. 3enénoe cBe-
yeHUe — (piIyopeciieHIUs YacTUl] HaHoIUlacTuka. Maciira6:
(a-6) — 10 MkwM, (B-1) — 20 MKM, (g-€) — 100 MKM.
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CTULBI CUHTETUYECKUX IOJIMMEPOB — IOJIMBUHUJIIXJIO-
puaa (IIBX), monmucrtuposa (IIC) u noammMmeTruaMera-
kpuaarta (IIMMA) — B kauecTBe cyOcTpaTa s pocTa.
YcraHoBJIeHO, YTO JaHHBIM Buj rpuba crnocobeH He
TOJIBKO afcopOUpoBaTh HAHOIUIACTUKU Ha IOBEPXHO-
cty rud, HO U BOBJIEKaThb UX B CBOM MeTabO0IM3M, 4TO
MIOATBepXaaeTcsA AAaHHBIMHU (JIyOpeCLleHTHON MHKpPO-
CKOIIMY, AEMOHCTpHUpYIOIlell BHYyTPUKJIETOUHYIO JIOKa-
JIM3aLMI0 YaCTUI[, a TaKXe CHIXEHUEM KOHI[eHTpalnuu
NOJINMEPOB B cpejie.

[TokasaHa 3aBHCUMOCTb HaKOIJIEHHS GHMOMAacChl
MULeJIMA U OT TUIA NoJIMMepa, U OT TeMIlepaTypsl. B
YacTHOCTH, AOCTOBepHas pasHuna npu 10°C B koiu-
yecTBe Ouomacchl Habmwomanace Mexay I[IC u IIBX.
ITpu stom IIC noamepxuBa cTabUJIBHO BBICOKUN POCT
rpuba Ipy BcexX HCcIefOBaHHBIX Temmeparypax (OT
4 no 25°C). [na nByx AOpyrux maactukoB — IIBX u
I[IMMA Bu3yaJibHBIII aHaIM3 JAaHHBIX ITOKa3blBaeT TeH-
JEHIMI0 K MaKCUMaJbHOMY HaKOIUIEHHI0 OHOMacChl
npu 10°C. MeauanHble 3HauYeHUs 6MOMAacChl MULIEINs
JeMOHCTPHPYIOT yCTOMUYNBOE paHXHMpOBaHUeE I0JIMMe-
poB 1o creneHu 6aaronpusatrHoctu: [IC > TIMMA >
[IBX, coxpaHsmwleecs IIpU Bcex TeMIepaTrypax KyJIbTU-
BUpoBaHusA. OQHAKO [JIA NOATBEPXAEHUA ONTUMAJIb-
HOM TeMmnepaTyphl pocTa Ha 3TuX cyOcTparax Tpeby-
I0TCs IONIOJIHUTEJIbHBIE SKCIIEPUMEHTHI € YBeJINYE€HHBIM
KOJIN4eCTBOM IIOBTOPHOCTEH.

JlocTaTOYHO BBICOKAs BHEKJIETOUHAsA aKTUBHOCTb
y L. coprophilum depmeHTOB M3 Kjacca rUApojas, B
0CO0EHHOCTH JINNas, CBUAETEJIbCTBYeT O NOTeHIMaJb-
HOH CIIOCOOGHOCTU K paclielyIeHHI0 CJI0XKHOI()UPHBIX U
JApYTUX XUMHUYeCKUX cBA3el B nojumepax. OTcyTcTBUE
aKTUBHOCTHU JIAKKa3, 4aCcTO paccMaTpUBaeMbIX B Kaye-
CTBe BO3MOXHBIX areHTOB OKHCJIUTEJIbHON Ouone-
CTPYKLUU ILIACTUKOB, y L. coprophilum ykasbiBaeT Ha
BO3MOXHOCTb HHOIO, He-OKCUJATUBHOIO MEXaHU3M
Jectpykuuu. Ha cerogHAmHuil AeHb, MeXaHU3M OUO-
JECTPYKLMU IUIACTUKOB Pa3/IMYHBIMU OpraHu3MaMu
MaJIo U3y4YeH M Halllu JaHHble TakKe yKasblBalOT, YTO
OH MOXeT MPOTEKATh [10 HECKOJIbKUM TPAeKTOPUAM.

@4 °C
§10°C
25°C

— e
- N B~ O ®

Macca, T

O = o
RN

=)

IIBX

Twn nnactuka
Puc.6. CpaBHUTEJIbHBIN aHAJIN3 HaKOIJIEHUs 6roMacchl
mutienusa L. coprophilum B mucnepcusix HaHowactul] [IBX,
I[MMMA u I1IC npu 4, 10 u 25°C. IlpencraBiieHbl MeJUaHHbIE
3HaueHUA. * — mpu Temneparype 10°C pasinuusa CTaTUCTU-
YecKy 3HAYMMBI (IOCT-XOK aHa/JM3 C TMONpaBKoN XosMa-

Boudepponu (xpurepuii [lanna), p=0,022).

Ic

Takum obpaszom, pabora JeMOHCTpUPYeET, 4TO L.
coprophilum — MIMPOKO pacIpOCTPaHEHHBIN U GUOTEX-
HOJIOTUYeCKU 3HAQUUMBIN Irpub — o6Js1afjaeT crocoOHO-
CTHI0 UCIOJIb30BaTh B KauecTBe cyOCTpara pasjiInuHbe
TUNBl HAHOIUIACTUKOB. DTO OTKPHIBAET IepCleKTUBHI
JJI1 ero paccMOTpeHMs B KayecTBe IMOTeHI[UaJIbHOTO
areHTa AjA OvopeMenuanuy IJIaCTUKOBBIX 3arpssHe-
Huii. {714 moAaTBepXXJeHus MpAMOro Ipoliecca 6uofe-
rpajanuy, yCTaHOBJIEHUS OWOXMMHYECKHUX MeXaHU3-
MOB U olLleHKU 3()HEeKTUBHOCTU B peasibHBIX YCJIOBUAX
HeoOX0AMMBI JaJIbHeHIIe 1ccjieJOBaHNsA C yBeJInYeH-
HBIM 00bEMOM BBIOOpKU. [ToTyuyeHHBIE JaHHBIE BHOCAT
BKJIaJ] B MIOHMMaHUe 3KOJIOTMYeCKON POJIi MUKPOMMU-
I[eTOB B OMOreOXMMHUYECKOM IMKJIe MJIaCTUKOB U pac-
MMPSAIOT CIHUCOK OpPraHu3MOB-KaHAUAATOB Ui pa3pa-
OOTKM TEXHOJIOTUI 3KOJIOTMYECKOM OUYMCTKHU.

Ta6smmna 2. ®epMeHTaTUBHAS aKTUBHOCTD rpuba L. coprophilum

Tun pepMeHTa Cy6cTpar Temneparypa, °C JluamMeTp, MM
KOJIOHUH 30HBI peaKIuu
Awmntaser Kpaxman 4 0 0
10 10.3+0.4 16.7+0.5
25 30.3+1.4 32.3+1.4
[esuto1a3bt Kap6oxcu-MeTunesiosio3a 4 0 0
10 0 0
25 0 0
Jlaxka3sb ABTS 4 0 0
10 0 0
25 0 0
JIunasel Tween 20 4 0 30.3x1.5
10 13.8+0.4 33.7x1.2
25 26.6+0.5 47.3+0.8
[TpoTteass 0O6e3XrupeHHOe MOJIOKO 4 8.3+0.5 22.7*x1.0
10 14.8+1.0 30.0+0.9
25 37.3+x0.5 54.5+0.6
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cell cultures
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ABSTRACT. Fluorescent dyes are widely used in modern biochemical and biological research to assess,
in particular, the functional state of cells, cellular components, tissues, and organisms. Blue fluorescent
dyes offer the advantage of not interfering with the autofluorescence of biological media in the green-
red spectrum. This study aims to design a new affordable blue fluorescent dye capable of penetrating
living cells. The structure of prepared dye (ZS-833) combines the blue fluorophore 7-(diethylamino)cou-
marin with the dimethyl-2-butenedioate moiety. The utility potential of ZS-833 was tested with staining
heterotrophic as well as naturally pigmented cells (the Saccharomyces cerevisiae yeast and Gymnodinium
corollarium dinoflagellate). ZS-833 penetrates readily both types of living cells, making them bright
fluorescent in the blue and green spectral ranges but leaving dead cells unstained. These data suggest
ZS-833 as a promising agent for intravital cell culture staining and visualization of cellular components,

especially nonpolar ones.
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1. Introduction

Fluorescent dyes are widely used in biological
and biochemical research for cell imaging and identi-
fication, flow cytometry, environmental monitoring,
assessment of cell health and physiology, structure, and
organelles. Fluorescein diacetate combined with ethid-
ium bromide is conventional for differentiating living
and dead cells. (Jarnagin and Luchsinger, 1980; Adams
et al., 2014). Non-fluorescent fluorescein diacetate can
penetrate living cells, where, affected by esterases, it
turns into fluorescein of a bright yellow-green fluo-
rescence. At the same time, the intact cell membrane
is impenetrable to ethidium bromide; it stains dead
species red-orange by binding to nucleic acids. Some
fluorochromes of different colors were used to identify
various cellular components, including plasma mem-
brane, theca plates, trichocysts, nucleus, lipid bodies,
and vacuoles in two dinoflagellates, Amphidinum car-
terae and Prorocentrum micans, as well as the green
algae Dunaliella tertiolecta (Klut et al., 1988). The cell
polarity distribution was quantitatively measured with
a spiropyran-based fluorescent probe RPS-1 (Park et al.,
2020). Trypan blue, Evans blue and neutral red dyes are
used to assess microalgae viability (Kim et al., 2024).

Nowadays, fluorescent dyes coming from flu-
orescein (green fluorescence) and rhodamine (yel-
low-red fluorescence) derivatives are the most popular
(Lavis, 2017; Rajasekar, 2021). However, dyes emitting
blue light are of special interest for biological research,
since autofluorescence of biological objects usually
lies in green or red spectral regions. Coumarin-based
compounds are noteworthy among blue fluorochromes.
Reactive derivatives of AMCA (aminomethyl coumarin
acetic acid), such as the activated ester AMCA-sulfo-
NHS, are used for covalent labeling of antibodies and
proteins (Griinfelder et al., 2003). Non-fluorescent pep-
tide derivatives of 7-amino-4-methylcoumarin (AMC)
release highly fluorescent free AMC upon enzymatic
cleavage that can be used to detect proteases (Gray and
Sullivan, 1989). Coumarin 35 is applicable as a molec-
ular probe for serum albumin and DNA, since in their
presence, the dye fluorescence intensity increases by 30
and 8.5 times, respectively (Bayraktutan and Onganer,
2017). Hydrophobic coumarin-6 encapsulated in poly-
mer nanoparticles was proposed for optical imaging of
cancer (Gregoriou et al., 2023).
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This study reports the synthesis of ZS-833, a
dye based on coumarin and dimethyl 2-butenedioate
moieties, which exhibits blue-green luminescence. The
hydrophobic and weakly basic nature of the dye allows
it to readily penetrate cell membranes to stain living
cells. We tested it on cultures of the Gymnodinium cor-
ollarium dinoflagellate and the Saccharomyces cerevisiae
yeast.

2. Materials and methods
2.1. Reagents

Ethyl acetate (Vekton JSC, Petersburg, Russia)
was washed with an aqueous sodium bicarbonate solu-
tion, distilled water, dried over anhydrous calcium
chloride, and distilled. Dichloromethane and hexane
(Vekton JSC, Petersburg, Russia) were stirred with con-
centrated sulfuric acid for four hours, separated from
the bottom acid layer, successively washed with dis-
tilled water, an aqueous sodium bicarbonate solution,
distilled water, followed by drying over anhydrous cal-
cium chloride and distillation. Ethanol was refluxed
with KOH and distilled. Acetonitrile was of HPLC
grade “0” (Cryochrom LLC, St. Petersburg, Russia).
4-(Diethylamino)salicylaldehyde was 98% pure (Acros
Organics). Trimethyl aconitate was synthesized accord-
ing to (Kar and Argade, 2003). Piperidinium acetate
was prepared by mixing equimolar amounts of glacial
acetic acid and piperidine upon cooling, followed by
grinding the resulting solid mass under dry nitrogen.
Ethidium bromide (BioChemica) was used without
prior purification. Deionized water (18.2 MQ cm) was
used to prepare aqueous solutions.

2.2. Synthesis of 1,4-dimethyl (2E/Z)-2-(7-
(diethylamino)-2-ox0-2H-1-benzopyran-3-yl)-
2-butenedioate (ZS-833)

A mixture of 4-(diethylamino)-2-hydroxybenzal-
dehyde (1.17 g, 6.05 mmol), trimethyl aconitate (1.31
g, 6.06 mmol), piperidinium acetate (0.0513 g, 0.353
mmol) in 12 mL of acetonitrile was refluxed under
nitrogen during 11.5 h. After cooling to room tempera-
ture, the reaction mixture was stirred with 45 mL of
distilled water and left to separate. The dark brown
oily bottom layer was separated, mixed with 20 mL
of dichloromethane, washed with 20 mL of distilled
water, and dried over potassium carbonate. Then, the
solution was diluted with dichloromethane and mixed
with flash chromatography grade silica gel (40-63 um).
The solvent was evaporated on a rotary evaporator,
and the loaded silica gel was used for flash chromato-
graphic separation (silica gel 40-63 um, CH,Cl,: ace-
tone = 10: 0.25, R, = 0.49). Recrystallization from
toluene yielded 0.56 g of the product (26%, Scheme 1).
Its HPLC chromatogram contained two peaks of almost
equal areas from the E- and Z-isomers with the identical
ESI-MS spectra: 360.1367 ([M+H]* calcd 360.1442),
382.1193 ([M+Na]* caled 382.1261), 719.2670
([2M+H]* caled 719.2811), 741.2483 ([2M+Na]*
calcd 741.2630).
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2.3. Instrumentation

HRMS analysis was performed on an Agilent
6210 TOF (time-of-flight) LC/MS (liquid chromatog-
raphy/mass spectrometry) System. A sample was dis-
solved in acetonitrile. Water and acetonitrile with 0.1%
(v/v) trifluoroacetic acid were used as eluting solvents
A and B, respectively. The initial mobile phase con-
tained 15% (v/v) of solvent B and was changed linearly
to 100% (35 minutes), then held for 25 minutes. The
flow rate of the mobile phase was set at 0.1 mL/min.
The mobile phase was varied linearly from 15% (v/v)
of solvent B at the start to 100% over 35 minutes, then
elution was held for 25 minutes more. The mobile phase
flow rate was 0.1 mL/min. The conditions for TOF MS
were as follows: the mass range was m/z 100 to 500,
and scan time was 1 s with an interscan delay of 0.1 s;
mass spectra were recorded under electrospray ioniza-
tion (ESI) 4+, V mode, centroid, normal dynamic range,
capillary voltage of 3500 V, desolvation temperature of
325 °C, and nitrogen flow of 5 L/min.

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

The relative quantum yield of fluorescence was
calculated using the equation (Levitus, 2020):

NPy
nR

Int, )\ 1-107%

where the subscripts S and R denote the sample and
reference, respectively. Q, is the known quantum yield
of the reference standard; Int is the integrated fluores-
cence spectrum intensity; A is the absorbance of the
solution at the excitation wavelength (A ); and n is
the refractive index of the solution solvent. Fluorescein
disodium salt in 0.1 M NaOH was used as the reference
standard.

Vital staining was traced with light and fluo-
rescent microscopy performed on a MOTIC AE-31T
inverted microscope with an HBO 103 W/2 OSRAM
mercury lamp. Excitation was performed at 470 nm
for red, green and yellow emission, and 365 nm—for
blue emission. A Moticam Pro 205A camera was used
to record images.

2.4. Staining living organisms with ZS-833
dye

Strain G. corollarium SCCAP K-0983 was iso-
lated from the northern part of the Baltic Sea, Sweden
(Sundstrom et al., 2009). The monoculture was grown
on the f/2-Si medium (Guillard and Ryther, 1962)
based on artificial seawater (salinity 11%). Cultivation
was carried out in 25-50 mL plastic flasks at a tempera-
ture of 4 °C and illumination of 13-21 pmol'm2s! with
a day: night interval of 12: 12 h. To study dye uptake
into cells, 0.5-1.25 pL of a 1 mM solution of the dye was
added to 0.5 mL of the medium with dinoflagellates,
followed by observation using a fluorescence micro-
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scope. During the observation, the dye concentration in
the medium with cells was 1-2.5 pM.

The S. cerevisiae yeast, parent-type strain
W303-1B (MATa ade2-1 his3-11 and 15 trp1-1 leu2-
3112 ura3-1 [rho™]) was procured from the collection of
Siberian Institute of plant Physiology and Biochemistry
(SIPPB SB RAS). The cells of S. cerevisiae were main-
tained at 30 °C on YEPD medium (0.5% yeast extract,
1% peptone, and 2% glucose). The cells were grown at
30 °C in 10 mL plastic vials with 2 mL of liquid YEPD.
The experiments were carried out similarly to those
described above for the dinoflagellate.

To confirm that ZS-833 dye enters only living
cells, ethidium bromide was additionally used (Nikolova
et al., 2002; Kwolek-Mirek and Zadrag-Tecza, 2014).
Solutions of ZS-833 dye (1 pL, 1 mM) and ethidium
bromide (0.5 pL and 2.5 mg/L) were added to 0.5 mL of
the medium 20 minutes before the observation.

3. Results and discussion

ZS-833 dye was synthesized by the Knoevenagel
reaction between 4-(diethylamino)-2-hydroxybenz-
aldehyde and trimethyl aconitate in the presence of
piperidinium acetate (Scheme 1).

The absorption spectra of ZS-833 solutions
demonstrate the main maximum in the range of 440-
460 nm. In the case of an aqueous solution, the absorp-
tion maximum is shifted to a longer wavelength region
relative to 7-(diethylamino)coumarin-3-carboxylic acid
(7-DCCA) and QA2 (Chatterjee and Seth, 201 3; Zelinskiy
et al., 2023) that may be attributed to a longer conjuga-
tion system (Fig. 1). When moving to less polar solvents
in the water-ethanol-hexane series, a slight shift of the
maximum to the shortwave region occurs (Fig. 2). In
the case of a hexane solution, the absorption spectrum
contains several peaks. For the excitation and emission
spectra, a shift to the shortwave region is also observed
in the water-ethanol-hexane sequence (Fig. 3). The
excitation and emission spectra of an aqueous solution
have relatively weak intensities. It may be explained
by the poor solubility of the dye in water and its low
quantum yield (the solubility limit is ~ 2.5 uM versus
>10 uM for solutions in ethanol or hexane). The fluo-
rescence quantum yield increases upon moving to less
polar solvents and reaches 2.3% and 88.8% in water
and hexane, respectively (Table 1). We observed a sim-
ilar solvatochromic effect for other coumarin deriva-
tives (Annenkov et al., 2019; Zelinskiy et al., 2023).

COOCH,;

=
H,COO0

Scheme 1. Synthesis of ZS-833 dye

OOCH;
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Table 1. Spectral characteristics and relative fluores-
cence quantum yield (Q) for ZS-833 in different solvents.

Solvent A, Nm g* Q, %
water 425 20.7 2.3

ethanol 450 25.9 23.8

n-hexane 408 28.1 88.8

Note: * — &(x 10° L-mol’cm?) is the extinction coeffi-
cient for the excitation wavelength.

HO
o O
OH CH3
(5\/3
CH3 3C
7-DCCA QA2 ZS-833
400-420 M 420-440 "M 440-460 "M

Fig.1. Structures of 7-DCCA, QA2 and ZS-833 with their
absorption maxima for an aqueous medium.

Extinction (¥103 L mol"! cmr

400
A, nm
Fig.2. Absorption spectra of ZS-833 in different solvents.
1-water; 2—ethyl alcohol (95%); and 3-n-hexane. C = 10 uM
for ethyl alcohol and hexane, 2.5 uM for an aqueous solution.

500 600 700

CH . O/CH3
o %
) “Po
~N o
CH,COO H, _
HaC__N__CHs
7S-833
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The ability of the ZS-833 fluorescent dye to pen-
etrate living cells was demonstrated using the dinofla-
gellates G. corollarium (Fig. 4d) and the S. cerevisiae
yeast (Fig. 5a). In a culture medium containing ZS-833,
the cells became luminous in blue and green colors
characteristic of coumarin dyes (Zelinskiy et al., 2023,
Annenkov et al., 2024). The QE2 coumarin-containing
dye, which we previously synthesized, imparted only
blue fluorescence to G. corollarium cells (Zelinskiy et
al., 2025). However, in the case of the new dye, ZS-833,
green fluorescence persisted during the initial moments
of observation, then faded, giving way to the fluores-
cence of the cell’s natural pigments (Fig. 4a-c). At the
same time, the blue fluorescence of ZS-833 persisted
throughout the observation period, revealing the intra-
cellular structures of the dinoflagellate (Fig. 4e, f).
During staining S. cerevisiae cells lacking their own pig-
ments, the observed fluorescence was blue and green
equally with no fading during the observation (Fig.
5b-d). Since the green fluorescence fading was absent
for the yeast, it may be associated with an interaction
between the dye and dinoflagellate cell pigments. This
phenomenon requires further study.

Both species demonstrated uneven staining of
intracellular structures (Figs. 4 and 5), which may result
from uneven distribution of the dye within the cell as
well as from a brighter fluorescence of its non-polar
regions, as the fluorescence quantum yield of ZS-833
is higher for non-polar media (Table 1). It should be
emphasized that the dye that we synthesized stains only
living cells: when S. cerevisiae was stained both with
ZS-833 and ethidium bromide, dead cells were stained
only red by ethidium bromide that entered them (Fig.
5d).

4. Conclusion
We synthesized a new fluorescent, hydrophobic,

and weakly basic dye, ZS-833, based on coumarin and
dimethyl-2-butenedioate moieties. The dye effectively

3‘0'5
Z 0.4
3
=03
0.2
0.1
0 v
200 300 400 500 600 700
A, nm
2
3
200 300 400 500 600 700
A, nm
2100 ©
§ 80
= 60
40
20
200 300 400 500 600 700
A. nm

Fig.3. Excitation (1, 5, and 9) and fluorescence spectra
of ZS-833 in water (a), ethanol (b), and hexane (c). Emission
wavelengths for the excitation spectra: 1 and 5-500 nm, and
9-465 nm. Excitation wavelengths: 2, 6, and 10-250 nm;
3-395 nm; 4-425 nm; 7-416 nm; 8-458 nm; 11-390 nm;
and 12-408 nm. C=10 puM for ethyl alcohol and hexane, and
C=2.5 pM for an aqueous solution. Monochromator slits are
10 nm for both input and output.

Fig.4. Micrographs of the G. corollarium dinoflagellate after the addition of ZS-833: (a)-(c)-green fluorescence decreasing
in brightness over time: (a)-the observation beginning; (b) and (c)-different time points within 30 s; (d)-visible light; (e) and
(f)-blue fluorescence at the dye concentrations of 1 pM and 0.1 uM, respectively. Scale is 10 pm.
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penetrates living cells with a rigid cell wall, such as
the heterotrophic yeast, S. cerevisiae, and the photosyn-
thetic dinoflagellate, G. corollarium. The bright fluores-
cence in the blue and green spectral regions visualizes
this process. Blue fluorescence is optimal for observa-
tion of photosynthetic organisms, while green and blue
emittances are equally effective for heterotrophic cells.
The concentration range of the new dye from 0.01 to
0.1 uM is optimal to ensure high-quality images. The
fluorescence of ZS-833 is enhanced in a non-polar envi-
ronment, which may be helpful for selective staining of
non-polar cell regions.

The obtained data allow us to consider ZS-833 a
promising agent for intravital staining of cell cultures
and visualization of cellular components in the study of
their viability, structure and functions.
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OpuruHanbHan craTbf

Kpacureab Ha OCHOBE KyMmapHuHa AAA LIMNOLOGY
NPWKHU3HEHHOIO OKPaWMKBaAHUA KNETOUHBIX  1p FSETWATER

KYAbLTYD BIOLOGY

M

|Aunenkos B.B.%| IMasemus B.A.* , JanumnoBueBa E.H.", 3enunckui C.H.

JIumHostoeuneckuti uHcmumym Cubupckozo omdesteHua Poccutickoti akademuu Hayx, 3 yi. Yian-Bamopckas, Hpkymck, 664033,
Poccusa

AHHOTAILHA. ®iyopecleHTHbIE KPACUTEIN HAaXOAAT MIMPOKOe NMPUMEHEHNE B COBPEMEHHBIX OMOXU-
MHUYECKUX U OMOJIOTMYECKUX HCCJIENOBAHUAX, MTO3BOJIAA, B YACTHOCTH, OLEHWBATh (PYHKI[MOHAJIBHOE
COCTOsIHME KJIETOK, KJIETOYHBIX KOMIIOHEHTOB, TKaHel U opraHusMoB. Kpacurtenu c cunHell ¢Jiyopec-
I[eHI[el 001aaT IperuMyIlecTBOM, ITOCKOJIbKY UX CBedeHMe He IepeKphIBaeTcs ¢ aBTodJIyopeciieH-
Iyell 610JIOTMYEeCKUX Ccpef] B 3eJIEHO-KpacHOU obJiacTu crekTpa. Llesbio JaHHOTO KccjlefoBaHus ObLIO
co3aHue HOBOTO AOCTYIHOIO CMHEro (JIyOpecleHTHOr0 KpacUTesis, CIOCOOHOTO IPOHUKATh B XXUBHIE
kiieTku. [losydeHHBIN KpacuTess ZS-833 coueTaeT B CBOell CTPYKType cuHUU (iyopodop 7-(austu-
JIAaMWHO)KyMapyuH C OUMeTWI-2-0yTeHarnoaToM. J[Jisi OIfeHKU BO3MOXHOCTeN ZS-833 mM oKpamimBajiu
U TeTepoTpoGHEIe, U COAepXalue COOCTBEHHBIE MUTMEHTHI KJIETKH (Ipoxku Saccharomyces cerevisiae
u auHodaresuLsiTel Gymnodinium corollarium). Ioka3zaHo, 4To ZS-833 crmocobeH OBICTPO MPOHUKAThH B
00a BapuaHTa XMBHIX KJIETOK, IpHAaBas UM APKOe CBeueHle B CHHEeH U 3eJIEHO0H obsacTu crekTpa. Ilpu
3TOM MepTBbIE KJIETKH He OKpalIMBaJiich. [lojlydeHHble JaHHbBIe O3BOJIAIT paccMaTpuBarh ZS-833 B
KayecTBe IepCIeKTUBHOr0 areHTa AJjiA NPUXU3HEeHHOI'0 OKpalllBaHNA KJIeTOYHBIX KyJIbTYp 1, BU3yaslu-
3alMM KJIETOYHBIX KOMIIOHEHTOB, B OCOO€HHOCTH HEIOJIAPHO 3apsXEHHBIX.

Kiioueanie citoga: kymapuH, GiyopeciieHTHBIN KpacuTeslb, IPIXKU3HEHHas okpacka, Gymnodinium corollarium,
Saccharomyces cerevisiae
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1. Beepenue kucyiotTamu. C momornipio psaa GJIyopoXxpoMoB pas3HBIX

I[BeTOB Yy ABYX AuHOoparesiAT (Amphidinuim carterae n
Prorocentrum micans) 1 3eneHol Bogopociu Dunaliella
tertiolecta yIaysioch BBIABUTH pa3jIMYHbBIE KJIETOYHBIE
KOMIIOHEHTHI, BKJIIOYAA ILIa3MaTUYeCKyl MeMOpaHy,
IJIACTUHKY TEKU, TPUXOLVCTHI, AP0, JTUMUIHbIE TeJIbIIa
u Bakyos (Klut et al., 1988). ®iyopeciieHTHBIN 30H[
RPS-1 Ha ocHOBe CIMPONHUPAHOBOY CUCTEMBI TO3BOJINJI
KOJIMYECTBEHHO M3MEpUTh paclipejiesieHre KJIETOYHOMU
nossspHocTu (Park et al., 2020). A oueHKU XU3He-
CIOCOOHOCTH MHUKPOBOJIOPOCJIEH MCHOJIB3YIOTCA TaKue
KpacuTeJ¥, KaKk TPUIIAHOBHIY CUHUI, CUHUI DBaHca U
HelTpasbHbIH KpacHHH (Kim et al., 2024).

B 1esioM, Ha JaHHBIE MOMEHT cpefy MOMyJIAp-
HBIX (JIyOpecleHTHBIX KpacuTesiel JOMUHUPYIOT Mpo-
n3BOAgHBIe (iyopecrienHa, obJiagawye 3eJIEHBIM
CBeueHHEeM, U poJlaMHuHa, (JIyopecHUpyIOUe B XKEJ-
TO-KpacHOU objiactu crnekrpa (Lavis, 2017; Rajasekar,
2021). OpHako OJii OHMOJOTMYECKUX HCCJIeJOBaHUMI

dJiyopecrieHTHble KpacuTeJM HaxoOAaT oOmup-
HOe IIpyuMeHeHte B OMOJIOTMYeCKUX U OMOXMMHUYeCKUX
HccJIeJIOBaHUAX AJIA BU3yalIu3alyuu U naeHTuuKanuu
KJIETOK, IPOTOYHON IUTOMETPUH, MOHUTOPHHTA B KO-
JIOTMYeCKHX MCCIIeI0BAaHMAX, OLIeHKH 3J0POBbs U GU3U-
0JIOTHU KJIETOK, UX CTPYKTYPHI U opraHeJul. CoueTaHue
auarerara ¢JiyopeclierHa 1 OpOMUACTOr0 3TUAUSA ABJIA-
eTca KiaccuueckuM A aud@epeHIUannn KUBBIX
1 MepTBBIX KJieTOK (Jarnagin and Luchsinger, 1980;
Adams et al., 2014). HedJsyopecleHTHBN OuareTar
dyopecnienHa criocobeH NMPOHUKATh B XUBYI0 KJIETKY
Y IOA BO3JEHCTBHEM 3cTepa3 MpeBpamarbcsa Bo QJIy-
opeclierH, 06jafalomuil ApKOU KEITO-3eJIEHON (JIy-
opeclieHIiel, TO BpeMA KakK AjiA OPOMHCTOr0 3TUAUA
HeNoBpeXAEHHas KJIeToyHas MeMOpaHa HeIpeojo-
JMMa, OH OKpallliBaeT MepTBble OpraHW3MEI B Kpac-
HO-OpaHXXeBBbIil I[BeT, CBA3BIBAACh C HYKJIEWHOBHIMU
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0COOBIl HHTepec NPeICTaBJIAI0T KpaCUTesIy, UCIyCKalo-
1yie CMHUM CBET, IOCKOJIbKY aBTO(JIyopeciieHIns 61o-
JIOTUYeCKUX 00bEeKTOB JIEXXUT, KaK IIPaBUJIO, B 3€JIEHO,
1mbo KpacHoU obsactsax crnekrpa. Cpenu cuHux Quy-
OpPOXpOMOB MOXHO OTMETHUTh COeJUHEHHs Ha OCHOBe
KymMapuHa. PeakI[MOHHOCIOCOOHBIE  IPOWU3BOAHEIE
AMCA (aMUHOMETWJIKyMapHMHyKCyCcHas KHCJIOTa),
HamnpuMep, akTuBUpoBaHHBIH 3¢up AMCA-sulfo-NHS
NIPUMEHAIT AJIA KOBAJIEHTHOIO MeYeHHsA aHTUuTes U
6enkoB (Griinfelder et al., 2003). HedyopeciieHTHbIE
MeNnTUAHBe IIPOU3BOJHbIE 7-aMUHO-4-MeTUJIKyMapyuHa
(AMC) mpu pacmensieHuu ¢depMeHTaMud BBICBOOO-
KIAI0T BBICOKOQJIIyopecIieHTHHIH cBob6oaHbIll AMC, uTO
MOXHO MCIOJIb30BaTh AJIA OOHAapyXeHUsA IMpOTenHas
(Gray and Sullivan, 1989). Kymapun 35 mMoxeT ObITh
HCIOJIb30BaH KaK MOJIEKYJIAPHBIY 30H[ 4yBCTBUTEJIb-
HBIM K CBIBOPOTOYHOMY anbOyMuHy u JJHK, nockosbKy
B UX [IPUCYTCTBUH MHTEHCUBHOCTb CBeYeHNUsA KyMapyHa
35 yBermmuuBanace B 30 u 8,5 pa3 COOTBETCTBEHHO
(Bayraktutan and Onganer, 2017). TuapodoOGHBIi
KyMapuH-6, WHKAICyJIMPOBaHHbIII B IOJIUMEpHEIE
HaHOYACTUIIB, OBLI peIJIOXKEH JJI ONTHUYeCKOH BU3Y-
aym3anuu paka (Gregoriou et al., 2023).

Hacrosmee uccienoBanue npefcTasiifAeT CHUH-
Te3 Kpacutesia ZS-833 Ha oCHOBe KymMapuHa U qUMe-
TUJI-2-0yTeHuoaTa, o0JIafalollero JIOMUHeCI[eHIel
B CHHe-3eJIEHOM obJsiactu cnekTpa. I'mapodoOHBI
cJ1a000CHOBHEIN XapakTep KpacuTessA II03BOJIAJI eMy
JIETKO NMPOHUKATh CKBO3b KJIeTOYHBIE MeMOpaHHbI, OKpa-
IIMBas XUBBle KJIETKH, YTO OBUIO MPOTECTUPOBAHO Ha
KyJibTypax auHodJaresuiat Gymnodinium corollarium u
Opoxxken Saccharomyces cerevisiae.

2. MaTepuanbl U MEeTOADI
2.1. PeareHntbl

OrtunareraT (AO «BekTon», CaHkT-IleTepOypr)
IIPOMBIBAJIM  pacTBOPOM TIuApokapboHaTa HaTpuA,
JVCTWIJIMPOBAHHOM BOJOM, CyMMWIA Hajd 6e3BOAHBIM
XJIOpUAOM KaJblUsA C TocJeayloulell IeperoHKOM.
JuxsopmeraH (AO «BekToH», CaHKT-IleTepOypr) nepe-
MeIlrBaJIy ¢ KOHIIEHTPUPOBAHHON CEPHOI KUCJIOTOMH B
TeueHUe 4 4acoB, OTHEJIAIM OT HIXHEro KHUCJIOTHOIO
CJI0s, TOCJIeOBAaTeJIbHO IPOMBIBATIA JOUCTUJLIINPO-
BaHHOI BOJIOY, BOOHBIM PacTBOPOM TuapokapboHaTa
HaTpus, UCTUINPDOBAHHON BOJIOM, CyIININ Haf Oe3-
BOJHBIM XJIOPHMJOM KaJbliUsAd U IeperoHAanu. I'ekcaH
(AO «BexTton», CaHkT-IleTepOypr) ouuijaam nepemMe-
HIIMBaHNEM C CepHOU KHCJIOTOH, IOCje 3TOr0 IIPOMBI-
BajJli pPacTBOPOM COABI U BOAOM, OCyllajiyd Haj XJIO-
PUOM KayIbIA U IEeperoHsUId. DTaHOJI KUIATUIU C
KOH u neperonsanu. Aneronutpus 61 copra 0 (000
«Kpuoxpom», Cankt-IletepOypr). 4-(AusTUIaMHUHO)
canuuunanbpaerus 6o 98% uncrots (Acros Organics).
TpumeTniakoHUTAT CUHTe3upoBaiu corsjacHo (Kar
and Argade, 2003). AueraT NMUNEPUANHUA MOJIyYATH
CMellleHHeM SKBUMOJIAPHBIX KOJIMYeCTB JIeAAHOH
YKCYCHOM KHCJIOTH U MUNEepUAVHA IIPU OXJIQXIEHUU C
IocjieyOMuM IlepeTupaHueM oOpa3oBaBlIelics TBEp-
Joi Maccel B aTMocdepe Cyxoro asoTa. BpoMuCTHI
stuauii (BioChemica) ucmoss3oBasu 6e3 mpeaBapu-
TeJIbHOM OYMCTKHU. JIJI1 IPUTOTOBJIEHUA BOJHBIX pac-
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TBOPOB HCIIOJIb30BAaJId [eWOHN30BaHHyl0 Boay (18,2
MOwM:-cM).

2.2. Cunres 1,4-pumeTun (2E/2)-2-(7-
(AMaTMAAMHMHO)-2-0KCc0-2H-1-6en30onupan-3-
HA)-2-0yTenauoara (ZS-833)

Cmecr 1,17 r (6,05 mmosb) 4-(mudTHaaMu-
HO)-2-rujipokcubeH3anpgeruaa, 1,31 r (6,06 MMouib)
TpuMeTtmiakonurara, 0,0513 r (0,353 mMoJib) arjeraTa
MUNEepUAUHUA B 12 MJI aleTOHUTPUJIA KUIATWIN C
06paTHBIM XOJIOIUJIBHUKOM B aTMocdepe a3oTa B Teue-
Hue 11,5 uvacos. [locye oxylaxmgeHUs OO KOMHATHOM
TeMIlepaTyphl peaklMOHHYI0 CMecCh MepeMellnBaIu C
45 MUJI JUCTUJLIMPOBAHHOM BOJBI U OCTABJIANIU /1A pas-
nenenus ¢as. TeMHO-KOPUYHEBHIN MaCIAHUCTBIN HUX-
HUI CJIOM OTHesisy, cMemuBaau ¢ 20 My Auxjaopme-
TaHa, nTpoMmbiBaiv 20 MJI AUCTUJLIMPOBAHHONI BOJBI U
BHICYIIIMBAJIM HaJ KapOoOHATOM KasjufA. 3aTeM pacTBOP
pa3baBJiAIM OUXJIODMETAHOM UM CMeIIWBaJii C CUJIU-
kareneM A  Quam-xpomartorpadpuu  (40-63 MKM).
PacTBopuTesib BeIIapuBaId Ha POTOPHOM HCIIapuTerie,
a CWJIMKaresjgb C HaHECEHHBIM 0Opa3lOM HCIOJIb30-
Bajiu AnA QJdll-xpoMarorpaduueckoro pasjeseHus
(cwmnkarenp 40-63 mkm, CH,Cl,:anerton 10:0,25,
R, = 0,49). Ilocsie nepekprcTa/IM3aluy U3 TOJIyOsa
nostyuniu 0,56 r nmpoaykra (26%, cxema 1). Ero BOXX
XpoMmarorpamMma cofiepxa’sia ABa NpaKTUYecku ofuHa-
KOBBIX N0 Iom@aau nuka E- u Z-u3omepoB ¢ oguHa-
koBbIMU criekTpamu ESI-MS: 360,1367 ([M +H]* pacu.
360,1442), 382,1193 ([M+Na]* pacu. 382,1261),
719,2670 ([2M+H]* pacu. 719,2811), 741,2483
([2M + Na]* pacu. 741,2630).

2.3. NMpubopnbi

Anamnz HRMS nposoaunu 1npyd  NOMOLIU
cucremsl Agilent 6210 TOF (BpemsmnposetHas) LC/MS
(xupxocTHaA xpomarorpadusa/Macc-ClieKTpoOMeTpus).
OOpaszel] pacTBOpPAJIM B aleTOHUTpuJe. B kadecTse
JJIIOMPYIOIINX pacTBoputesnell A u B ucnonbp3oBanu
Bony u aneroHutpusn ¢ 0,1% npoGaBkoil mo obbeMy
TpUMTOPYKCYCHOM KucJIoTh. CoCTaB MOJIBUXHOM (a3bl
JIMHelHo MeHsics oT 15% pactBopuTtensa B o 100% 3a
35 MUMHYT, 3aTeM 3JIIOUPOBaHUe MPOAOJDKAJIOCH el B
TedeHue 25 MUHYT. CKOPOCTh TOTOKA MOABUXXHOU a3kl
coctaBisana 0,1 mu/muH. YcnoBusa nposefenus TOF
MS: guanason macc m/z ot 60 no 3200, Bpemsa cKaHU-
poBaHuA 1 cekyHAaA C 3aepXKKOI MeXy CKaHUPOBaHU-
aMu 0,1 ¢; Macc-CrieKTpHl 3anMChiBaIv IPU NOHU3ALUU
anektpopacnsuieHueM (ESI)+, pexum V, neHTpoup,
HOpMaJIbHBIY AWHAMUYeCKUH Juanas3oH, KanuIspHoe
HanpsoxkeHue 3500 B, TtemmnepaTtypa JecojbBaTaluu
325 °C u noTok asoTa 5 Ji/MHH.

CrieKTpHI NOIJIOL[eHNA, BO30yxAeHuA U ¢Jiyopec-
LEHIUN U3MepsUIu B 1 ¢M KBapLeBHIX KIOBETaxX Ha CIIeK-
Tpodryopumerpe CM-2203 (3A0 «CnexTpockonus,
Ontuka u Jlasepsl — ABaHrapgHele Pa3paboTku»,
Pecny6suka Benapycsh, r. MuHck). B kauecTBe UCTOY-
HUKa BO30yXAeHHWS B YCTPONICTBE MUCIOJIb30BaJach
HAMITyJIbCHasA KCEHOHOBAas JlaMIia.
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OTHOCUTEJIBHBII KBAaHTOBBINT BBHIXOHA GJiiyopec-
LleHITMY paccuuThiBaiau no gopmyse (Levitus, 2020):

0. QR[[nt ](1—10 k ]

Int, )\ 1-10""
rAe NoACTpOYHBle MHIEKCH S U R 0603HavuanT Kpacu-
TeJIb W CTAaHJApT CpaBHEHUA. Q. - WU3BECTHHI KBaH-
TOBBII BBIXOJ] CTaHAapTa CpaBHeHuA, Int — HMHTerpas
cnexTpa ¢JiyopeclieHIINH, A — NOIJIONIeHre NIpY JINHe
BOJIHBI BO30yXeHus ¢uyopecuenuuu (A ), n — Ko3d-
dunueHT npesoMJIeHUsA pacTBopuresA. B kadecTse
CTaHAapTa CpaBHEHMA MCIOJIb30BAJIM UHATPUEBYIO
cosib Qutyopecuersa B 0,1 M NaOH.
W3yueHnsa NprXu3HEHHON OKpacKy HabioAasu
IIpY TOMOUIM CBETOBOM U (JIyOpeClleHTHON MUKpPO-
CKONIMM Ha WHBEpPTHUpPOBaHHOM Mukpockone MOTIC
AE-31T c prytHo#l namnoii HBO 103 W/2 OSRAM.
JmuHa BoJsiHBEL BO30yxaeHHUsA 470 HM [JJid KpacHOW,
3eJIEHOM U XEJITOH SMHCCUU U 365 HM [J1A CHEH SMMC-
cuy. 3anuch M300paxeHU OCyIeCTBJIAIN Ha KaMepy
Moticam Pro 205A.

S

B

R

2.4. OkpawMBaHMe YXMBbIX OPraHM3MoB
Kpacurteanem ZS-833

Mtamm guHodaaremwar G. corollarium SCCAP
K-0983 BmimeneH 13 ceBepHOU 4acTu bBanTuiickoro
mMops, [Ierua (Sundstrom et al., 2009). MOHOKYJIbTY Py
BeIpamuBaiu Ha cpefde f/2-Si (Guillard and Ryther,
1962) Ha OCHOBe UCKYCCTBEHHOU MOPCKOI BOABI (COJIE-
HocTh 11%). KysbTuBUpOBaHNE IPOBOAWIIN B IJIACTU-
KOBBIX KoJi0ax 06béMoM 25-50 MJ1 pu Temneparype 4
°C u ocBeméHHOCTH 13-21 MKMOJIBM2C! ¢ pexumMom
JeHb: HOub 12: 12 4. 114 M3y4yeHUs BXOXOEHUA Kpa-
cutesiA B KJIeTKy K 0,5 Mu1 cpedsl ¢ AWHOdJIAresis-
tamu gobasisu 0,5 - 1,25 MK KpacuTesisi KOHIEH-
Tpanueil 1 MM u HaGmofanu BXOXJeHHe KpacuTesd
B KJIETKM C ITOMOIIBI0 (hJTyOpecleHTHOI0O MHKPOCKOIIA.
KonneHnTtpanua kpacurtessa B cpefle C KJeTKaMM IpU
Habmogenuu 1-2,5 pM.

HApoxxu S. cerevisiae, mramm W303-1B (MATa
ade2-1 his3-11, 15 trp1-1 leu2-3112 ura3-1 [rho*]),
MoJIyuyeHbl M3 KoJuleknuu CuOUpPCKOro WHCTUTYTA
¢usuonornu u Ouoxumuu pacrerHuii (CU®ubP CO
PAH). Kiietku S. cerevisiae comepxajii npu TeMrepa-
type 30°C Ha cpene YEPD (0,5 % mpox»keBOro sxc-
TpakTa, 1 % nentoHa, 2 % rioko3sl). KyabTypy KieTok
BeIpamnuBaau npu Temmeparype 30°C B IJIaCTUKOBBIX
¢pakoHax o6peMoM 10 MJI ¢ 2 MJT XUAKOU Cpefbl
YEPD. 3kcriepyuMeHTHl IPOBOAWIN aHAJIOTUYHO BEIIIE-
ONMCaHHOMY JJI1 AUHOGJIareIsaToB.

Jna monTBepXIeHUs TOro, 4YTO KpacuTesib
7ZS-833 BXOOMT TOJIBKO B JKHBBIE KJIETKH, JIOIOJIHU-
TeJIbHO ucmojb3oBasu OpomucThiil stuaui (Nikolova
et al., 2002; Kwolek-Mirek and Zadrag-Tecza, 2014). K
0,5 mu1 cpensl mobapssnu 1 Mk Kpacutens ZS-833 (1
MM) u 0,5 Mk 6pomuctoro stuausa (2,5 mr/i) 3a 20
MUHYT A0 HaOJIoleHus.

3. Pe3yAabTathbl M 06Ccy)xpeHue

Kpacuresns ZS-833 cuHTe3npoBaiy IO peakluu
KueBeHarensa wmexnay 4-(IU3THIaMHHO)-2-TUOPOKCU-
OeH3aJIbAeruOoM U TPHUMETWJIaKOHUTATOM B IIPUCYT-
cTBUU alleraTa numnepuanHusa (Cxema 1).

OCHOBHOHM MaKCHMMyM B CIIeKTpax IOIJIOIMeHNUA
pactBopoB ZS-833 Haxoautca B AuamnaszoHe 440-460
HM. B ciyuae BogHOro pacTBopa MaKCHUMyM IIOTJIO-
ImeHus cMmelleH B Oojiee JIMHHOBOJIHOBYIO 00J1acCTh
OTHOCUTEJIBHO 7-(AM3TUJIAMUHO)KyMapuH-3-KapOOHO-
Bor kucyoTel (7-DCCA) u QA2 (Chatterjee and Seth,
2013; Zelinskiy et al., 2023), uto cBsA3aHO c Gojee
JJIMHHOM cucTteMoli comnpsixeHus (Puc. 1). IIpu nepe-
X0Jle K MeHee IOJIAPHBIM pacTBOPUTESIAM B PANYy BoAa
— 3TaHOJI — reKcaH NMPOMCXOAUT HeOoJIbIoe cMelleHne
MaKcHMyMa B KOPOTKOBOJIHOBYI0 obiacTh (Puc. 2). B
cjlydyae pacTBopa B rekcaHe B CIIeKTpe IIOTJIOIMeHU:A
HabJrojaeTcs HeCKOJIBKO MUKOB. [[JIA CIIeKTPOB BO3-
OyxOeHusA U UCIyCKaHUA IIpU [lepexojie BoJa — 3TaHOJI
- TekcaH Takxke HabyrofaeTcs cMellleHHe B KOPOTKO-
BOJIHOBY10 06sacth (Puc. 3). CrekTphl BO30yXAeHUA U
HCITyCKaHUA JIA BOJHOI'O pacTBopa MMEKOT JAOBOJIBHO
cjiabble MHTEHCUBHOCTH, 4TO, CBA3AHO C IIJIOXOH pac-
TBOPMMOCTBIO KpacHuTeJiA B BOAe U MaJIeHbKUM KBaHTO-
BBIM BBIXOZOM (TIpefies1 paCTBOPUMOCTH OK0JIO 2,5 pM

HO_ O
o
OH CH3
_CHa HC_
7-DCCA QA2 75-833
400-420 " 420-440 " 440-460 "™

Puc.1. CtpykrypHble popmyJibl 7-DCCA, QA2 1 ZS-833 ¢
MaKCHMyMaMH IIOIJIOIIeHNsA B Bofe.

H
CH, o-CHs
(5 /573}
O._ H . )
COOCH, ~K o
OH + CH5COO H, _
=
H,COO OOCH,
HaC__N___CH,
HsC.__N__CHs
7S-833

Cxema 1. Cunrte3 kpacuresa ZS-833.
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npoTtuB 6oJiee yeM 10 pM [Jig pacTBOpOB B 3TaHOJIE
win rekcade). KBaHTOBBI BbIXOA (JIyopecueHIUN
MOBBINIAETCA NpU Iepexojie K MeHee IOJIAPHBIM pac-
TBOpUTeaAM U gocturaetr 2,3 % u 88,8 % B BOoze u
rexcaHe coorBeTcTBeHHO (Tabswuia 1). AHAJOTrMYHBIN
COJIbBATOXPOMHBIN 3¢ @deKT Mbl Habaomanu i Jpy-
TUX TPOU3BOJHBIX KymMapuHa (Annenkov et al., 2019;
Zelinskiy et al., 2023).

CrocoOHOCTE  (JIyOpecI[eHTHOI'O  KpacuTeJid
ZS-833 mpoHUKATb B XUBbIE KJIETKU MPOAEMOHCTPU-
poBaHa Ha mpuMepe AuHOIaresnAT G. corollarium
(Puc. 4r) u gpoxxeii S. cerevisiae (Puc. 5a). B kyb-
TypajJbHOU cpefie, cofepxatieil ZS-833, kJIeTKu Ipu-
oOpeTasu cuHee U 3eJleHOe CBeYEeHUs, XapaKTepHble
JUIs1 KyMapHUHOBBIX kpacutesiel (Zelinskiy et al., 2023;
Annenkov et al., 2024). CuHTe3MpOBaHHHI HaMU
paHee KyMapHuH-cojepxamuii kpacuteab QE2 npu-
naBaj kjetkam G. corollarium jumpb cUHee cBeveHUe
(Zelinskiy et al., 2025). OgHako, B cJiy4ae ¢ HOBBIM
KpacuresieM ZS-833 B mepBble MOMEHTHl HaOJII0ieHUA
coxpaHsajach 3ejieHad (iiyopecleHIsA, 3aTeM 3aTy-
XaA U ycTynas CBeYeHHI0 NMUTMEeHTOB CaMOH KJIETKU
(Puc. 4a-B). B Toxe Bpema cuHAA (iyopecleHIns
ZS5-833 coxpaHsyach Ha NPOTSXKEHUM BCEro BpeMeHU
HaOJII0ieHUI, BBIABJIAA BHYTPUKJIETOYHBIE CTPYKTYPHI
auHodaresuiAat (Puc. 44, e). IIpu okpamnBaHUM KJle-
TOK S. cerevisiae, JINIIIEHHBIX COOCTBEHHBIX MUTMEHTOB,
B paBHOM cTelleHW HaOJII0JaJoCh CUHUE U 3eJIeHoe
CBeueHHUs, He 3aTyxalolue B IIpoliecce HabJI0geHUA
(Puc. 56-r). ITockosbky 3¢@eKT 3aTyxaHUs 3eJIeHOTo
CcBeueHUs He HaOJofasicsa NMpU OKpallMBAaHUU OPOX-
’kel, BO3MOXXHO, OH O0YCJIOBJIEH B3auMoelicTBHeM
KpacuTesi C NUIMeHTaMH KJIETOK AuHOQJIaresiAar,
3TOT BOIPOC HyXJaeTcA B JaJIbHeNIIeM N3yuYeHUH.

Jl1a o6oux opraHu3MoOB IIOKa3aHO HepaBHOMeED-
HOe OKpalliBaHNe BHYTPUKJIETOYHBIX CTPYKTYp (Puc. 4
U 5), YTO MOXeT OBITh CBA3aHO KaK C HEpaBHOMEPHBIM
pacrpefiejieHeM KpacuTesig BHYTPHU KJIETKHU, TakK U C
6oJiee APKUM CBeuyeHHeM ee HeNOJIAPHBIX yYacTKOB,
IIOCKOJIBKY B HEIOJIAPHOU cpejie MOBHIaeTCs KBaH-
TOBBIN BBIXOJZ] (uiyopectieHuuu ZS-833 (Tabmuma 1).
Crnenyer NMOAYEpPKHYTb, YTO CHHTE3MPOBAaHHBIN HaMU
KpacuTeJlb OKpalllMBaeT TOJIbKO XXHBble KJIETKU: INpHU
COBMECTHOM OKpalllUBaHUU S. cerevisiae Kpacureaem
ZS5-833 u 6pOMUCTHIM 3THUEM MepTBbIe KJIETKU OKpa-
HIIMBAJIMCh JIUIIb KPacHBIM OT BOIIEJIIero B HUX Opo-
muctoro atuaua (Puc. 5r).

4. BoiBOADI

CuHTe3MpOBaH HOBHIH (JIyopeclieHTHBIN TUApPO-
(oOHBII c1ab00CHOBHBIH KpacuTessb ZS-833 Ha OCHOBe
KyMapuHa U quMeTu-2-0yrenauoara. [lokasaHo, 4TO
Kpacuresb criocobeH 3(p@deKTUBHO IIPOHUKATh BHYTPb
JKUBBIX KJIETOK, OKPY>X€HHBIX )XEeCTKO! KJIeTOYHOI] CTeH-
KO, TaKUX KakK rerepoTpodHbIie JPOXXKU S. cerevisiae 1
doTtocunTe3upyoIre AuHOGIaresUIATH G. corollarium.
IIpu 3TOM BU3yann3upyeTcA sApKoe cBedeHue B CHHel
U 3eJI€HOM obsactu crekrpa. [na doTocuHTE3Uupy-
I0IIUX OpraHM3MOB OINTHMaJibHee HCIIOJIb30BaHUe
CHHero CBe4YeHus, B TO BpeMs Kak JJI reTepoTpOodHBIX
KJIeTOK paBHO 3(QeKTHBHO HaOJIofeHHe B 3eJIeHOM
U cuHeM cBeTe. ONTUMaJIBHBIN AUana3oH KOHIEHTpa-
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Ta6auna 1. CrekTpasibHble CBOICTBAa M KBaHTOBBIH
BBIXOJ JioMuHecneHIuu (Q) kpacurensa ZS-833 B pasHBIX
PaCTBOPUTEJIAX.

PacTBopuTesb 7\.“, HM g * Q, %
BOJA 425 20,7 2,3
9TaHOJI 450 25,9 23,8
H-TeKcaH 408 28,1 88,8

IMpumeuanue: * — £10° 1 Mosp! em! MOIAPHBIN KO-
GUIMeHT SKCTUHKINY Ha JJIMHE BOJIHBL BO30YXAEHUI.

== DN W W
wn O L O W

S

Koad. morsommenus,
*10-3 1 Mmonp™! em’!

S W

Puc.2. CnekTpnl norJomeHus kpacuresnsa ZS-833 B pas-
HBIX pacTBopuTesiaXx. 1 — B BoAe, 2 — B STWJIOBOM CIHpPTE
(95%), 3 — B H-rekcaHe. Konnenrtparua 10 uM (2,5 uM gis
BOJIHOT'O PacTBOpA).

WNHTEHCUBHOCTD

200 300 400 500

A, HM

600

NHTEHCUBHOCTD
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300 400 500

A, HM

NHTEHCUBHOCTH

-

b

200

00 400 500

A. HM

Puc.3. Crexrpnl Bo3byxaenus (1, 5, 9) u ¢Jyopecuen-
uun Kpacuresia ZS-833 B Bofe (a), aTaHosie (6) U rekcaHe
(B). JyHBI BOJIH HCIyCKAHUA IS CIIEKTPOB BO3OYXKIeHMA:
1 u 5- 500, 9- 465 uM. JlsuHBl BOJIH BO30OyXxJeHus: 2, 6,
10- 250, 3- 395, 4- 425, 7- 416, 8- 458, 11- 390, 12- 408
HM. Konuentpanusa 10 uM (2,5 uM a1 BOOHOTO pacTBopa).
CrekTpasibHble IIUPUHHI Iejiell Ha BO30yXeHre U HCIycKa-
Hue — 10 Hm.

600 700
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Puc.4. Mukpodortorpaduu guaodsareiar G. corollarium ¢ no6asieHueMm kpacutena ZS-833: (a) — (B) — 3esneHas ¢uyo-
peclieHIIUA, ¢ TeueHHeM BpeMeHM yMeHblIallasa ApKoCTh: a) Hayajio HabsogeHul, (6) u (B) — B pa3Hble MOMEHTHl BpeMeHU Ha
macmrabe 30 cexyHA. (I') — BUAUMEIH cBeT, (1) U (e) — cuHAA dyopeclieHIrs Py KOHLeHTpanusax kpacurena 1 pM u 0,1 uM

cooTBeTCcTBeHHO. Macitad 10 MKM.

LU HOBOT'O KpacuTessdA, obecrneyrBaomuil MojydeHne
KavecTBEHHBIX u300paxeHui, cocrtasjsaer 0,01-0,1
MKM. ®@iuyopecueHnusa ZS-833 ycuimBaeTrcsd B HEIO-
JIAPHOM OKPYXeHHM, 4YTO MOXET [TOMOYb N30HpaTesib-
HOMY OKpalllBaHUIO HENOJIAPHBIX 00J1acTell B KJIeTKe.
[TomyueHHBle [OaHHBIE IO3BOJIAIOT paccMaTpu-
BaTh ZS-833 B KayecTBe INEPCIEKTUBHOIO areHra JJiA
MPXU3HEHHOI'0 OKpAIIMBaHUA KJIETOUHBIX KYJIBTYp U
BU3yaJIU3aliy KJIETOUHBIX KOMIIOHEHTOB, N3y4eHU UX
’KU3HECIOCOOHOCTHU, CTPOEHUA U QYHKIUI.
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ABSTRACT. We carried out the unification of the geological and geophysical characteristics of the gas
hydrate-bearing structures of Lake Baikal. For this purpose, we conducted a comprehensive compila-
tion and analysis of all currently available primary and processed data. The study included a detailed
examination of >400 seismic and acoustic profiles, 50 sonograms of side-view sonar, 60 bathymetric
schemes of multipath echo sounder, and >1,000 primary descriptions of sediment cores. This resulted
in the identification of six reference (model and typical) gas hydrate-bearing structures (two mud vol-
canoes, two hydrate mounds, and two seeps), which most fully characterize each of the listed types.
Unification of characteristics of hydrate-bearing structures of Lake Baikal and allocation of supporting
structures facilitates the research of already known ones and will help in the search for new places with

near-surface gas hydrates in bottom sediments.
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1. Introduction

Research on gas hydrates in the World Ocean
encompasses investigations of mud volcanoes, oil
seeps, fault zones, methane emissions, and hydrocar-
bon reserves. To date, some studies have been con-
ducted to synthesize a significant volume of informa-
tion on this topic. Such works are primarily presented
as catalogues and atlases (e.g., Yakubov et al., 1971,
Aliyev et al., 2002; 2015) or as databases of specific
measurements or phenomena (e.g., Etiope, 2009;
Ershov and Bondarenko, 2020). Matveeva (2024) cre-
ated a comprehensive database to assess the hydrocar-
bon resources of gas hydrates in the seas of Russia. Lake
Baikal can also be classified as an aquatic area with
hydrocarbon potential, a portion of which exists in the
form of gas hydrates (Kontorovich et al., 2007). For the
Baikal region, several databases exist, including a data-
base of seismic faults (Lunina, 2016), a spatial data-
base of ecosystems (Bazha et al., 2022), and a catalogue
of data on regional earthquake epicenters since 1960
(https://www.seis-bykl.ru/index.php).

With the discovery of near-surface gas hydrates
in Lake Baikal in 2000, geological and geophysical data

were collected throughout the lake in order to study the
geology of their accumulations in the upper five-meter
layers of bottom sediments. Over the 25 years of studies
that were carried out throughout Lake Baikal, a large
amount of data has been accumulated on the structure
of the surface layer of the lake’s sediments and the
geology of gas hydrates in different geological settings.
Multi-channel seismic surveys, which were conducted
in 1989 and 1992, revealed that the sedimentary layer
of the southern and central basins reaches a thickness of
up to 10 km, and its age is estimated as the Oligocene-
Miocene period (Hutchinson et al., 1992; Golmshtok et
al., 1997). Numerous faults visible on the seismic pro-
files, which are a consequence of the high seismicity of
the region, indicate the presence of effective migration
pathways that allow deep-seated gas-saturated fluids to
reach the bottom surface. Under suitable thermobaric
conditions, below a certain depth (360-380 m for Lake
Baikal), methane can form gas hydrates near the lake
bottom (De Batist et al., 2002; Klerkx et al., 2003).
Long-term geological, geophysical, and hydrological
studies of the lake bottom have led to the discovery of
> 60 sites with near-surface gas hydrates. Some of these
objects were studied in detail in De Batist et al. (2002),

*Corresponding author. E-mail address: shock@lin.irk.ru (A.V. Khabuev)

Received: November 07, 2025;
Accepted after revised: December 15, 2025;
Available online: December 25, 2025

© Author(s) 2025. This work is distributed
under the Creative Commons Attribution- BY NG

NonCommercial 4.0 International License.


https://www.doi.org/10.31951/2658-3518-2025-A-6-1355
https://orcid.org/0000-0002-3656-791X
https://orcid.org/0000-0002-6128-708X
https://www.seis-bykl.ru/index.php
mailto:shock@lin.irk.ru

Khabuev A.V., Khlystov O.M. / Limnology and Freshwater Biology 2025 (6): 1355-1366

Poort et al. (2012), Khabuev et al. (2016), Khlystov
et al. (2017; 2019; 2022), Khlystov and Kalmychkov
(2020), as well as Khlystov and Khabuev (2024). All the
gas hydrate-bearing structures of the lake are divided
into four types (mud volcanoes, hydrate mounds, seeps,
and one pockmark). Their prospecting geological and
geophysical features were substantiated in (Khlystov et
al., 2018; Khlystov and Kalmychkov, 2020; Khlystov et
al., 2022). The Novosibirsk mud volcano was identified
as a reference (model) volcano containing all the fea-
tures of mud volcanism (Khlystov and Khabuev, 2024).

Currently, combined information on individual
structures or types of structures is difficult to find, since
there is no single database on the gas hydrate-bearing
structures in Lake Baikal, and information about each
of them is scattered across different articles, where it is
not fully presented. In this study, based on the analysis
of all geological and geophysical data and the unifica-
tion of the characteristics of each type of hydrate-bear-
ing structures, we optimized their classification and
identified several reference structures. A local database
was created to facilitate work with diverse data on each
of the support structures.

2. Materials and methods

Direct geological investigation of bottom sed-
iments was conducted using a straight-flow gravity
steel pipe with an outer diameter of 127 mm from the
research vessel (R/V) “G.Yu. Vereshchagin” (The Center
for Collective Use “Research vessels Center of LIN SB
RAS on Lake Baikal”) and from the ice using a mobile
winching system towed by “GAZ-66” vehicles. Gravity
corers with lengths of 3.5 m and 5 m were employed,
each equipped with a core catcher and an upper valve
to prevent washout and loss of sediment and gas
hydrates during retrieval. A plastic liner was inserted
into the pipe to collect the bottom sediments and gas
hydrates. Upon retrieval, the liner was extracted, cut
longitudinally into two halves, producing a continuous
geological section of bottom sediments up to 5 m long.
The core was photographed, and a primary lithological
description was carried out using the Munsell “Standard
Soil Color Chart”. Intervals containing oxidized layers,
carbonates, mud volcanic breccia, gas hydrates, and oil
were identified. In total, >1000 sediment cores were
collected in the gas hydrate-bearing structure areas, of
which >360 cores contained gas hydrates.

Prior to core sampling across the lake’s water
area, remote sensing of the sedimentary cover of Lake
Baikal was conducted using different methods and
equipment. Studies of the internal structure of the
upper part of the geological section were carried out
using continuous seismic profiling methods: the com-
mon depth point (CDP) reflection method (multichan-
nel seismic survey), continuous seismic-acoustic pro-
filing (CSAP) (single-channel), and profiling using a
profiler. Each method had its own penetration depth
into the bottom sediments and resolution. Essentially,
they complemented each other in the search and study
of gas hydrate-bearing structures. Geophysical surveys
using the CDP method were conducted before the dis-
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covery of gas hydrates. However, they suggested the
presence of gas hydrates in Lake Baikal, and the first
near-surface areas for their exploration were identified.
Seismic surveys were carried out in 1989 and 1992,
covering the eastern part of the southern basin of Lake
Baikal, the majority of the central basin, and the south-
ern part of the northern basin. An air gun with a vol-
ume of 27.3 liters was used as the signal source. The
shot interval was four seconds. The receiver allowed
recording from 96 channels with 24 common depth
points. This equipment provided data with a vertical
resolution of 10 m and a horizontal resolution of up to
300 m, as well as a penetration depth exceeding 3 km.
The total length of the 60 profiles amounted to more
than 2200 km (1992).

The non-linear signal processing (NSP) method
was employed during geophysical exploration surveys
between 1999 and 2008. A network of seismic lines
covered unevenly most of the Lake Baikal water area.
Elastic waves were generated using both the “Ship”
and “Impulse-1” air guns, and the “Sparker” electro-
spark source. A single-channel streamer was utilized
as a receiver. This configuration enabled data acqui-
sition with vertical and horizontal resolutions of 1-3
m and 80-170 m, respectively. Signal penetration into
sediments ranged from 400 m (sparker) to 700 m (air
gun). More that 200 seismic profiles, with a total length
exceeding 3000 km, were analyzed.

The seismoacoustic profiler, which operates
within a frequency range of 1 kHz to 8 kHz (typically
6 kHz), is based on the principle of emitting acoustic
pulses vertically downward and recording echo signals
reflected from the bottom surface and acoustic reflec-
tors within the sub-bottom sedimentary sequence. This
profiler could penetrate the bottom sediment section to
depths down to 30 m. Over the past 25 years, >1500
line-kilometers of profiles have been acquired, with
the majority conducted specifically in areas contain-
ing gas hydrate-related structures. Overall, >140 pro-
files intersecting hydrate-bearing structures have been
analyzed.

For detailed investigation of the lake floor mor-
phology and the search for gas hydrate-related features,
surveys were carried out using side-scan sonar (SSS),
single-beam, and multibeam echosounder. In 2009, the
SEABEAM 1050 multibeam echosounder was deployed
for the first time in Lake Baikal. This system operated
at an acoustic frequency of 50 kHz, with 96 beams and
a total swath width of 120°. The achievable horizontal
resolution depended on water depth and varied from 5
to 40 m, representing at least a fourfold accuracy com-
pared to previous bathymetric data. This resolution was
sufficient for identifying negative and positive anoma-
lies in the bottom relief associated with gas discharge
and the accumulation of gas hydrates within sediments.
The total length of survey lines amounted to 12,600
line-kilometers, covering an area of >15,000 km?.

A single-beam echosounder was employed not
only for tracking bottom irregularities and monitoring
sampling operations but also for detecting gas seeps
in bubble form (“gas flares”) above geological struc-
tures. The surveys utilized a Furuno FCV-1100 (Japan)
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dual-frequency shipboard echosounder equipped with
transducers configured for dual-frequency operation at
28 and 200 kHz, with a pulse duration of 1 ms. The
single-beam transducers had beam widths of 21° at 28
kHz and 6° at 200 kHz.

The “SONIK-3” side-scan sonar (SSS) operated at
a frequency of 30 kHz and recorded bathymetric anom-
alies at depths ranging from 5 to 1600 m with an accu-
racy of 0.5% or more of the depth value. Sonograms
generated by the SSS displayed the morphology of
the bottom topography, while the backscatter signal
allowed for the identification of lithological features
within the upper few meters of bottom sediments.
Overall, the SSS surveys covered an area of 2,300 km?
across the southern and central basins of Lake Baikal.

3. Resulits

Since the initial discovery of near-surface gas
hydrate accumulations in Lake Baikal, >60 geological
structures containing gas hydrates have been identified.
These structures are classified into four main types:
mud volcanoes, hydrate mounds, seeps, and a pock-
mark (Khlystov et al., 2018; Khlystov and Kalmychkov,
2020; Khlystov et al., 2022). With the growing num-
ber of new gas hydrate sites discovered annually, it has
become necessary to standardize all prospecting indi-
cators and geological and geophysical characteristics
for sites having each of the four types. The unification
required the identification of several reference (model)
structures for each type, which collectively exhibit all
the characteristic features of that type.

To standardize the characteristics of each struc-
ture, all available geological and geophysical informa-
tion was compiled into tables. Analysis of these tables
enabled the identification of two reference structures
for each type, except for the pockmark type, as it cur-
rently has only a single representative. The standard-
ized characteristics of these six reference hydrate-bear-
ing structures and their locations on the floor of Lake
Baikal are presented below (Fig. 1).

Gas hydrate-bearing mud volcanoes in Lake
Baikal show positive topographic features, with lateral
dimensions ranging from 300 to 1500 m and heights
reaching up to 150 m. Their seismic records are char-
acterized by a feeder conduit distinguished by chaotic
seismic signal patterns. Gas emissions in bubble form
(flares) are sometimes observed as acoustic anoma-
lies in echograms above these volcanoes. A distinctive
feature of mud volcanoes is mud breccia within their
sedimentary sections—a matrix-supported deposit con-
taining older, denser clay clasts that range in size from
1 mm upwards. Analysis of all available data indicates
two subtypes of mud volcanoes in Lake Baikal: solitary
and clustered complexes.

The Novosibirsk and AkademKhrebet mud vol-
canoes can be designated as reference structures for
the solitary and clustered subtypes, respectively, as
they embody the complete set of the aforementioned
characteristics.

Previously, Khlystov and Khabuev (2024)
described the Novosibirsk mud volcano in detail and
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Fig.1. Location map of reference hydrate-bearing struc-
tures in Lake Baikal. 1-Novosibirsk; 2-AkademKhrebet; 3-K-
11; 4-Novosibirsk-2; 5-Gorevoy Utes; 6-Krasny Yar.

defined it as a reference structure. It incorporates all
the typical features of Baikal mud volcanoes and is the
site for the most extensive geological and geophysical
investigations. It is a positive topographic structure at
a depth of 1400 m, with a height of 15-20 m and a
diameter of 700-750 m, featuring a vertical gas chan-
nel that can be clearly identified on all types of seismic
records. Over 10 profiles from various remote geophys-
ical surveys intersect it. Episodic gas flares are visible
in echograms above the volcano. Mud breccia was first
discovered in this structure in 2005, followed by gas
hydrates in 2010. Thirty cores were retrieved from the
Novosibirsk mud volcano, the bulk of which contained
breccia and five contained gas hydrates. Currently, it
is the only mud volcano where mud breccia is found
practically at the water-bottom interface; in others, it is
buried beneath bottom sediments.

Khlystov et al. (2019) described the Akadem mud
volcanic complex (AMVC) in detail. Located at depths
of 500-800 m, this 6-km-long complex consists of a lin-
ear series of mud volcanoes, whose bases are intercon-
nected. It was discovered in 2009 during a multibeam
echosounder survey and is intersected by 10 seismic
profiles. The seismic signal beneath the entire com-
plex becomes chaotic, indicating a gas-saturated feeder
zone; although individual volcanic conduits cannot
be resolved. A persistent gas discharge in the form of
flares is observed. Since 2014, geological sampling has
yielded 38 cores, with 14 cores containing mud brec-
cia and 15 cores containing gas hydrates. This complex
provided the first material evidence in Lake Baikal for
the shallow roots of mud volcanism, substantiating the
concept of a “Baikal-type” mud volcanism (Khlystov et
al., 2019).

Gas hydrate mounds are classified as a separate
type of mud volcanoes for several reasons. One of them
is the absence of mud breccia in core samples obtained
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from these structures. However, breccia may be pres-
ent at greater depths, as hydrate mounds share strong
geophysical and geomorphological similarities with
mud volcanoes. They form positive topographic fea-
tures on the lake floor; seismic records often demon-
strate underlying feeder channels, and gas flares are
sometimes found above them. Their lateral dimensions
range from 60 to 1000 m, with heights up to 80 m.
The Novosibirsk-2 and K-11 gas hydrate mounds in the
central basin are designated as reference structures.
While hydrate mounds are among the least studied gas
hydrate objects in the lake, these two possess a stan-
dardized set of characteristics for this type of structure.

The K-11 gas hydrate mound was discovered
during side-scan sonar surveys in 2002 and 2005,
as well as during a multibeam echosounder survey
in 2009. It is a 20-m-high elevation with an area of
600 by 500 m at a depth of 430 m. Geological sam-
pling retrieved five cores, two of which contained gas
hydrates. Seismic records indicate an acoustically trans-
parent channel beneath the mound. In recent years, gas
discharge in the form of a flare has been recorded in
echograms above this object (Fig. 2). This structure is
clearly defined in the topography and is one of the few
where a distinct gas channel is traceable, and episodic
gas venting occurs, thus possessing the complete suite
of standardized characteristics for hydrate mounds.

The Novosibirsk-2 gas hydrate mound was dis-
covered in 2002 based on data from side-scan sonar
(SSS) and seismoacoustic profiling. Due to its great
depth (1510 m) and low relief (15 m), this structure
is scarcely discernible in the bathymetry derived from
multibeam echosounder surveys. However, on the SSS
mosaic, it is identified in the relief by shadowing effects
and by its distinct backscatter signal compared to the
surrounding sediment types. A seismic profile runs
directly through the structure, revealing an underly-
ing zone with a chaotic signal pattern, interpreted as
a potential gas conduit (Fig. 3). Gas discharge was not
observed at this site. The presence of gas hydrates was
confirmed in 2015. Four cores were retrieved from this
structure, three of which contained gas hydrates. This
structure is designated as a reference site, being the
deepest known hydrate-bearing structure and one that
exhibits the full set of diagnostic features identifiable
using side-scan sonar.

The third type of hydrate-bearing structures—
seeps—is distinguished by a limited number of charac-
teristic features, which were only observed in specific
individual structures. Seeps are not morphologically
expressed in the bottom relief, making their detection
via seafloor morphology challenging. The discovery of
most seeps is primarily associated with the presence of
active gas discharge recorded by echosounder.

Prior to the discovery of gas hydrates, these fea-
tures were identified by the color of surface sediments,
which were observed visually in cores or from submers-
ibles. These two characteristics constitute the main
prospecting indicators. Beneath each seep, an acousti-
cally defined gas-saturated channel is observed on seis-
mic records, even in the absence of active gas discharge
during the survey. Only one seep-Krasny Yar—exhibited
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Fig.2. Bathymetric map of the area of the K-11 hydrate
mound. The yellow dashed line marks the boundaries of the
structure; the white dots indicate cores with hydrates, and
the black dots—cores without hydrates. Inset: seismic profile
where the blue dashed line marks the surface of the structure,
and the red dashed line indicates the gas-saturated channel.

¢ . %)

A=

2002-line03

Fig.3. Bathymetric map of the area of the Novosibirsk-2
gas hydrate mound. The red dashed line marks the structure
boundaries; the white dots indicate cores with hydrates, and
the black dot-a core without gas hydrates. Inset A: Seismic
profile 2002-1ine03: 1 — bottom and 2 — Novosibirsk-2 struc-
ture. The blue dashed line marks the structure surface, and
the red dashed line-the gas-saturated channel. Inset B: side-
scan sonar record of profile 2002-line03; the yellow dashed
line outlines the Novosibirsk-2 structure.
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an anomalous spot (530 by 490 m) on side-scan sonar
records in 2007. This acoustic signature, similar to fea-
tures in marine sediments, indicated near-surface gas
hydrates (Khabuev et al., 2016). Above this structure,
there is an acoustic gas flare on echograms, rising from
a depth of 720 m and nearly reaching the lake surface.
A total of 19 cores were retrieved from this site, 9 of
which contained gas hydrates, with the surface sedi-
ment being unoxidized and having a brown color. Thus,
this structure possesses all other standardized features
(channel, flare, and surface sediment color), establish-
ing it as a reference hydrate-bearing structure of this
type. This structure, a typical marine-type seep but
with Baikal-specific geochemical characteristics, is the
subject of numerous publications (Aloisi et al., 2019;
Pogodaeva et al., 2020; Zemskaya et al., 2024).

In Lake Baikal, not only gas-bearing but also oil
and gas hydrate-bearing seeps (sites with oil discharge/
accumulation associated with gas venting) were dis-
covered. The Gorevoy Utes structure was designated
as a reference structure for this subtype. It was dis-
covered through the analysis of satellite images from
2003 to 2005, which indicated a dark spot in the ice
cover. Concurrent echosounder surveys detected an
acoustic flare, and oil droplets were observed on the
water surface. In 2006, the first cores containing both
oil and gas hydrates in Lake Baikal were retrieved here
(Khlystov et al., 2007). Overall, 50 cores were col-
lected, with 10 containing gas hydrates and 17 con-
taining oil. Furthermore, this area was studied in detail
using the MIR submersibles, which revealed patches
of grey and yellow sediments on the floor at the seep
site, contrasting sharply with the surrounding brown
silt. Within this seep area, gas hydrate-bitumen mounds
(discharging both oil and gas) and bitumen mounds
(discharging only oil) were also discovered. Seismic
profiles delineated a narrow gas conduit beneath the
site (Khlystov et al., 2007).

As a result of the unification of geological and
geophysical information on all gas hydrate-bear-
ing structures and the allocation of references struc-
tures from them, we created the database “Reference
hydrate-bearing structures of Lake Baikal”, which is
visualized on the LIN SB RAS website (http://lin.irk.
ru/oporniki), representing a set of tables and images
linked together by hyperlinks. This facilitated the com-
plex analysis of structures among themselves within
each type and allowed us to optimize their classifica-
tion according to the specified characteristics of the
geological section. This will further help in the search
for new hydrate-bearing structures at the bottom of
Lake Baikal.

4. Conclusion

We unified the geological and geophysical char-
acteristics of gas hydrate-bearing structures in Lake
Baikal. This work enabled the identification of refer-
ence hydrate-bearing structures among mud volcanoes
(Novosibirsk and AkademKhrebet), hydrate mounds
(Novosibirsk-2 and K-11), and seeps (Krasny Yar and
Gorevoy Utes).
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We defined unique diagnostic features for each
type of structure, which were exemplified by the selected
reference sites. All the information used for this pur-
pose was compiled into a database, facilitating further
work with geological and geophysical data and helping
in the search for new gas hydrate accumulations.
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AHHOTAILMA. IlpoBeneHa yHHU(UKaNUA Te0J0ro-reopr3nuecKix XapaKTePUCTUK THUAPATOHOCHBIX
CcTPYKTyp o3epa balikas. [j14 3Toro Obljia cOOpaHbl ¥ IpOAHAJIM3UPOBAHEL BCe NMeIoniecsa Ha JaHHBIN
MOMEHT BpeMeHH IlepBUYHBEe U oOpaboTaHHbEle faHHBe. JleTanpHO u3yueHo GoJiee 400 celicMoaky-
crtryeckux npoduseit, 50 coHorpamMMm ruaposiokaTopa 60koBoro o63opa, 60 yuacTkoB pejibeda AHA
JaHHBIX MHOT'0JIy4eBOro 3xoJiota u 6osiee 1000 nepBUYHBIX ONMCAHUI KEPHOB JOHHBIX OTJIOXKEeHU!. B
pesyJibTaTe ollpefiejieHbl 6 ONOPHBIX (MOJesbHBIX, 00pPa3loBhIX) FMAPATOHOCHBIX CTPYKTYp (2 rpsse-
BBIX ByJIKaHa, 2 FMAPATHBIX X0JIMa U 2 cuna), KOTopble HauboJjiee [OJHO XapaKTepu3yIT KaXIblil U3
[epeuyrcjIeHHbIX UX TUIMOB. YHU(UKAIMA XapaKTepUCTUK I'MAPaTOHOCHBIX CTPYKTYp o3epa baiikan u
BhIIeJIEHNE ONOPHBIX CTPYKTYP YIPOCTUT MCCIEAOBAHNSA YK€ N3BECTHBIX U IIOMCK HOBBIX MECT C COZep-
’KaHWeM B IOHHBIX OCaJIKaX MPUIIOBEPXHOCTHHBIX ra30BbIX FUAPATOB.

Kitiouegwie cstoga: ynudukanus, rpsa3eBoil ByJIKaH, CUI, TUAPATHBIA X0JIM
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1. BBeaenue

H3yueHue rasoBelXx r'mparoB B MupoOBOM OKe-
aHe 3aTparvBaeT HCCJIEOBAHUS TI'PA3EBBIX BYJIKAHOB,
HedTenposBJIEHUH, 30Hb PA3JIOMOB, SMHUCCUM METaHa,
3amacoB yrJjieBoAopojioB. K HacTrosmeMy BpeMeHU
npoBeJieH pAn paboT no 0000IeHNUI0 3HAYUTEJIBHOTO
obbema wuHpoOpMaIMM B OAaHHON TeMaTuke. Takue
paboThHI MpeACcTaBIeHHl B OCHOBHOM B BHJIe KaTaJIOTOB
u atyiacoB (SIky6oB u np., 1971; Anues u gp., 2002;
2015), subo 6a3 [aHHBIX KOHKPETHBIX H3MepeHUH
wiu sasieHuit (Etiope, 2009; EpmoB u BoHgapeHKo,
2020). A OIeHK:d pecypcoB YTIJIEBOIOPOAOB Ta3o-
BBIX THJIPAaTOB B akBaTopuu mopeir Poccum cosmaHa
obobmaromasn 6a3a gaHHeix (MaTtBeeBa, 2024). O3epo
Batikai Takxe MOXXHO OTHECTH K aKBaTOPHU C YIJIEBO-
JOPOJIHBIM MTOTEHITNAJIOM, YaCTh KOTOPOT'O COJIEPKUTCS
B Bujie ra3oBeix ruzparoB (Kontoposuu u ap., 2007).
Jiia BalikasibCKOro pervoHa CymecTByIOT Oasbl AaH-
HBIX, CpPeI1 KOTOPHIX MOXHO BBIJIEJIUTH 0a3y AaHHBIX
ceficMuueckux pasjiomoB (JIlynuHa, 2016), npocTpas-
CTBEHHYI0 6a3y JaHHbIX 3KocucTeM (baxa u ap., 2022),
KaraJjior JaHHBIX 00 JMHUIEHTPax PErMOHAJIBHBIX 3€M-
nerpsacenunt ¢ 1960 roga (https://www.seis-bykl.ru/

index.php).

C OTKpHITHEM [IPUIIOBEPXHOCTHBIX Ta30BBIX
rufpatoB Ha bBaiikase B 2000 r. muio HakoIlleHue
reojioro-reodpusnyeckoil nH@opmMmaluyu Ha o3epe IJiA
[IOVICKA U M3Y4YeHHU Ie0JIOTNH UX CKOIJIEHNU! B IIEPBBIX 5
M JOHHBIX OTJIOXeHUH. 3a 25 jieT paboT, IPOBeIeHHBIX
o Bcell akBaropuu o3epa baiikasi, HakoILleH AocTa-
TOYHO OOJIBIIONM MAaccuB AaHHBIX O IIOBEPXHOCTHOM
CTPOEHUU [IOHHBIX OTJIOXEHHUI O3epa U CKOILJIEHUIX
ras’oBbIX TMJpPAaTOB B Pa3HBIX reosIorHyeckux obcTa-
HOBKax. MHorokaHajbHble celicMHUYecKUe Kccjle[oBa-
HuA 1989-1992 rr. mokasajid, YTO OCajo4yHas TOJIIa
I0XKHOM U cpeJiHell KOTJIOBUH 03epa MMeeT MOIIHOCTb
10 10 kM, u ee BO3pacT OLleHHBaeTCA OJIMTOIleH-Muolle-
HOBbIM BpeMeHeM. (Hutchinson et al., 1992; Golmshtok
et al., 1997). MHorouucJieHHble Pa3JIOMBI Ha CelCMU-
yeckux npoduisax, oOycjaoBjeHHble BBICOKOH celic-
MHYHOCTBIO perrvoHa, IO03BOJIAIOT AejlaTb BBIBOJBL O
XOPOIINX KOJUIEKTOPax, 10 KOTOPHIM IJIyOUHHBIE Ta30-
HachblllleHHble GUIIONAbl JOCTUralT IIOBEPXHOCTH OHA.
[Tpu gocTraToyHBIX TepMoOOapUYeCKuX yCJIOBUAX, HIKe
omnpejieJiIeHHOU TJyouHbl Boab! (A1 Batikana ato 360-
380 M), MeTaH MoXxeT 06pa30BEIBaTh 'a30Bble TMAPATHI
BOIM3M moBepxHocTu nAHa (De Batist et al., 2002;
Knepxke u gp., 2003). MHoroseTHue reoJioro-reopusu-
YyecKue U ruJpojiornyeckye HccjiefJoBaHus JHa 103BO-
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JIVJTA OTKPHITh 60jiee 60 MECT C MPUMOBEPXHOCTHHIMU
ra3oBeiMu rujparamu. OTAesibHble U3 HUX MOAPOOHO
paccMmotpeHsl B pabotax (De Batist et al., 2002; Poort
et al., 2012; Xabyes u ap., 2016, XypICTOB U Ap., 2017
Khlystov et al., 2019; 2022; XnbicToB 1 KasMBIYKOB,
2020; XnpictoB u Xabyes, 2024). bnarogapsa uemy
ObLTHM BBIIEJIEHBI 4 THUIMA THUAPATOHOCHBIX CTPYKTYP
(Tpsi3eBble BYJIKAHBI, TUPATHBIE XOJIMBI, CUIBI U IMOK-
MapKu) ¥ 000CHOBAaHBI MX IOMCKOBBIE MPU3HAKU 10 T€0-
joro-reopusmveckum gaHaeiM (Khlystov et al., 2018,
XseictoB 1 Kanmerukos, 2020; Khlystov et al., 2022).
OOvH U3 HUX, IPA3EBOU ByJIKaH «HOBOCHOUPCK», OBLIT
onpefieJieHbl KaK OMOPHBIN (MOJeJIbHBIN), cofepXxariye
B cebe Bce MPU3HAKU IrPA3EBOT0 ByJIKaHU3MA (XJIBICTOB
u Xabyes, 2024).

[Movck 06beAMHEHHON MHGOPMALUU 10 OTEeJIb-
HBIM CTPYKTYpaM WJIA TUIAM CTPYKTYpP B HAacTosIlee
BpeMs 3aTpyAHEH, TaK Kak HeT eQUHOUN 0a3bl JaHHBIX
M0 TUAPATOHOCHBIM CTPYKTypam o3epa, u HUHOOP-
Malua O KaxJI0oM M3 HUX pa3bpocaHa Mo pa3IuYHBIM
JIUTEPAaTypHBIM WCTOYHUKAM W TpEeJICTaBJIeHA TaM B
He nojiHOM o6beMe. B naHHO! paboTe Ha OCHOBe aHa-
JI3a BCEX reosioro-reopusnyeckux JaHHBIX U YHUU-
Kal[i XapaKTEePHUCTUK KaXJIO0ro TUMa TMAPaTOHOCHBIX
CTPYKTYP, BBIIIOJTHEHA ONTHUMM3AIMA UX Kjiaccuduka-
U1 U BBIJIEJIEHO HECKOJIBKO OMOPHBIX CTPYKTYp. A
yno6ctBa paboThl ¢ PpasHONPO(UIJIBHBIMUA AaHHBIMU
M0 KaXJOU U3 OMOPHBIX CTPYKTYP CO3/1aHa JIOKAJIbHAA
0a3za JaHHBIX.

2. MaTepuanbl U MeTOADI

[IpsamMoe reosioruyeckoe HccjieoBaHNE JOHHBIX
OTJIOKEHHI OCYILIeCTBJIJIOCh C IOMOIIBI0 MPAMOTOY-
HOU TIpaBUTALMOHHON CTaJIbHOM TpPyObl HapyXHBIM
auametrpoMm 127 mM ¢ 6opra HUC «I'.1O. Bepemarun»
(IIKII «lleHTp KOMIJIEKCHBIX CYAOBBIX KCCJIEAOBaHUIL
Batikana») u co JibAa ¢ MOMOIIBI0 NIepeABIUXHOIO CITy-
CKOIIOABEMHOI'0 KOMILIeKca, OyKcHupyeMoro aBTOMO-
ounamu ['A3-66. HcnoJsp3oBajiuch TrpaBUTAI[OHHBIE
TpyObl AIMHOHN 3,5 M 5 M, KaxJasd M3 KOTOPHIX 000-
pyZAoBaHa KepHOpBaTejieM U BepXHUM KJIallaHOM, 4TO
MpenATCTBOBAJI0O PasMbIBY U BHINAAEHUIO IPyHTa U
rasoBbIX I'HApaTOB IIpu ogbeMe. BHyTpp TpyOBI BCTaB-
JIAJICA IIJIACTUKOBBIY BKJIABIII, B KOTOPHIM 0TOMpaInCh
JIOHHEIe OTJIOXKeHUA U ra3oBble ruapaTel. [1pu nogbeme
BKJIAIBIII BEIHMMAJICA U pa3pe3asics BA0JIb Ha JiBe [10J10-
BUHKM U I[OJIyvyaJics HeNpephIBHBIN TIe0JIOrM4ecKuil
pas3pe3 OOHHBIX OTjoXeHuil o 5 M. Kepn ¢ororpa-
dupoBajsicsa, U NPOBOAWJIOCH NTEepPBUYHOE JIUTOJIOIHYe-
CKOe OIMCaHue C MCIO0JIb30BaHMEM IIKaJbl ollpejesie-
HuaA nseta mouB «Standard soil color chart» cucremsl
Mascesna. Ilpyu 3ToM BbIAEIAINCH UHTEpBAJIbl, COAEp-
JKal[ue OKMCJIEHHBIH cJIoW, KapOoHaThl, I'psA3eByJiKa-
HUYecKylo OpeKuuio, ra3oBble rupaThl U HedTh. Bcero
B palioHax I'MAPaTOHOCHBIX CTPYKTYp OBLJIO OTOOpaHO
6osiee 1000 KepHOB JIOHHBIX OTJIOXKEHUI, N3 KOTOPBIX
6osiee 360 cofiep>xayiv ra3oBble TUAPATHI.

Jlo oTOopa KepHOB IO aKBaTOpHUU O3epa MPOBO-
JAWJIOCh AWCTAaHLMOHHOE 30HJAMPOBaHHE O0CaJ0YHOrO
yexJia o3epa balikan pasHbBIMU MeToAaMU U 000pyIo-
BaHHeM. PaboTHI 10 U3yUYeHUI0 BHyTPEHHEr0 CTPOeHUA
BepxHel 4acTy reoJIorMYeckoro paspesa NpOoBOAUIINCH
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MeToAaM{ HeIpephIBHOTO CelcMONpPO(UINpOBAHUA:
MeTOJIoM OOpaTHBIX BOJIH O0mieil IJIyOMHHOHM TOYKU
(MOB-OI'T) (MHOroxkaHajibHas celiCMOCheMKa), MeTO-
JIOM HeNPepHIBHOIO CeliCMOaKyCTUYeCKOro Nnpoduin-
poBaHus (HCII) (omHokaHasibHas) u mNpoduinpoa-
HHeM c nomoibio npodunorpada. Kaxasii u3 MeToqos
HMeJI CBOI0 I'UIyOMHY NPOHUKHOBEHUA BrJlyOb AOHHBIX
OTJIOKEHUH U paspelieHue. 1o cyTy, oHU AONOJIHAIN
Jpyr Apyra Npy IOWCKe U U3y4eHUU I'MAPaTOHOCHBIX
cTpykTyp. 'eodusmueckue pabors merogom MOB-OI'T
BBHINOJIHAJINCE O OTKPBITUA Ta30BBIX T'HAPAaToOB, HO
MMEHHO Ha MX OCHOBe OblJI cheJjiaH BHIBOJ O Hajauyue
rufpartoB B Balikasie 1 onpe/iesieHb IepBble paliOHbl UX
nouicka BOJINM3U noBepxHOCTU. CelicMuYecKrde ChbeMKHU
npoBoananch B 1989 n 1992 rr. u oxBaTbIBajl BOCTOY-
HYIO 4acTb I0)KHOMH, OOJIBIIYIO YacTh CpeJHel, 1 I00KHYI0
4acThb CeBepHOM KOTJIOBMH. B kayecTBe KCTOYHHKA
CHTHaJIa UCIMOJIb30Bajlach BO3AYyIIHAA MylIKa 00beMOM
27,3 1. VHTepBanm MexAy BBICTpeJIaMU COCTaBiAl 4
MceK. IIpreMHUK MO3BOJIAJI BeCTH 3amuch ¢ 96 KaHa-
JIOB, TIpPY 3TOM KOJIMYECTBO OOLIUX IJIyOMHHBIX TOYeK
coctaBysno 24. Takoe obopyAoBaHKe BblJaBajo aH-
Hble ¢ paspemeHreM 10 M no Beptukanau u 1o 300 m o
FOpPU30HTAIM, TJIyOMHA IIPOHUKHOBEHHUS COCTaBJIAJIA
6osee 3 kM. OOmas mnpotrskeHHOCTh 60 mnpodusieit
coctaBuia 6osiee 2200 xm (1992 1).

Meton HCII npumeHsica Ipyd NOUCKOBBIX Teo-
¢pusuueckux padorax 1999-2008 rr. Cerp npodusieit
HepaBHOMEPHO [OKPHIBAJIO IIPaKTUYeCKU BCIO aKBaToO-
puio o3epa batikan. VICTOUHMKOM YNpYyryUx BOJIH CJIy-
XKUJIM Kak Bo3AylHasa nymka «[um» u «mMmysbe-1»,
TaK U 3JIeKTPOMCKPOBOI MCTOYHUK «Criapkep». B kade-
CTBe I[IpHeMHHKa HCIOJIb30Bajlach OAHOKaHaJIbHAA
Koca. DTO IO3BOJIAJIO IOJIyyaTh AaHHBIE C paspelle-
HHEM [0 BepTHUKaJIu U ropusoHTasu — 1-3 m u 80-170
M, COOTBeTCTBeHHO. [I[pOHNKHOBeHNe CUrHajia B OCaAKU
coctaByisio oT 400 (5/1eKTPOUCKPOBOM MCTOYHUK) A0
700 (Bo3gyinHas mymika) MeTpoB. IIpoaHann3upoBaHO
6os1ee 200 npoduseli obIell NpoTAXKeHHOCThI0 Ooslee
3000 kM.

CeticmoakycTtudeckuil nmpodusnorpad, paboraio-
muil Ha yactote ot 1 kI'1 mo 8 kI'ty (0O6bruHO 6KI'M),
peasn30BaH Ha IPHUHIMIE H3JIyYeHWA aKyCTUYeCKUX
HMIILyJIbCOB BEpPTHKAaJIbHO BHM3 U IIpHeMe 3X0-CUTHa-
JIOB, OTpPakeHHBIX OT IIOBEPXHOCTHM OHA U OTpaxa-
IOIIUX TOPHU30HTOB NOAJOHHOM OCaJOYHOH TOJIIIHU.
[Tpodusnorpad no3poJiAa 30HAUPOBAThH paspe3 AOHHBIX
OTJIOXKEHUH MOITHOCTRIO 0 30 M. 3a nocsiegHue 25 et
noJsiyyeHo OoJiee 1500 MOrOHHBIX KUJIOMETPOB IIpodu-
JieH, 60JIbIIas YacTh U3 KOTOPHIX BHINOJIHAIACh UMEHHO
B palioHaxX I'MAPaTOHOCHBIX CTPYKTyp. Bcero mpoaHa-
JusupoBaHo 6osee 140 mpoduieli, ceKymux rugparo-
HOCHBIE CTPYKTYPHL.

Jna geranbHOro N3ydeHus pesbeda JHA o3epa U
IIOMICKa TMAPATOHOCHBIX 0OBEKTOB BHINOJIHEHB! CheMKHU
JHa rugposiokaTopomM 6okoBoro o63opa (I'BO), oxgHo-
JIy4eBBIM W MHOTOJIyYeBBIM 3xojoTamMu. B 2009 roay
BIlepBble Ha o3epe balikan IpuMeHeH MHOTOJIy4YeBOH
axonoT SEABEAM 1050. OH umesn 4acTOTy H3Jyue-
HHA akycTruuyeckoro curtasa 50 kI'1, 96 nyueii, obmas
noJsioca o63opa cocrasiisgeT 120°. Pazpemaromas ropu-
30HTaJIbHasA CIOCOOHOCTh 3aBHceJia OT IJIyOWHBI BOIBI
U cocTaBysiaa oT 5 10 40 MeTpoB, YTO MUHUMYM B 4
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pasa TouHee MpeabAyIIUX OaTUMeTpUYeCKUX JaHHBIX.
DToro ObIO AOCTATOYHO AJIA MOMCKa Ha JHe OTpHULia-
TeJIbHBIX U IIOJIOKUTEJIbHBIX aHoMaluil B peJbede,
CBA3AHHBIX C Pa3rpy3Koii rasza ¥ HaKOIJIEHNA B JOHHBIX
OTJIOKEHUAX Tra3oBBIX ryujaparoB. OOmas MpOTSKeH-
HOCTh npoduielt coctaBuia 12600 NOroHHBIX KHUJIOMe-
TPOB, a IUIoMAaAb cheMKH 60Jiee 15000 kM2,

OAHOJIy4eBOM 9XOJIOT MO3BOJIATT He TOJIBKO
OTCJIeXHUBATh HEPOBHOCTH AHA 1 KOHTPOJIUPOBATH IIPO-
600TO0Op, HO U BeCTU IIOMCK BBIXOJA rasa B My3bIPbKO-
Boil dopme («bdakesn») Hag cTpykrypamu. [is pabot
HCNOJIb30BaJICA CYJOBOM ABYXYAaCTOTHBI  5X0JIOT
Fururno FCV-1100 (AmoHus), ocHaIEHHBI aHTeH-
HaMH{, HacCTpPOeHHBble Ha JBYXYaCTOTHBIN pexum 28 u
200 kI'y, AIMTEsIBHOCTh UMIYyJbCa COCTaBjsaa 1 Mc.
OpHoJiy4yeBble aHTEHHBI KMMeJIM AuarpaMmy Halpas-
neHHoctu 21° aia 28 k' u 6° giia 200 k1| u3sydeHus.

I'BO «COHUK-3» pabotan Ha yactoTe 30 K[ u
perucTpupoBajl aHoMajuu B pesibede AHA Ha IIyOH-
Hax oT 5 f0 1600 M ¢ TouHOCTEIO He xyxe 0,5 % or
3HaueHusd riayouHsl. Ha coHorpammax I'BEO oTobpaxka-
auch GopMsl pesbeda [HA, a CUrHaJl oOpaTHOro pac-
cerBaHUsA O3BOJIAJ OTCIEOUTh JIMTOJIOTUYECKHe 0CO-
OeHHOCTHU CTPOeHHUs AHa Ha IJIyOUHY NepBbIX METpOB.
Bcero o I0xHoMmy u CpenHemy Baiikany cbemku I'BO
BBITIOJIHEHHI TUTOIAAU paBHOU 2300 kM2,

3. Pe3yabtaTtbl / 06cy)xpeHue

C MoMeHTa OOHapyXeHUs IEepPBBIX CKOILIEHUH
MIPUIIOBEPXHOCTHBIX Ta30ruapaToB Ha o3epe Baiikan
OTKPBHITO CBHIIIe 60 reoJIOrMueckKrux CTPyKTyp, cojiepxa-
Iyie ra3oBble TUPaThl. OTU CTPYKTYPHI pasfiesieHbl Ha
4 Tumna: rps3eBble BYJIKAHBI, TUpaTHEIE XOJIMBL, CUIIB 1
nokMapk (Khlystov et al., 2018, XseicToB 1 KaTMBIYKOB,
2020; Khlystov et al., 2022). C pocTOM KOJITYeCTBa eXe-
TOJTHO OTKPHIBA€MBIX HOBBIX MECT C ra30BBIMH I'HApa-
TaMH, CTaJI0 OYeBUAHBIM, YTO Tpebyercs YHUUKAIMA
BCeX ITOVICKOBBIX NIPU3HAKOB U I'e0JIOro-reo®u3nyecKux
XapaKTepUCTUK 3TUX MECT IO KaXOoMy K3 4 TUIIOB.
Jnsa HarnsagHocTU TpeOOoBaJIoCh BHIAEIeHNEe B KaXKOOM
13 HUX HEeCKOJIbBKUX OHNOPHBIX (MOMAENBbHBIX) CTPYKTYP,
couetaromiecsi B cebe Bce NMPU3HAKU AAHHOrO THIA.
Jnsa yHUQUIIMPOBAHUA BCEX XapaKTePUCTUK KaXOoM
CTPYKTYPHI BCA reosioro-reodpusndeckas nHGopManus
mo HUM ObLIa cBefleHa B TabJMIlbl, aHAJIM3 KOTOPHIX
MTO3BOJIMJI BBIAEJIUTH 110 2 CTPYKTYPHl B KaXAOM THIIE,
3a UCKJII0YeHNEeM IIOKMapKa, TaK KaK OH ITOKa sBJIAETCS
eUHCTBEHHBIM IIpeJIcTaBUTesleM 3Toro Ttuma. Hirke
IpuBefleHs YHUQUIMPOBAHHBIE XapaKTePUCTUKU 6
OTIOPHBIX T'MIPATOHOCHBIX CTPYKTYP M UX IIOJIOXKeHUe
Ha JiHe o3epa batikan (Puc. 1).

T'uapaToHOCHBIE Tpsi3eBble BYJIKAHBI Ha oO3epe
Baiikay uMeIOT MOJIOKUTeNIbHYI0 GopMy peibeda c
nornepeyHbMU pazMepamu ot 300 1o 1500 M u BBICOTOI
no 150 M. Ha celicMuYecKUx 3alUcCAX Y HUX UMeeTcs
MOABOIAIMINE KaHaJl, BBAEJIAIONIUICA 110 XaOTUYHOMY
PUCYHKY celicMocurtasia. Hora B paiioHe rpsizeBoro
ByJIKaHa (GUKCUPYIOTCS BBIXONBI ra3a B IY3BIPbKOBOM
dbopme B Bue aKyCTUYECKON aHOMAaJIUU CKOPOCTU
3ByKa Ha dXOrpamMMax — «(pakes». OTIUYUTEIBHON Yep-
TOH TPsA3EBHIX BYJIKAHOB fBJIAETCS HAJIMYKE B OCafoy-
HOM pa3spe3e BYJIKaHa I'DA3eBYJIKAHUYECKOHN OpeKdynu
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Puc.1. Kapra-cxemMa pacnojiO)keHUsl ONOPHBIX THAapa-
TOHOCHBIX CTPYKTyp o3.Bafikan. 1- «HoBocubupck»,
2- «AkapemXpebet», 3- «K-11», 4- «HoBocubupck-2», 5-
«I'opeBoii YTec», 6- «<KpacHSIi sp».

— BKJIIOYEHHUS B IJIMHUCTON Matpulie 6oJiee ApeBHUX
1 IJIOTHBIX OOJIOMKOB I'JIMH pasMepamMu oT 1 Mm. Kaxk
[IOKa3aJl aHaJIU3 BCeX JAaHHBIX O I'PA3EBHIX BYJIKaHAX,
Ha Balikasie BbIAesIAIOTCA [iBa NMOATHNA — OJWHOYHEIE
u rpynnossle. IlosHBIM HaGopoM BbIIeNepeyvrcieH-
HBIX XapaKTepPUCTHK 10 KaXAOMY U3 NOATUIIOB MOXHO
BBIJIEJINTh B KaueCTBe OIOPHBIX I'PA3EBBIX BYJIKAHOB -
«HoBocubupck» u «AxkagemXpeber».

Panee rps3zeBoil BysjkaH «HOBOCHMOMpPCK» OBLI
JleTaJIbHO ONMCaH U OllpefieJieH HaMU, KaK ONOPHBIN
B pabore XnwicroBa u Xabyepa (2024). OToT ByJKaH
BKJIIOYaeT B cebsA Bce NPU3HAKU U XapaKTepPUCTUKU
rpsA3eBBIX BYJIKAHOB O3epa U o0sajaeT HauOOJIBIINM
KOJIN4EeCTBOM BHINOJIHEHHBIX B €r0 palioHe reoJioro-re-
obusnyeckux ucciaefoBaHuil. OH ABJIAETCA IOJIOXKU-
TeJIbHON TONOCTPYKTYypoH Ha riy6uHe 1400 M. BbICO-
ot 15-20 M u auamerpom 700-750 M, ¢ OABOAAIINM
BEPTUKAJIbHBIM T'a30BBIM KaHAJIOM, XOPOLIO (GUKCUDY-
eMBIll Ha Bcex TUIaxX celicMMYecKHX 3amnmceil. Bcero
ero mnepecekaer 6Goyiee 10 mpoduseil pa3HBIX THUIIOB
JUCTAHI[MOHHOTO Treo@u3N4YecKoro 30HAMPOBAHUA.
[lepuoanyecky HajJ BYJIKAHOM Ha 3XOrpaMMax BHUAEH
«baxesi». BriepBble B JaHHOH CTPYKType IpsA3eByJjKa-
HuYeckas Opekuusa Obuta obHapyxeHa B 2005 ropy,
a rasosble ruapaTtel B 2010. M3 rpsaseBoro ByJiKaHa
«HoBocubupck» 66110 0oTo6paHo 30 kepHOB, HOJIBIINH-
CTBO M3 KOTOPHIX cofepXayu B cebe Opekuuio, a 5 U3
HUX W TrasoBble T'MApaTbl. OTO INOKA €AUHCTBEHHBIN
rpsA3eBOl BYyJIKaH, e Ips3eByJIKaHHYeckas Opekuus
[IpaKTHU4YecKH BBIXOAWUT Ha pasfesl «BoAa-AHO». B npy-
IUX ByJKaHax OHa norpebeHa JOHHBIMU OTJIOXKEHUAMU.

I'pynnoBoii KOMILJIEKC TIpA3EBBIX BYJIKAHOB
«AxagemXpebeT» geTaspbHO onurcaH B pabore (Khlystov
et al.,2019). DTOT KOMIUIEKC Ha WHTEpBaJe TJIyOWH
500-800 M COCTOUT U3 BHITAHYTHIX B PAL IPA3EBLIX BYJI-
KaHOB, KpaTephl KOTOPBIX COeAWHEHB MeXAy cobOoi
B OCHOBaHWM Ha NpOTsKkeHUW 6 KM. OH OBLT OTKPBIT
II0 pe3yJibTaTaM CbEMKH MHOTOJIyYeBbIM 3X0JIOTOM
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B 2009 r. OTOoT KOMILIEKC nepecekaeT 10 pa3jMyYHBIX
cericMornpoduiieli. B 3Tux MecTax curHaj CTaHOBUTBCA
XaOTHUYHBIM, T.e. BCA 30HA IO 3TUM KOMILJIEKCOM BYJI-
KaHOB IpeJicTaBjiAeT COOOI rasoHacCHIIEHHBIN KaHasl
MIOCTYIJIEHUA MaTepuajia ¢ TJIyOUHEBI, IIpU 3TOM BbIfe-
JIUTh OTAejIbHble ByJIKaHWYeCKUe KaHaJlbl He yAajlocCh.
l'a3oBas pasrpyska B Buje «dakesia» B paiioHe JaHHOL
CTPYKTYpHI HaOJofgaeTcs nocrosHHo. HaunHas ¢ 2014
roja, B Xofie reoJiornieckux pabot 6sL1M 0TOOpaHb 38
KEepHOB, 13 HUX 14 ¢ rpsa3eByJIKAHNYECKOHN Opekunel,
a 15 c ras3oBbIMH rufpatamMy. JTOT KOMILJIEKC SBJIA-
ercs MepBeIM MecToM Ha bBaiikase, rie BelleCTBEHHO
JloKa3aHa MaJIOTJIyOMHHOCTb KOPHel Ips3eBOro BYJI-
KaHU3Ma, 4TO II03BOJIMJIO 0O0CHOBATh CyIlleCTBOBaHNUeE
Baiikasibckoro tuma rpsizeporo Bysikanuama (Khlystov
et al., 2019).

I'mgpaTHble XOJIMBL BBIJEJIEHBI B OTAEJIbHBIN
TUI OT I'PA3€BBIX BYJIKAHOB IO pAAY NPUYWH, OJHA U3
KOTOPBIX — 3TO OTCYTCTBUE I'pA3eByJIKAHNYECKOH Opek-
YhU B paspese KepHOB, MOJIyYeHHBIX C 3TUX CTPYKTYp.
Bo3MoxHO, oHa ecTh Ha OoJjiee IIyOOKHUX TOPHU30HTaX,
Tak Kak rujjpaTHele XOJIMBI [10 Teo(pu3n4ecKuM U reo-
Mop@oJIOTUYeCKUM IpHU3HAKaM OHU OYeHb I1OXOXHU
Ha rpsaseBble ByJjIKaHbl. OHU HMMEKOT NOJIOXKUTEJIbHYIO
dpopmy B pesnbede AHA, U Ha CEVICMUYECKUX 3aMUCAX
MOXHO YBUAEThb NOABOAAMIMNN KaHasI, MHOrAa HaJ HUMU
ecTb «(pakes». Ux pa3Mepsl B IONEpeyHHBIX paspe3ax
Bappupyltorcs or 60 M 7o 1000 M u BeicoTOl 40 80 M.
K omopHBIM CTPyKTypaM OTHeCeHBI rMJpaTHbIe XOJIMBI
«HoBocubupck-2» u «K-11», pacrnosioxeHHble B cpef-
Hell KOTJIOBHHe o3epa. 'mapaTHble XOJIMBI HauMeHee
HU3y4eHbl TMAPATOHOCHBE OOBEKTH Ha O3epe, HO 3TU
JABa o0JsafaloT yHUGUIUPOBAaHHEIM HaOOpOM XapakTe-
PUCTUK JAHHOTI'O TUIA TMAPATOHOCHBIX CTPYKTYP.

I'mgpatseiii xonM «K-11» oOHapyxeH B Xxofe
pa6ort ¢ I'BO B 2002 1 2005 rr. 1 MHOT'OJTy4eBBIM 3X0JIO-
ToM B 2009 r. OH npeficTaBJisieT cOO0I BO3BBIIIIEHHOCTh
pasmepamu 600 Ha 500 M u BeicoTOi 20 M Ha riiyOHHe
430 M. Ilpu reosiormueckoM onpoOOBaHUM OBITIO OTO-
OpaHO 5 KepHOB, B 2-X M3 KOTOPHIX HaXOJWJIMCh ra3o-
rufpartsl. I1o[1 BO3BHILIEHHOCTHIO MMeeTCA aKyCTUIecKU
IIpO3pauHblil KaHala Ha celicMuyYeckux 3anucax. Han
3TUM OOBEKTOM B IOCJIe[HME oAbl Ha 3XOorpamMmax
oTMeuaeTcs pasrpyska rasa B Bufe «(pakena» (Puc. 2).
JlaHHasA CTpyKTypa OTYeTJIMBO BUAHA B pejbede U
OfHA U3 HEMHOTHUX, I[le OTYETJIMBO IIPOCJIeXeH raso-
BBl KaHaJ U HMeeTcs 3MNM30JUYeCKUll BBIXOH rasa,
T.e. objajjaeT BceM KOMILIEKCOM YHUQUIMPOBaHHBIX
XapaKTepUCTHUK I'MAPATHHIX XOJIMOB.

T'uppaTtHeiii xonMm  «HoBocuOUpCK-2»  OTKPHIT
B 2002 roxy mo pesyJsbraraMm pabot I'BO u ceficmoa-
Kyctuueckoro mnpodusiorpada. Hz-3a Oosbmioit riy-
ounb (1510 M) u HebosbiIoM BeICOTH (15M) Ha gaH-
HBIX CbeMKH MHOTI'OJIyYeBOI'O 3XO0JIOTa 3Ta CTPYKTypa
MIpaKTU4YecKy He BbIpaxkeHa B pejbede. OgHAKo Ha
mo3zauke 'BO oHa BbIfjesiieTcA B peJibede no mosyTe-
HAM M [I0 CUTHaJy oOpaTHOIO paccerBaHUsS OT OKpY-
JKaloIUX TUMNOB ocadka. CericMonpoduib NPOXOOUT
HeMoCpe[ICTBEHHO 4Yepe3 CTPYKTYpY, UYTO IO3BOJIUJIO
IpocjieAuTh Ha HeM 0O0JIaCcTh C XaOTUYHBIM PHUCYH-
KOM CHTHaja MOJ CTPYKTypoH, noao0ue ra3oBOro
kaHasna (Puc. 3). Pasrpy3ka rasa 3fecb He 0TMe4dasach.
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Puc.2. Bartumerpuueckas cxema palioHa TI'PsI3eBOTO
xoama «K-11». JKenTHEl MyHKTHUP — TPaHUIBl CTPYKTYPHI,
GeJible TOYKU — KEepHHBI C THApaTaMu, YepHble TOYKU — Oe3
rugpara. Ha Bpeske: celicMudeckuii mpoduyib, CHHUHN MyH-
KTHD — IIOBEPXHOCTb CTPYKTYDBI, KPACHbII — ra30HacCHII[eH-

HBIF KaHaJI.

2002-line03

Puc.3. Batumerpuueckas cxema palioHa TI'ps3eBOTO
xosma «HoBocubupck-2». KpacHBII NyHKTHUP — TpaHUIIBI
CTPYKTYpBI, Oejible TOYKM — KepHbl C ruapaTaMi, 4yepHas
Touka — 6e3 ruaparta. Ha Bpe3ke A: celicMuyecKkuil Ipo-
s 2002-1ine03, 1 — aHO, 2- cTpyKTypa «HOBOCUGHPCK-2»,
CUHUI MYHKTUP — IIOBEPXHOCTb CTPYKTYphl, KpPacHBI —
rasoHachileHHbI kaHajl. Ha Bpe3ke B: conorpamma I'BO
npodpuiia 2002-line03, xeaTBIM HTYHKTUPOM — CTPYKTypa
«HoBocubupck-2».
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I'mapaToHOCHOCTH X0Ma ObLTa AokasaHa B 2015 r. Ha
JaHHOH CTPYyKType oToOpaHO 4 kepHa, 3 M3 KOTOPBIX
cojiepXar ra3oBble THApPaTHl. DTy CTPYKTYPY OTHECJIH K
ONOPHBIM, KaK MIpefCcTaBUTENIs caMoOU ITyOOKOBOAHOMN
TUPaTOHOCHON CTPYKTYpHl M HMelollell Becb Habop
MIPHU3HAKOB, KOTOpble MOXHO IOJIyYUTh C IOMOIIbIO
I'BO.

Tpetuil TUII T'MAPAaTOHOCHBIX CTPYKTYpP — CHIIH,
BhI/lesiAeTCs [10 HeMHOI'OYMCJIEHHBIM IIpHU3HaKaM, KOTO-
pble BCTpevaJiich TOJIBKO B TOM WMJIM WHOHM CTPYKTYype.
Cunsbl HUKaK He BBIpaXXeHHl B pejibede, 4TO 3aTpyaHAET
WX MOMCK 0 MopdoJsiornu aHa. Mx oOHapyxeHue y
OOJIBIIMHCTBA CBA3aHO C HajW4yheM pasrpy3Kd rasa,
dukcupylomuecs Ha sxosiore. J[0 HaXOAOK ra3oBBIX
TUApaToB UX WAEHTU(UIMPOBaJU IO LBETy IOBepX-
HOCTHOTI'O 0Cajika, BU3yaJIbHO Ha0JII0gaeMoro B KepHax
WJIM C IOMOII[BI0 IOJIBOJHBIX allllapaToB. DTO ABa OCHOB-
HBIX IIOMCKOBBIX NpH3HaKa. [Toa KaXAbIM K3 CUIIOB Ha
celicMMYeCcKUX 3alucAX OTMedascsad aKyCTUYeCKUH
rasoHachIIleHHBI KaHaJl, Jake ecJM pasrpyska rasa
B MOMEHT CbEeMKM OTCyTCTBOBaja. TOJIbKO Yy OJHOIO
cuna — «Kpacnsiii fIp», Ha coHorpammax I'BO B 2007
I. 0TMeYasIoCh aHOMaJIbHOE IIATHO B CUTHajie 60KOBOIO
oTpaxeHusa pasmepoMm 530 Ha 490 M, KOTOpoOe, KaK U
B MOPCKHUX OCafiKaX, XapaKTepH30BaJIo HajJu4lie B HeM
MIPUIIOBEPXHOCTHBIX Ta30BBIX ryujparos (Xabyes u Aap.,
2016). Hapg cTpyKTypoii Ha 3XorpaMmax NpUCyTCTBYeT
«pakes», MOYTU MOCTUTalON[MiI IIOBEPXHOCTU O3epa
¢ rinyounsl 720 M. KosindecTBO OTOOpaHHBIX KEPHOB
coctaBiAeT 19 mT., U3 KOTOPHIX 9 C coaepxaHUeM
rasoBbIX THJpaToB, IIOBEPXHOCTHBIEI OCAAOK KOTO-
PBIX He OBbLI OKHCJIEHHBIM U MMeJl KOPUYHEBBIN IIBeT.
Takum 00pa3oM, y 3TOH CTPYKTYypHl IIPUCYTCTBOBaJIU
BCe OCTaJIbHBIe YHU(DUIMPOBaHHBIE IPU3HAKK (KaHaJl,
(daxkes1, 1[BeT IOBEPXHOCTHOTO 0OCAajiKa), MO3TOMY JaH-
HBIM cunl ObUI OTHeCeH K ONOPHBIM TI'MAPAaTOHOCHBIM
CTPYKTypaM HNaHHOTo Tuna. MeHHO 3TOI CTPYKTYype,
KaK THUIWYHOIO MOPCKOrO CHIIa, HO ¢ 6aliKaJbCKUMU
reoX¥MHYeCKMMH OCOOEHHOCTAMY, IMOCBALIEHb MHO-
rue nyoaukanuu (Aloisi et al., 2019; Pogodaeva et al.,
2020; 3emckas u gp., 2024).

Ha balikase oOHapy>xeHbl He TOJIbKO I'a30BHIE,
HO U HedTerasopble THAPAaTOHOCHBIE CUIIH (pa3rpyska/
CKoIUIeHusA HedTH B MecTe pasrpysku rasa). K omop-
HBIM HaMmu ObLIa OTHeceHa CTPYyKTypa «['opeBoil YTec».
Ona oTkphITa 6j1arofaps aHajau3y CIyTHHUKOBBIX CHUM-
koB 2003-2005rT., Ha KOTOPHIX BO JIbJy OBLIIO BUAHO
TeMHOe IATHO, Ha 3XOorpaMMax BBHIABJIEH «(dakesl», a
Ha BOJHOI NOBEPXHOCTU BCIUJIBIBAIOIIME KallJId HedTH.
B 2006 ropy BmnepBele Ha Baiikajsie 3mech OTOOpaHbI
KepHEBI, KOTOphle OJHOBPEMEHHO coAepxaau HedTb U
ra3oBble ruApathl (XubicToB U Jp., 2007). Becero 6b110
oTobpaHo 50 kepHOB, 13 KOTOPhIX 10 cofiepxaiu raso-
Bble rujpartel, a 17 HedTh. KpoMe Toro, sTot paiioH
JeTasabHO OBLI HcciiefoBaH ¢ momoIbio 'OA «MHUP»,
YTO IO3BOJIMJIO OOHApYKUTh HAa MecCTe CHUIIAa y4acTKU
JIHa Ceporo M XKeJITOro IBeTOB, KOTOpble KOHTPAaCTHO
OTJIMYaJICh OT KOPUYHEBOIO MJjla BOKPYT HUX. B pail-
OHe 3TOr0 CHIa TakKXe OTKPHITH T'MApaTo-OUTYMHBIE
IIOCTPOYIKY, TJie IIJIa pasrpy3ka HedTU OAHOBPEMEHHO
C ra3oM, U OMTYMHBIe IIOCTPOMKH, Ile pasrpyxajach
ToJIbKO HedTh. Ha ceficMonpouIAX BbIAEIAICA y3KUI
ra3oBbii kaHas (XuibicToB U Ap., 2007).
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B pesysnprare yHHOGUKAIUU Treosoro-reodpusu-
yeckoll nHGOpMAaIUHU 110 BCeM I'MAPATOHOCHBIM CTPYK-
TypaM U BblJIeJIeHUsI U3 HUX OIOPHBIX, OBLJIa cO3/1aHa
6aza maHHBIX «ONOpHBIE TUIPATOHOCHBIE CTPYKTYPHI
03. Bafikai», KoTopas BU3yaJIM3UpOBaHA Ha caiTe
JIMH CO PAH (http://lin.irk.ru/oporniki) u npexacras-
JsieT coboit Habop Tabiull U n300pakeHu, CBA3aHHBIX
Mexay co0oii ocpeICTBOM T'UIIePCChUIOK.

4. 3aKknioueHue

[MpoBenena yHudukanus reosoro-reodusu-
YecKUX IPU3HAKOB THPATOHOCHBIX CTPYKTYp O3epa
Baiikay, KoTopas MO3BOJWJIA BBAEJIUTh OIOPHBEE
rugpaToco/iepxaliye CTpYKTYphl Cpelid IPA3EBBIX BYJI-
kaHoB («HoBocubupck» u «AkagemXpebet»), ruapart-
HBIX XO0JMOB («HoBocubupck-2» u «K-11») u cumnos
(«KpacHsiii fIp» u «['opeBoit YTec»). [ kaXxaoro Tumna
CTPYKTYp BBbIJjeJIEHBl XapaKTepHble TOJIbKO IJI HEro
IPU3HAKN U XapaKTEPUCTUKU, KOTOPHE HAILIN CBOE
OTpakeHHe B ONOPHBIX CTPYKTypax. Bes mcnosp3oBaH-
Has Ay 3Toro nHopManus ceefeHa B 6a3y HaHHBIX,
KOTOpasi YNpOCTUTh [ayIbHeHIylo paboTy ¢ reoJio-
ro-reopr3nUecKUMU JAHHBIMU, U TOMOXeT B IOKCKaX
M VCCJIeOBAaHUAX HOBBIX T'HMIPATOHOCHBIX OOBEKTOB
o3epa.
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PaGota BBHINIOJIHEHA npu noAAepxKKe
Muno6pHayku Poccuu B paMkax TeMbl rocyJapCTBeH-
Horo 3afgaHusA JlIumHonorunvyeckoro uHcruryrta CO PAH
(0279-2021-0006).

ABTOpHl BBIpaXawT OJarogapHOCTb KOMaHAaM
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ABSTRACT. This article presents a critical analysis of methods for estimating the instantaneous natural
mortality coefficient (M) of Baikal omul, Coregonus migratorius (Georgi, 1775), in the context of man-
aging its commercial stock. The von Bertalanffy growth equation was parameterized based on growth
and age structure data. A comparative analysis of existing M estimates in the Total Allowable Catch
(TAC) materials for 2017-2025 revealed their significant variability, leading to threefold discrepancies
in the calculated population biomass under equal recruitment. An important factor that determines the
dynamics of cohort abundance and biomass is the extremely high post-spawning mortality (>90%) in
the Selenga population. We substantiate the applicability of theoretical models based on life history
invariants for calculating average M values (Jensen, 1996) using the maximum age concept (Shibaev,

2023). The resulting estimate based on maximum age, M =0.19 yr?, and the ratio M/K~=1.5 yield
more realistic projections consistent with historical fishery data. Consistency with key population indi-
cators, taking into account the spatial heterogeneity of the stock, should represent the reliability crite-
rion for any M estimation method.
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1. Introduction age structure of the feeding stock (Melnik et al., 2009).

The subsequent increase in catches in 2009-2013 and

The relevance of reliable assessment of commer- a drop to 0.6 thousand tons in 2016 were officially

cial aquatic species populations is driven by increasing
anthropogenic impact and the need to ensure sustain-
able resource reproduction. This task is particularly
significant for Lake Baikal-a UNESCO World Heritage
Site-where a balanced approach is required between
conserving the unique ecosystem and the socio-eco-
nomic needs of coastal regions, such as the develop-
ment of fisheries and increasing employment (Anoshko
et al., 2020; Sukhodolov et al., 2020; Sukhodolov et al.,
2023).

Research demonstrates that the population of
Baikal omul, a key commercial species, has experi-
enced significant stock fluctuations for decades. After
the fishing ban, which was introduced in 1969, and its
subsequent lifting, catches stabilized at 2-3 thousand
tons. Another decline in catches followed after 2003
(Sokolov and Peterfeld, 2011), which was predicted
based on trawl-acoustic survey data and analysis of the

attributed to changes in migration routes and stock
reduction.

In the decade preceding the 2017 ban, virtual
population analysis (VPA) was used to calculate total
allowable catches (TAC). However, the lack of reliable
fishery statistics and their complete absence after the
industrial fishing ban make traditional biostatistical
methods unsuitable for current conditions (Degtev,
2002). As an alternative, hydroacoustic surveys have
been conducted since 2020, covering the entire lake
area since 2024 (Bulatov et al., 2024). It is critically
important for omul accounting, which inhabits depths
down to 350 meters.

Because of the transition to new monitoring
methods and the need for reliable forecasts, estimat-
ing the instantaneous natural mortality coefficient (M),
which determines population dynamics, age structure,
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and productivity (Beverton and Holt, 1957; Nikolsky,
1966), becomes a key task. Despite an extensive arse-
nal of methods based on age structure analysis and life
history invariants (Pauly, 1980; Jensen, 1996; Shibaev,
2015; 2023), their applicability to specific popula-
tions with unique habitat conditions requires separate
justification.

Three morpho-ecological groups (MEGs) are
distinguished for Baikal omul: pelagic, coastal, and
benthic-deepwater. The Selenga population is primar-
ily composed of the pelagic MEG characterized by
an extremely high level of post-spawning mortality
(exceeding 90%) due to extensive spawning migrations
(up to 580 km) (Bazov et al., 2022; 2024), as well as
efficient utilization of the mesozooplankton stock in the
lake’s pelagic zone during its mass development. Unlike
other MEGs, the pelagic group primarily spawns only in
one river, the Selenga, and is the main stock component
in the southern and central parts of the lake, making it
an optimal object for this study.

The aim of this study is to conduct a compar-
ative analysis of existing M estimates for Baikal omul
and to assess the possibility of applying theoretical
models based on life history invariants for subsequent
use in stock forecasts.

2. Materials and methods

This study is based on literature sources and
the personal materials of the authors. The fundamen-
tal equation by F.I. Baranov was the theoretical basis
for mortality estimation, describing the exponential
decline of a cohort over time: N, = Noe‘M’ , where N,
is the number of fish at age # N, is the initial number;
and M is the instantaneous natural mortality coefficient
(Shibaev, 2015).

Data on the growth of Baikal omul were used to
parameterize the models. Growth was described by the
von Bertalanffy limited exponential growth equation:
L =L, (1-¢*""), where L is the length of an individ-
ual at age t; L_ is the asymptotic length; X is the growth
coefficient; and ¢, is the theoretical age at zero length.
The equation coefficients were calculated based on the
analysis of length frequency peaks for the first four age
classes (Anoshko et al., 2024), as well as by synthe-
sizing literature data (Smirnov and Shumilov, 1974;
Volerman and Kontorin, 1983) and TAC justification
materials on the age-length relationship determined
from scales (Materials..., 2017; 2023; 2024).

The structure of the spawning stock was assessed
from the long-term average age composition of the
Selenga population (Bazov and Bazova, 2016). The

relationship between standard length (SL) and calcu-
lated M coefficients was taken from official TAC mate-
rials for 2016, 2023, and 2025.

Taking into account the significant diversity
of indirect M estimation methods based on available
biological parameters (Tyurin, 1972; Rikhter and
Efanov, 1977; Pauly, 1980; Zykov and Slepokurov,
1982; Jensen, 1996), leading to variable results, the
simplest and most theoretically substantiated formulas
were applied at the first stage of analysis. As a basic
approach, the ratios proposed by Jensen based on
Beverton-Holt life history invariants were used. These
formulas allow obtaining average M estimates through
constants C; and C:, where Mt =C, and M/K ~C,:

M = 1.65/¢, , where ¢ is the mean age at sexual
maturity, and

le.SK, where K is the von Bertalanffy
growth coefficient (Jensen, 1996).

3. Resulits

We calculated the parameters of the von
Bertalanffy equation based on our personal data from
the length frequency peaks for the first four age classes
of omul (Anoshko et al., 2024) (Table 1).

Calculations based on our data from the analy-
sis of four age classes (1-4 years) yielded satisfactory
results close to the average parameter values com-
piled from various literature sources. According to the
formula in (Jensen, 1996) that relates M to growth,

M =1.5K , the obtained value is M =0.19 yr.

Baikal omul, like most whitefish, is an
autumn-spawning species. The long-term average age
of the spawning stock of the Selenga population ranges
from 54+ to 13+ years (Bazov and Bazova, 2016)
(Fig. 1). We adopted the mean value of 8.8 years as
the age at sexual maturity (¢ ) due to the predominance
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Fig.1. Age composition (a) and cumulative curve (b) of
the spawning stock of the Selenga population of Baikal omul
based on long-term average data.

Table 1. Von Bertalanffy equation coefficients for Baikal omul.

Coefficients Data source
Our Smirnov, | Volerman, TAC, TAC, 2017 | TAC, 2017 Average
Data 1974 1983 2008 (2001-2010)((2011-2016)
L, 52 52 76 37 45 47 51
i 0.125 0.120 0.044 0.180 0.130 0.130 0.122
f -1.25 -1.30 -2.90 -1.30 -1.68 -1.15 -1.60
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of first-time spawners in the spawning stock; repeat
spawners are rare. Calculation using the second for-
mula in (Jensen, 1996), M =1.65/ t,, gives a matching
value of M =0.19yr.

Taking into account the correction for high
spawning mortality, and given that the proportion
of the spawning stock in the population is ~3.8%
(Maistrenko and Maistrenko, 2006), we adjusted the
M values (Table 2). The obtained data contradict the
widespread notion of minimal natural mortality in
whitefish during sexual maturation.

4. Discussion

According to G.V. Nikolsky (1966), the main
causes of fish mortality are: i) senescence mortality,
including post-spawning; ii) mortality due to abiotic
environmental conditions; iii) mortality from preda-
tors, parasites, and diseases; iv) mortality due to food
shortage; v) mortality from fishing. The first four are
generally due to natural causes.

The abundance of Baikal omul generations is pri-
marily limited by the carrying capacity of the coast-
al-sor zone, which constitutes <10% of the lake’s area.

4.1. Factors of natural mortality and their
age specificity

Predation is the leading mortality factor in early
ontogeny. First-year juveniles experience the main
predation pressure (from perch, roach, dace, Amur
sleeper, and coastal sculpins) in the coastal-sor zone.
After migrating to the deep-water zone of the lake in
the second half of summer, juveniles leave the habitat

of above species. For older age groups, mortality from
predators (piscivorous fish and Baikal seal) is insignifi-
cant, and typically only diseased or weakened individ-
uals fall victim.

The food base for adults is stable and not a lim-
iting factor. Zooplankton biomass in the pelagic zone
can support a significant increase in omul stocks, espe-
cially taking into account that juveniles of the abun-
dant pelagic sculpins (Cottidae), whose biomass is up
to 80% of the total fish biomass in the lake, are part of
the omul’s diet.

Abiotic factors, such as oxygen depletion, are
not typical for the main Baikal water body due to its
stable hydrochemical regime. Their role may increase
locally, e.g. for juveniles isolated in floodplain water
bodies during downstream migration or, subsequently,
in areas of natural gas seepage (Granin et al., 2010).

Diseases and parasitic infestations in Lake Baikal
are at a relatively stable level. There are no significant
changes in the intensity of these factors depending on
fish age.

4.2. Spawning stock structure and level of
spawning mortality

The age structure of the spawning stock is formed
during the gradual maturation of fish. There are no
reliable hypotheses that explain what determines the
probability of Baikal omul maturing at a certain age.
The feeding stock is largely composed of immature
fish, while spawners ready for reproduction are ~3.8%
(Maistrenko and Maistrenko, 2006). According to
data from 1982 to 2004, the number of the spawning
stock was only 1.5-2.0% of the total stock abundance

Table 2. Instantaneous natural mortality coefficients (M, yr*) for Baikal omul.

Age, year Our Data TAC, 2017 TAC, 2023 TAC, 2025*
1 0.18 0.50** 0.50%* 2.04**
2 0.18 0.40 0.40 1.20
3 0.18 0.30 0.30 0.87
4 0.18 0.24 0.24 0.67
5 0.18 0.21 0.21 0.54
6 0.18 0.21 0.21 0.45
7 0.22 0.22 0.47 0.34
8 0.36 0.25 0.73 0.26
9 0.34 0.29 0.82 0.17
10 0.26 0.33 0.91 0.21
11 0.20 0.4 0.95 0.24
12 0.18 0.53 1
13 0.18
14 0.18
M 3.02 3.88 6.74 7.00
Proportion surviving in cohort, 4.9 2.07 0.12 0.09
exp(- Y M) - 100%

Note: *Values recalculated from actual mortality coefficients p =1—e™ (Table 1.7 TAC (2025)).
**Values calculated based on extrapolation of regression models of M dependence on age using polynomials.
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(Sokolov and Peterfeld, 2011). Based on the long-term
average data (Bazov and Bazova, 2016), it is primarily
composed of individuals aged 8 + to 9+ years (Fig. 1).

Spawning mortality. Spawning occurs in tribu-
taries, where the Selenga River is key for the Selenga
population. Post-spawning mortality in this popula-
tion exceeds 90%. Extensive migrations lead to pro-
found exhaustion of spawners. Most individuals cannot
recover and die, while survivors enter a state of “repro-
ductive death”, transitioning to a “senescent” stage.
Such large individuals (over 1 kg) with gonads at early
developmental stages (II-III) may occur in catches but
are not part of the spawning stock, which consists of
fish 28-41 c¢m long, weighing up to 900 g (Bazov and
Bazova, 2016).

4.3. Senescence mortality and the
concept of maximum age

Senescence death is a species-specific, genetically
determined adaptive process where the probability of
an individual’s death approaches 100% upon reach-
ing the limiting age. From a biological perspective, the
death of old and reproductively senescent individuals
frees up resources for subsequent generations.

The classic von Bertalanffy growth and Baranov
mortality equations do not contain an explicit age limit.
Therefore, Pauly (1980) proposed determining the
maximum age 7 of a fish as the age at which its length
reaches 95% of the asymptotic length L :

T =t,—-In(1-0.95)/K .

For Baikal omul, according to the calculated
growth parameters (Table 1), T=23 years. A similar
approach was applied to abundance (Shibaev, 2015).
Assuming that ~1% of the cohort survives to age 7, the

average mortality coefficient M for the period from
age 1 to T can be estimated as:

M =-In(0.0)/(T-1).

We suggest that the maximum age determines
the M value with the limitation of cohort survival to
1%. If the mortality rate changes significantly during
life, then ZM ~1In(0.01). The relationship between
M and K can be considered a consequence of funda-
mental ecological links between life history param-
eters (Jensen, 1996) only through the prism of maxi-

mum age. Thus, the ratio M =1.5K is a consequence

of M/K ~1n(0.01)/In(0.05). Notably, the age at sexual
maturity ¢ , which was calculated by the formula in
(Jensen, 1996), ¢, =In(3)/K ~8.8 years, coincides with

the long-term average age composition of the spawning
stock. It should also be noted that in the first years of
life, mortality from predators is directly dependent on
fish size, while in terminal life stages, the probability of
senescence death increases with age.

Thus, for Baikal omul, significant changes in M
throughout life are not sufficiently justified from an
ecological perspective. The exception is the increase in
mortality during the spawning period. Given that indi-
viduals older than 13 years practically do not partici-
pate in reproduction, and the proportion of surviving
individuals to the theoretical limit of 23 years is neg-
ligible, incorporating special estimates of senescence
mortality into population models for this species is not
advisable.

4.4. Comparative analysis of population
indicators based on alternative M/
estimates

To assess the practical consequences of applying
different M values, the dynamics of a conditional cohort
were modeled with an initial recruitment of 9 million
individuals, calculated using dependencies presented in
TAC materials (Materials..., 2024).

When stabilization conditions are met, the
Baranov equation describes not only the dynamics of
a single cohort (Fig. 2) (survivorship curve) but also
the age structure of a stable population (age pyramid)
(Shibaev, 2015).

Cohort biomass change curves (Fig. 3) more
clearly demonstrate the results of choosing alternative
M estimates. Population indicators (Table 3) are equally
informative. Adjusting mortality coefficients leads to
significant changes in them. With identical recruitment

10
é 9
: 8
- - I Generation abundance
w )
= I Spawning stock abundance
~ 5
o
O 4
g
E 3
: 2 I I
1
<
5 . T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fish age, yr
Fig.2. Change in cohort abundance calculated based on
our M datawith a recruitment of 10 million individuals.

Table 3. Comparison of key population indicators calculated from different M estimates.

Indicator Our Data TAC, 2017 TAC, 2023 TAC, 2025
Population abundance, million ind.* 57.3 48.9 45.7 83.7
Population biomass, thousand tons* 10.3 6.3 4.8 2.5
Average individual weight (W), g 180 129 105 30
Spawning stock abundance, million ind. ** 2.2 1.9 1.7 0.6
Proportion of spawning stock biomass, % ** 8.2 10.5 13.2 7.9

Note: *Calculation based on recruitment of 9 million ind. at the age of two years.
**Calculation based on 3.8% spawning stock abundance relative to population abundance.
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indicatorss using different M estimates leads to a two-
fold difference in abundance and a threefold difference
in biomass.

Our theoretical M estimates yield population
indicators that are more consistent with historical fish-
ery data. For example, between 1938 and 1944, the
catch in the Selenga region reached 3.8-5.7 thousand
tons without catastrophic consequences for the stock.
The high M estimates used in recent TAC materials
result in unrealistically low biomass indicators that
require additional ecological justification.

An important limitation is that with our M esti-
mates, the proportion of the spawning stock cannot
exceed 11% of the population abundance; otherwise,
spawning mortality would exceed the number of indi-
viduals in the corresponding age groups.

4.5. Accounting for population spatial
structure

The migration of some individuals to the deep-wa-
ter basins of Lake Baikal complicates direct M estima-
tion from the age structure of catches in the Selenga
Shallows. Research in 2003 revealed that up to 40% of
omul biomass can concentrate in the deep-water area
(Melnik et al., 2007). Consequently, the dynamics of
the size-age composition in the coastal zone are deter-
mined not only by mortality M but also by the migra-
tion coefficient /, which must be taken into account in
future models (Anoshko et al., 2023).

5. Conclusion

Adequate management of aquatic biological
resources, including the Baikal omul population, should
be based on comprehensive ecological and socioeco-
nomic analysis. This is particularly important for the
Lake Baikal areas, where fisheries are a key source of
employment. Modeling results (Anoshko et al., 2020)
demonstrate that at low recruitment levels, introducing
bans on industrial and recreational fishing is ineffective
for restoring commercial stocks. Accurate M estima-
tion is a central task of fisheries research, determining
the quality of forecasts for population dynamics and
allowable catches. Analysis of recent TAC materials
(Materials..., 2023; 2024) revealed significant dis-
crepancies in M values for fish of different ages, result-
ing in a threefold difference in calculated population
biomass under equal recruitment. This indicates high
uncertainty in modern estimates and the need to revise
assessment approaches.

The high post-spawning mortality, exceeding
90% is a key factor in the dynamics of cohort abun-
dance for the Selenga omul population. The extreme
exhaustion of spawners during extensive spawning
migrations is the primary cause of death of mature fish
independent of fishing and the main reason for the low
proportion of the spawning stock. Taking into account
this factor is a mandatory condition for correct model-
ing of stock change forecasts.

From an ecological perspective, significant fluc-
tuations in M throughout the life of Baikal omul are
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Fig.3. Change in cohort biomass calculated from M
(1-our data; 2-TAC 2016; 3-TAC 2023; and 4-TAC 2025)
and average weight per age class with a recruitment of 10
million individuals.

not justified. The main predation pressure occurs in the
coastal zone during the first months of life. The absence
of predators and food limitations for older individuals
results in a stable mortality level. This confirms the fea-
sibility of using theoretical M estimates based on life
history invariants as benchmarks.

Applying the concept of maximum age T and the
assumption of ~1% cohort survival to this age allows
obtaining a theoretical average M value corresponding
to the ratio M/K=1.5 (Jensen, 1996). The theoretical
mean age at sexual maturity (¢, ~8.8 years) coincides
with long-term average estimates of the spawning stock
age composition. The application of theoretical M esti-
mates yields more realistic population dynamics pro-
jections that do not contradict historical fishery data,
compared to the unreasonably high values presented in
TAC materials.

The main difficulty in direct assessments of the
age composition of Baikal omul populations is their
spatial heterogeneity. Calculating M from the age struc-
ture of catches from the Selenga Shallows cannot be
correct without taking into account the migration coef-
ficient 7, as up to 40% of the biomass may be fed in the
deep-water areas of the lake.

Thus, the applicability of any theoretical M esti-
mation method directly depends on its connection to
the maximum age. Assessments based on age structure
dynamics must account for the spatial distribution and
migrations of individuals of different ages. The consis-
tency with key population indicators, such as biomass,
production, spawning stock abundance, and historical
catch dynamics, should represent the reliability crite-
rion for M estimates.
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MeToAnuecKHe acneKrTbl OLeHKH
K03}pPHULUUEHTOB eCTeCTBEHHOM
CMEepPTHOCTH 6aMKanbCKOro OoMyAfi: Ha
npuMmepe CeAeHrMHCKOMW NONYAALUM

Anouko I1.H.", Makapos M.M.*

JIumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickoli akademuul Hayk, yJ1. Yiiau-Bamopckas, 3, Hpkymck, 664033,
Poccua

AHHOTAIIAA. Hayunas cTaThd MOCBALIEHA KPUTHYECKOMY aHaJIM3y MeTOAOB OLIEHKW MIHOBEHHOI'O
koahdunmenTa ectectBeHHou cMepTHocTH (MKEC) 6atikansckoro oMmyJist Coregonus migratorius (Georgi,
1775) B KOHTEKCTe ymnpaBJIEHUs ero IPOMBICJIOBBIM 3amacoM. Ha ocHOBe JaHHBIX IO POCTY U BO3pacCT-
HOH CTpPyKType Oblla IIpoBefieHa NapameTpu3alus ypaBHeHUs Beptamandu. CpaBHUTEJIBHBIN aHAIN3
cymecTBymomux oreHok MKEC, ucrnosbdyemMbix B MaTtepuanax OAY 3a 2017-2025 rr., BEIABUJI UX 3HA-
YNTEeJIbHYI0 BApPUATUBHOCTD, IPHUBOIAIIYIO K pacX0XXAeHUAM B pacuéTHOM O6uomMacce MONYJIALNUU B TPU
pasa Ipu paBHOM MOIOJHEHUN. BaxXHBIM (akTOpoM, oNpedeAnlM JUHAMUKY YHCJIEHHOCTH U O6uo-
Macchl TOKOJIEHUH, ABJIAETCA S3KCTPEMAaJIbHO BbICOKas MOCJIEHEPeCTOBasA cMepTHOCTH (>90%) y cesneH-
ruHCKoY nonyJianuu. O60cHOBaHA IPUMEHNMOCTh TeOpeTUYeCKUX MoAesell, OCHOBaHHBIX Ha MHBapu-
aHTaXx XU3HEHHOTO L1KJIa B pacueTax cpeaHux 3HaueHui MKEC (Jensen, 1996) ncxons 3 KOHIENITUN
MakcumMmasibHoro Bospacrta (Illubaes, 2023). [TosmyyeHHas Ha 6a3e MaKCHMAaJIbHOTO BO3pacTa OI[eHKa

M =0.19 ron! u coorHomenve M/K=1.5 gawTr GoJjiee peaJvCTUYHBIE MMPOTHO3bI, COTJIACYIOIIAECS
C MCTOpHUYeCKMMH AaHHBIMHU IpoMmbicia. KpurepremM AOCTOBEPHOCTU JIIOOBIX MeTOZ0B oneHku MKEC
JOJDXKHA BBICTYNATh UX COTJIAaCOBAHHOCTH C KJTIOYEBHIMU MOMYJIAIIMOHHBIMM MOKa3aTesIMH C yYETOM
MIPOCTPAHCTBEHHOU reTEPOTeHHOCTU CTaja.

Kitiouegsie csioga: Barikasibckuil oMyJib, K03GPUIMEHTH CMEPTHOCTH, JUHAMUKA MOy JIALNN

Ja mutupoBauus: AHomko [1.H., MakapoB M.M. MeToaunueckue acreKkThl OIleHKU K03h(PUIIeHTOB eCTeCTBEHHOU CMePTHOCTH
GalikaJIbCKOr0 OMYJIS: Ha NMpUMepe ceJleHTMHCKou nmonyJsaiuu // Limnology and Freshwater Biology. 2025. - No 6. - C. 1367-
1379. DOI: 10.31951/2658-3518-2025-A-6-1367

1. BBeAe““e 3HauMUTeJIbHble KoJiebaHuA 3amacoB. I[locie BBee-

HUA 3apeTa Ha BBUIOB B 1969 T. U mocjieqyloliei ero

AxXTyanpHOCTh [JOCTOBEDHON OLIEHKU COCTOS-
HUA TOMyJIAIUN MPOMBICJIOBHIX T'HAPOOHMOHTOB 00Y-
CJIOBJIEHA PaCTyIIMM aHTPONOTeHHBIM BO3[eliCTBUEM
U HeoOXOAMMOCTBIO obecmeyeHUsA YCTOMYMBOIO BOC-
npousBojicTBa 6uopecypco. Oco0yi0 3HaYMMOCTb 3Ta
3ajjlaua npuobpeTaeT B OTHOIIEHUM o3epa bBaiikam —
O6bekta BcemupHoro Hacnenus, rae tpebyetcs cba-
JIaHCUDOBAHHBIM NOAXOJ MeXIy COXpaHeHHeM YyHU-
KaJIbHOM 3KOCHCTEMbBI U COLMaJIbHO-3KOHOMUYECKIMU
NMOTPeOHOCTAMM NMPUOPEXHBIX PErMOHOB, TaKUMM Kak
pa3BuTHe PHIOOXO03ANCTBEHHOU AeATEeJIbHOCTU U MOBBI-
meHUe 3aHATOCTU HacesjieHUs (AHomko u ap., 2020;
CyxozmoJioB u Jip., 2020; Sukhodolov et al., 2023).

HccnenoBaHus MOKa3bIBAIOT, UYTO MOMYJIANNA
6alikaJabCKOr0 OMYJiA, KJII0UEBOTO IPOMBICTIOBOTO
BUJa, Ha IMPOTKEHUU [eCATUIeTUN UCHBITHIBAaeT

OTMEHBI, yJIOBBl CTaOWIN3UPOBAJINICh Ha ypOBHe 2-3
ThIC. TOHH. OuepeJHOE CHIXEHUE YJIOBOB I1OCJIEA0BAJIO
nocae 2003 roma (CokosioB u Ilerepdenbn, 2011),
KOTOpOe OBLIO CIPOTHO3MPOBAHO HAa OCHOBE MJAaHHBIX
TPaJIOBO-aKyCTUYeCKON ChbeMKU U aHaJI3a BO3pAaCTHON
CTPYKTYpHI HaryJibHoro craaa (MesbHUK U fp., 2009).
[Mocnenytomuii pocT yjaoBoB B 2009-2013 rr. u nmafe-
Hue o 0,6 Teic. TOHH B 2016 roay, B opuiiraJbHBIX
MarepuaJax CBsA3bBajlach C M3MeHeHreM IyTeil Murpa-
UM U COKpallleHreM 3amacos.

B mnocienHee pecATusieTHe Iiepel] 3alpeTOM
2017 r. pnsa pacuéToB OOMIMX AONMYCTUMBIX YJIOBOB
(OY) nunpuMeHsICA BUPTYaJbHO-NOMYJIALNOHHBIN
aHasu3 (BITA). OgHako OTCYTCTBUE AOCTOBEPHOII MPOo-
MBICJIOBOM CTaTUCTUKU U €€ MOJIHOe OTCYyTCTBHE IOCJIe
BBeJleHUs 3alpeTa Ha MPOMBINIEHHBIN JIOB [ejaiT
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TpaAuLIMOHHBIe OMOCTaTUCTUYECK e MeTOAbl MaJIONIPH-
rOAHBIMU 711 COBpeMeHHBIX ycyoBuil ([lerres, 2002).
B kauectBe ambrepHaTuBH ¢ 2020 roga mpoBOAATCA
ruapoakycTuyeckrde CbeMKH, KoTopbele ¢ 2024 ropa
OXBaTHIBAIOT BCI0 akBaTopuio o3epa (BynaToB u [p.,
2024), yTO KpUTHUYECKU BaXXHO IS YIETA OMYJisA, 06U-
Taloulero Ha riybuHax o 350 MeTpoB.

B cBA3U c epexo/1oM Ha HOBble MeTOIbl MOHUTO-
pUHra ¥ HeOOXOAMMOCTEI0 (POPMUPOBAHUSA HaIEXHBIX
IIPOTHO30B, OlleHKa MIHOBEHHOr 0 Ko3dduIjeHTa ecre-
ctBeHHO! cMepTHOCcTU (MKEC), onpefieisitoliero A1Ha-
MUKy YHCJICHHOCTH, BO3PAacTHYI0 CTPYKTypy U IpoO-
AyKTUBHOCTh Tomyssanuu (Beverton and Holt, 1957;
Hukosbckuii, 1966), cTaHOBUTCS KJIIOUEBOM 3ajjayei.
HecMoTpsa Ha oOMUPHEBIN apceHaa MeTOA0B, OCHOBaH-
HBIX Ha aHaJM3e BO3PAacTHOM CTPYKTYphl U MHBapUaH-
Tax Xu3HeHHoro nukia (Pauly, 1980; Jensen, 1996;
[Mubaes, 2015; 2023), Ux NPUMEHNUMOCTb K KOHKpeT-
HBIM MOMYJIAYAM C YHHUKAJIbHBIMU YCJIOBUAMU OOHTa-
HUA TpebyeT OTeIbHOro 000CHOBAaHUA.

Y 6alikasbCcKOro OMYJIA BBIAEJAIT [eJiaru-
4yeckylo, MNpUOpexHyl0 U I[PUIOHHO-TTTyOOKOBOA-
Hylo Mop@do-3koyorudeckue rpynnsl (MOT). OcHoBy
CeJIeHTMHCKO MONYJIALIMU COCTaBJIsAeT Iejlarnyeckas
MBD3I, koTopasA XapaKTepuU3yeTcs dKCTPeMaJIbHO BBHICO-
KUM YpOBHeM IIOCJIeHepecToBOM cMepTHocTU (IIpe-
BeimaomuM 90%), 00yCJIOBJIEHHBIM HPOTSKEHHBIMU
HepecToBhIMU Murpanusamu (o 580 kM) (BazoB u
ap., 2022; 2024), a takxe 3¢(PeKTUBHBIM OCBOeHUEM
3anachl Me30300ILUIaHKTOHA B Ilejlarhajayd o3epa B
[Ilepyuoj] ero MaccoBOro pas3BuTusd. B orinuue ot Apy-
rux MOI' menaruueckasd B Macce 3aXOAUT Ha HepecT
TOJIBKO B OJAHY HepecToByI0 peKy CejleHI'y U ABJIA-
eTCcs OCHOBHBIM KOMIIOHEHT 3araca B I0)KHO U cpeHel
4yacTAX 03epa, 4To AeslaeT eé ONTHMAaJIbHEIM 00beKTOM
JUUIA KCCJIeIOBAHMA.

Ilesib pabOTHI — IPOBECTU CPaBHUTEJIbHLIN aHa-
au3 cymectBylomux oneHok MKEC ayis 6alikaibckoro
OMYJIfl ¥ OLIEHUTb BO3MOXHOCTDb IIPUMEHEeHUs TeopeTu-
4yecKUX Mofesiell Ha OCHOBe MHBapUaHTOB XHU3HEHHOIO
LUKJIAa AJIA NMOCJIeyIolero NCIoJb30BaHUA B IIPOTHO-
3ax 3amaca.

2. MaTepuanbl U MeTOADI

B ocHoBy paboTHl Jierjiy JuTepaTypHble U c00-
CTBEHHBIE MaTepuaJibl aBTOPOB. TeopeTU4ecKol OCHO-
BOM AJIA OLIEHKH CMEepPTHOCTHU IOCJIYyXWIo GyHOaMeH-
TajibHOe ypaBHeHue @.M. BapaHoBa, omnuchBamwllee
SKCIIOHEHIMAJIbHOE CHIDKEHNE YUCJIEHHOCTU KOT'OPTHI

BO BpeMeHu: N, = Noe‘M’ , Tie N, — YHCJIEHHOCTh PHIO

B BO3pacre f, N, — HayajbHasA YUCJIEHHOCTb, a M —
MTHOBEHHBI K03(QUIMEeHT eCTeCTBeHHON CMepTHO-
ctu (IlIubaes, 2015).

Jna napaMerpusanuu Mofesell MCIOJIb30Ba-
JIUCh AaHHBIE IO pocTy OalikajibCcKoro omyJig. Poct
ONMCHIBAJICA ypaBHEHHEM OIpPaHHYeHHOI'O SKCIIOHEH-
yuasbHOro pocra Bepramanpm: L =L (1-e*'™)),
rae L, — nimHa oco0u B BO3pacTe f, L — acCUMITOTH-
yecKas JJIMHA, TO ecThb TeopeThYecKkas MaKCcHMaJslbHasa
JJMHa ocobu B AaHHOM momyssAauuu, K — xosdpduru-
€HT POCTa, /, — TEOPETUYECKUI BO3PACT MPU HYJIEBOW
nnuHe. KoadduuueHT ypaBHeHUsA OBUIM pacCuUTaHbI
Ha OCHOBe aHa/JM3a IMKOB YMCJIEHHOCTH IO AJIMHE
JUIs TIEPBBIX YETHIPEX BO3PACTHBIX KJiaccoB (Anoshko
et al., 2024), a Takxe NyTéM 0OOOIIEHUS JIUTEPATYP-
HbIX JaHHbIX (CMupHOB U llymusos, 1974; Bosiepman
u KonropuH, 1983) u MaTepuasioB, 060CHOBBIBAIOIINX
ofmye [OnyCTUMBIE YJIOBBI, 110 3aBUCUMOCTHU JJIMHBI
OT BO3pacTa, onpefessAeMoro 1no yemye (MaTepusl...,
2017; 2023; 2024).

CTpyKTypa HepecTOoBOIO CcTaja OlleHHWBaJach
II0 CpeJHEMHOroJIeTHEMY BO3PacTHOMY COCTaBy
CenenruHckoii nomyssauuu (basoB u Baszosa, 2016).
CooTHoIIeHre MexXay CTaHAapTHOM IyuHON (SL) u
pacuéTHeIMU KO3 PrnreHTaMu M B3ATO U3 odulaib-
HBIX MaTtepuasioB OY 3a 2016, 2023 u 2025 rofgsl.

YuuteiBasg 3HaUNTeIbHOE pa3HooOpasue KOCBeH-
HBIX MEeTOAOB OIleHKH M, OCHOBaHHBIX Ha JOCTYNHBIX
6uosiornyeckux mnapamerpax (TiopuH, 1972; Puxrep
u Edanos, 1977; Pauly, 1980; 3sikoB u CJIeNOKYpOB,
1982; Jensen, 1996) u npuBofAlMX K BapUaTUBHBIM
pesyJibTaTaM, Ha IIepBOM 3Talle aHa/n3a ObLIv NpHUMe-
HeHbl HauboJiee IPOCThle U TeopeTUYeCcKu 000CHOBaH-
Hble opMyJibl. B kayecTBe 6a30BOro noaxoAa HUCIOJIb-
30BaHbl COOTHOIIEHMsA, IpeasioXeHHble Jensen Ha
OCHOBe MHBApHaHTOB XXU3HEHHOro Iukia beBepToHa—
Xonra.: [danHble GOpMyJibl MO3BOJIAKT MOJIYYUTH
ycpenuéntbie orieHku MKEC uepes koHcTauThl C, u C,,
rne Mt,=C, u M/K ~C,:

M = 1,65/t,, rne t — cpeJHUE BO3PACT JOCTH-
JKeHUs I10JIOBOH 3pesIoCTH U

M/K ~1,5, tne K — xo3bdunuent pocra ¢HoH
Bepranandu (Jensen, 1996).

3. Pe3syAbTarthl

Hamwu 6bu11 paccuuTaHbl IapaMeTphbl ypaBHeHUsA
bepranandu Ha OCHOBe COOCTBEHHBIX AAHHBIX, HOJIY-
YeHHBIX 110 NMMKaM YKCJIEHHOCTU CTaHAApTHOMN JJIMHBI
OMyJifA JJis TepBbIX YeTHIPEX BO3PACTHBIX KJIacCOB
(Anoshko et al., 2024) (TaGiuna 1).

Ta6sauna 1. KoaddunnenTtsl ypaBHeHUs bepranandu oA 6alikaabCKOro OMyJis

KoadpumueHTHI HCTOYHUK JAaHHBIX
YpaBHEHHA Hamu CmupHoB, | Bosepman, | OZY, 2008 | oAy, 2017 | OfV, 2017 | Cpennee
JNaHHbIE 1974 1983 (2001-2010) | (2011-2016)
L, 52 52 76 37 45 47 51
- 0,125 0,120 0,044 0,180 0,130 0,130 0,122
l -1,25 -1,30 -2,90 -1,30 -1,68 -1,15 -1,60
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PacuéTel mo HaAMMM JaHHBIM, OCHOBAaHHBIM Ha
aHa/JM3e 4YeTBIPEX BO3pacTHHIX kiaccoB (1-4 ropa),
Janu  yJOBJIETBOpUTEJIbHBIE pe3yJIbTaThl, OJM3KUe
K CpelHMM 3HaueHHsM I[apaMeTpoB, OOOOIIEHHBIM
U3 pas3jINYHBIX JIUTEPATypPHBIX MCTOYHUKOB. B cooT-
BeTcTBUU C (Qopmysionn (Jensen, 1996), cBsA3bIBaio-
meit MKEC ¢ poctom M =1,5K, nojiydeHo 3HadyeHUe
M =0,19 200?.

Balikasmbckuii OMyJIb, Kak U OOJIBIIMHCTBO
CUTOBBIX, fABJIIETCA OCEHHEHEepPeCTYIOIUM BHJOM.
CpeHEeMHOTOJIETHUII BO3pacT HepecToBOro craja
CeJIeHTMHCKOI MONyJIANMY BapbupyeT oT 5+ go 13+
et (BasoB u Bazosa, 2016) (Puc. 1). B xkauecTBe BO3-
pacta JOCTWXEHUs II0JIOBOW 3PEJIOCTH ¢ HaMu IIpU-
HATO cpefHee 3HauyeHUe — 8,8 jieT, 4TO 00YCIOBJIEHO
npeobJyiajlaHleM B HepeCcTOBOM cCTajle BIlepBble co3pe-
BaloLUX oco0eli; IOBTOpPHOHepecTylolie BCTpeyva-
I0TcA equHUYHO. PacuéT no BTOpOil opmyJie (Jensen,
1996) M =1,65/t, na€r coBmajamwllee 3HaYEHHE
M =0,19 rog’.

C y4éToM MONpaBKU Ha BBICOKYH) HEpeCcTOBYIO
CMEepTHOCTb, YUMTBIBAdA, YTO [I0JIA HEPeCTOBOro craia
OT YHCJIEHHOCTU IomyJiAnuu cocrasisaeT ~3,8%
(Marictpenko u MaiictpeHko, 2006) 3HavueHus MKEC
6pUIM OoTKOppekTHupoBaHul (Tabiura 2). [TosyueHHBIE
JaHHble TPOTUBOpPEYAT paclpOCTPaHEHHOMY IIpe[-
CTaBJIEHUI0O O MUHUMAJIbHBIX 3HAYEHUAX eCTeCTBeH-
HOW CMEpPTHOCTU y CUTOBBIX PHIO B IepuUoJ IOJIOBOTO
CO3peBaHus.

4. 06cy)xpenue

B ocHoBe aHaim3a NpUYMH CMEpPTHOCTU pbIO
corjiacHo B3rjanam I'.B. Hukosbckoro (1966) Beiaesis-
0TCA cyenymwoiye: 1) cMepTHOCTh OT CTapOCTH, BKJIIO-

Ta6smna 2. MKEC (M, rog!) 6aiikayibCKoro omyJis

36 100
32
s 28 80
& 24
520 60
o 16
= 40
012
5
8 20
; ]
O | 0
4 5 6 7 8 9 10 11 12 13 14 15

BospacT peO, TOZX
Puc.1. Bo3pactHoii cocTas (a) ¥ KyMyJIATUBHAsA KpyUBas
(6) HepecTOBOrO CTajla CEJIEHTMHCKON MOMyJIAUU GaiiKaib-
CKOT'O OMYJIA [10 CPeJHEMHOI'0JIETHUM JAaHHBIM.

yas IMOCJIeHepeCcTOBYi0; 2) rubeb MO BO3AelCTBUEM
abUOTHYECKNX VCJIOBUN cpendpl; 3) CMEPTHOCTh OT
XUIIHUKOB, Mapa3uToB U 0OoJie3Hell; 4) rubesb u3-3a
HapyleHus obecrieyeHHOCTH MHlllel; 5) cMepTHOCTD B
pe3yJibTaTe mpoMebicia (BbUTOBA). [lepBhle 4eThIpe, Kak
MPaBUJIO, 00YCJIOBJIEHB! €CTECTBEHHBIMU ITPUYNHAMH.

YucieHHOCTh MOKOJIeHUM 6aiikaJibCKOTrO OMYJIA
JIUMHUTUPYETCS TMPEUMYIIIECTBEHHO MPUEMHON €eMKO-
CTHI0 TPUOPEXHO-COPOBOM 30HBI, IJIOIIAAb KOTOPOI
cocrasiisieT MeHee 10% akBaTopuu o3epa.

4.1. ®axKTopbl €CTECTBEHHOW CMEPTHOCTH
M MX BO3pacTHasa cneuudpuka

XuwHuuecmgo sABjsieTcs BedymuM (GaKTOpoM
CMepTHOCTU Ha pPaHHMX dTanax oHToreHe3a. OCHOBHOM
IIpecc XUITHUKOB (OKYHb, IJIOTBA, eJjiell, poTaH, Mpu-
Ope’XHble BUBI KEPYAKOBBIX) UCIBITEIBAET MOJIOJb IIEP-
BOT'0 rojia XU3HU B NpUOpPexXHO-copoBoil 30He. [locie
MUTI'pAIiY BO BTOPOU ITOJIOBUHE JieTa B IJTyOOKOBOLHYIO
9acTh 03epa MOJIOAb BEIXOAUT U3 30HBI OOMTAHUA TUX

Bo3spacTt, rox Hamu nanssie| OAY, 2017 ony, 2023 oAay, 2025*
1 0.18 0.50** 0.50** 2.04**
2 0.18 0.40 0.40 1.20
3 0.18 0.30 0.30 0.87
4 0.18 0.24 0.24 0.67
5 0.18 0.21 0.21 0.54
6 0.18 0.21 0.21 0.45
7 0.22 0.22 0.47 0.34
8 0.36 0.25 0.73 0.26
9 0.34 0.29 0.82 0.17
10 0.26 0.33 0.91 0.21
11 0.20 0.4 0.95 0.24
12 0.18 0.53 1
13 0.18
14 0.18
M 3.02 3.88 6.74 7.00
JloJ11 BEDKUBIIUX B MTOKOJIEHUH exp(—z M) -100% 4.9 2.07 0.12 0.09

IIpumeuanue:

o o -M
* - 3HaYeHUs MepecunTaHHble U3 K03()UIMEHTOB NeCTBUTEIbHOM cMepTHOcT @ =1—€ " (Ta6n. 1.7 OLY (2025));
** . 3HAYeHHUs, pacCUUTaHHbIE HA OCHOBAHUU 3KCTPAIOJIALUN perpecCuoHHBIX Mofeselt 3asucuMmocty MKEC oT Bo3pacra ¢

HCIIOJIb30BAaHHEM ITOJIMHOMOB.
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BUAOB. {14 cTapmuX BO3PAcCTHBIX I'PYNIl CMEpPTHOCTb
OT XUIHUKOB (pbIOOsAIHBIE PHIOHI, GalikaibcKasa Hepra)
He3HauWTesIbHA U, KaK MPaBUJIO, )XePTBOM CTAHOBATCA
60JIbHBIE UM OcJIabJieHHbIe 0CcOo0OuU.

Kopmoeas 6a3a njis B3pocibix ocobeli ctabuabHa
U He ABJIAeTCA JUMUTHpPYmUM dakTopoMm. buomacca
300IJIAHKTOHA B IleJlarajiyd MoXeT o0ecneduTh 3Hauu-
TeJIbHOE yBeJIMUeHHe 3anacoB OalikaJbCKOIo OMYyJIA,
0COOEHHO € y4€TOM TOro, YTO MOJIOAb MAacCCOBHIX IeJia-
rU4ecKux KepuakoBbiX pboi6 Cottidae, 4ybsi Guomacca
cocrasJisgeT 00 80% oT ob1eli uxTHoOMacchl 03epa, BXO-
JUT B palliOH OMYJIA.

Abuomuueckue ¢akmopsl, Takle Kak 3aMOpPHEBIE
AIBJIGHWA, AJ11 OCHOBHOM akBaTopuu balikaja He xapak-
TepHBHI 13-3a CTaOUJIbHOTO F’POXUMIYECKOr0 peXrma.
Hx posb MOXeT Bo3pacTaTh JIOKAJIbHO, HallpuMep, i
MOJIOAW, W30JIMPOBAaHHON B INONMMEHHBIX BOAOEMax B
Iepyo/] ckaTa Wi, B IOCJeAylolleM, B MecTax BBIXOJa
MpUpOAHBIX ra3oB (Granin et al., 2010).

3abonesaHua u napazumapHele UHGA3UU B YCJIO-
BUsAX Balikasia IMeloT OTHOCUTEJIBHO CTaOUJIbHBIN ypO-
BeHb. CyllleCTBeHHBIX H3MeHEHHII B HHTEHCHBHOCTHU
3THX (aKTOPOB B 3aBHUCHMMOCTH OT Bo3pacTa phIO He
BBIAIBJIEHO.

4.2. CTpyKTypa HEepecToBOro crapa v
YPOBEeHb HEPECTOBOMH CMEPTHOCTH

BospacmHaa cmpykmypa HepecTOBOro cTajda
dopMupyetTca B mpoliecce MOCTENEHHOI'O CO3peBaHU:A
pBIO. JIOCTOBEpPHBIX TMIIOTE3 O TOM, YeM 0OycJIoBjieHa
BEpOATHOCTb CO3peBaHus 0aliKaJabCKOro OMYJIA B OIlpe-
JleJleHHOM Bo3pacTe HeT. HarysipHoe cTaio B 3Hauu-
TeJIbHOM CTelneHW c(QOpMHPOBAHO HENO0JIOBO3PeJbIMU
peibaMy, Torjaa Kak, FOTOBBIe K HepecTy 0coOH cOCTaB-
AT okoJio 3,8% (Matictpenko u Matictpenko, 2006).
[To mannepiM 3a 1982-2004 rT., YUCJIEHHOCTH HEPECTO-
BOI'0 CTajia olleHrBasach Bcero B 1,5-2,0 % ot obIen
yrcaeHHoctu 3anaca (CokosioB u Ilerepdensa, 2011).
Ilo cpennemHorosnieTHuM AaHHBIM (Ba3zoB u Basoaa,
2016) ero ocHOBY IIpeJICTaBJIAIOT 0COOU B Bo3pacTe 8 +
-9+ get (Puc. 1)

Hepecmosas cmepmHocms. HepecT mpoucxo-
JUT B TNpUTOKaX, NMPHUYEM MJIA CeJICHTMHCKOH IOIy-
JIAMN  KJIIOYEBBIM fABJIAeTCA pycyo peku CesieHra.
INocnenepecToBasgs CMEPTHOCTb y 3TOU MNOMYJIANUU
npesbimaer 90%. IIpoTsk€HHBlE MUrpanyu IIpu-
BOJOAT K IJIyOOKOMY WCTOIIEHUI0 IIPOU3BOJUTENIEH.
BospmuHcTBO 0Cco6eii He cIOCOOHBI K BOCCTAaHOBJIEHUIO
Y noru6aloT, a BEDKUBIINE B COCTOSHUE «PEIIPOyKTUB-
HOH cMepTH» NepexofAT K CTaAuu «JOXUATUA». Takue
KpynHBle ocobu (6osiee 1 Kr) ¢ roHaJjaMu Ha paHHUX
craauax pasputusa (II-III) moryT BcTpedaTbcs B yJIO-
BaX, HO He BXOJAT B COCTaB HEpeCTOBOI'O CTaja, KOTO-
PbIii mpeAcTaBiieH ppibamMu aAanHoN 28—41 cM u Maccoil
1o 900 r (bazos u ba3oBa, 2016).

4.3. CMepTHOCTb OT CTAPOCTU U KOHUEenuua
MaKCMMaAbHOro Bo3pacra

CMepTh OT cTapoCcTH — BUAOCHEIUPUYHBIH,
reHetTnyecku OOYyCJIOBJIEHHBIN aJalnTUBHBIN Mpoliecc,
MpU KOTOPOM BepOATHOCTh rubesiri 0cobu CTpeMUuTcs K

100% no goctuxeHUM npeneapbHoro Bospacra. C 6uo-
JIOTUYeCKON TOYKM 3peHHs rubesib CTapblX, yTpaTUB-
MUX PeNpOAYKTUBHYIO QYHKINMIO ocobell ocBoboXaaeT
pecypchl AJ1d CIIeyIOUINX TOKOJIeHUI.

Knaccuueckue ypaBHeHus pocra bepranandu u
cmeptHOcTu @.M. BapaHoBa He cofepxar ABHOIO orpa-
HUYEeHUsA MO0 Bo3pacTy. B cBsa3m ¢ yem, Pauly (1980)
OBUIO TNpEeJIOKEHO onpedesATbh MaKCUMaJIbHBIN BO3-
pact xu3HU 7 peIObI KaK BO3PacT, IIpH KOTOPOM JJIHA
PHIOBI cocTaBisAeT 95% OT aCMMITOTUYECKON JJIMHEL L _:

T =t,-In(1-0,95)/K .

Jna 6alikasibCcKOoro OMyJif, COIJIaCHO paccyu-
TaHHBIM napaMeTpaM pocta (Tabnuma 1), 7= 23 rofa.
AHaJIOTUYHBII NOAX0[ ObLI NPUMEHEH AJIA YUCJIeHHO-
ctu (IlluGaes, 2015). Ecou mpuHATH, YTO K BO3paACTy
T BEDKUBaeT OKOJIO 1% IMOKOJIEHUSA, TO CpeqHUI KO3d-

unueHnT cmepTHOCcTM M 3a nepuon or 1 roga mo T
MOXeT OBITh OIfeHEH KakK:

M =-1In(0,01)/(T-1).

ViMeHHO MakcUMaJIbHBIM BO3pacT, IO HalleMy
MHEHUI0, olpefesiseT 3HaueHHe Mcp Ipu ero orpaHu-
YeHUU YNCJIEHHOCTHIO MokoJieHusA B 1 %. Eciiu ypoBeHb
CMEepTHOCTU 3HAUYUTEJbHO MeHAeTCA B TeueHue XU3HU
TO ZM ~In(0,01) . CooTHoOIIEHNEe MeXy M 1 K MOXHO
cuuTath cjelcTBUeM (yHAaMeHTaJbHBIX SKOJIOrHhue-
CKHUX CBs3el MexXOy mapaMeTpaMM XKU3HEHHOro ITMKJIa
(Jensen, 1996) TOJIBKO Yepe3 MPU3MY MaKCHMaJIbHOTO
Bo3pactra. Takum oOpasoM, cooTHomenue M =1,5K
ABJIAET CJIeICTBUEM TOro, 4Tto M /K ~In(0,01)/1n(0,05)
. CiiegyeT OTMETHUTh, YTO BO3PACT AOCTUKEHUA IOJIO-
BOU 3PEJIOCTH ¢ , paCCYMTaHHbIN N0 popmyJie (Jensen,
1996) ¢, =1In(3)/K ~ 8,8 roja, COBIajaeT co CpeJHEMHO-
roJIETHUM 3HaueHHeM BO3pPacTHOTO cocTaBa HepecTo-
Boro crtaga. CiedgyeT OTMETUTh, UYTO B IepBble T'OMOBI
XKU3HU CMEPTHOCTh OT XUIIHUKOB HAINpAMYI0 3aBU-
CUT OT pa3MepoB PHIO, a Ha TePMUHAJIBHBIX CTaJMAX
’KU3HU BEPOATHOCTh CMEPTHU OT CTAPOCTU IOBHIIIAETCA
C BO3pacTOM.

TaxuMm oOpa3om, 1A 6aiikaJabCKOTO OMYJiA 3Ha-
yuTesibHble n3aMeHeHUus MKEC Ha npoTsxeHuur XKU3HU,
C DKOJIOTUYECKOU TOYKM 3peHHs, He HMeIT OocTa-
TOYHBIX OCHOBaHUH. HCKJIloueHHe COCTaBJIIET POCT
CMEepTHOCTU B MepUO HepecTa. YUYUTHIBasi, YTO 0COOU
crapiie 13 jeT mpakTuyeckd He Y4acTBYIOT B BOCIIPO-
U3BOJCTBE, a J0JIA OXHUBAKIIUX OO TEOPEeTUUYECKOTO
npefesia 23 jileT HUYTOXHA, BKJIIOUYEHUE CIleljhaIbHBIX
OI[eHOK CMEPTHOCTH OT CTAapOCTU B IOMYJIAIMOHHEIE
MoOJesId AJis JaHHOTO BUAA HelejiecooOpa3Ho.

4.4. CpaBHMTEAbHbIW aHaAU3
NOoNyAAUMOHHBIX NOKa3aTened Ha OCHOBe
anbTepPHATUBHbIX OLEHOK M

JJiA olleHKM mpaKTUdecKUX MOCJIeACTBUI NpU-
MeHeHUs pasanyHbix 3HaueHui! MKEC 6bL1a cMofenu-
poBaHa AUHaMMKa yCJIOBHOTO MOKOJIEHUA NPU Havaslb-
HOM IMOINOJIHEHUM B 9 MJIH 3K3., paCCUMTaHHOM IO
3aBUCUMOCTSAM, IpeAcTaBJIeHHBIM B MaTepuaiiax OY
(MaTepusl..., 2024).

B ToMm ciiyuae, korja coGJII0aTCsA YCJIOBUSA CTa-
O6unuzaluy, ypaBHeHHe BapaHoBa onmIieT He TOJIBKO
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JAVHaAMHKy 4YKCJIEHHOCTH OAHOro nokoJieHusa (Puc. 2)
(xpuBYI0 BBIXMBAHHA), HO U BO3pacTHYIO CTpYK-
Typy CTaOWJIBHOU HOMyJiANMU (KPUBYI0 HaceJleHUs)
(IInbaes, 2015).

KpuBble usmeHenus Ouomaccel (Puc. 3) moko-
JleHuil OoJiee HarjAdHO JEMOHCTPUPYIOT pe3yJibTaThl
BbIOOpa aJbTepHAaTUBHBIX olleHOK M. He meHee nundop-
MaTHUBHBIMU ABJIAIOTCA MOMYJIAMOHHBIE IOKa3aTesn
(Tabmura 3). KoppektupoBka K03phUIIeHTOB cCMepT-
HOCTH MPUBOJWUT K WX 3HAUMTEJIbHBIM KU3MEHEHHAM.
IIpy ogMHAaKOBBIX IOKa3aTeJIAX MONOJIHEHHA HCIOJIb-
3oBaHue pasHbIXx oneHOK MKEC mpuBoAauT K pasHulle
YHNCJIEHHOCTU B 2 pasa, a 6uomMaccsl B 3 pasa.

[losiydeHHBle HaMMU TeOopeTHUYecKHe OLIeHKU
MKEC garmoT nonyJiAanyoHHbIe [ToKa3aTeu, 0oJiee corja-
CYIOHIYIOCS C UCTOPUYECKHMHU AAHHBIMU O IIPOMEICIIE.
Hanpumep, B nepuona 1938-1944 rr. B CeJIeHTMHCKOM
paiioHe BBLIOB focTturain 3,8-5,7 Teic. T 6e3 KaTacTpo-
duyeckux nmocjaeACcTBUI AJIA 3amaca. Beicokue oljeHKHu
MKEC, ncnosb3yeMsele B nocjaeaHnx Matepuaiax OOV,
NpUBOJAT K HEpeaJMCTUYHO HU3KUM II0KasaTessiM
6uomaccel, KOTOpble TpeOyl0T AOMOJIHUTEIbHOIO 3KO-
JIOTM4ecKoro 060CHOBaHUA.

BaxxHBIM orpaHuuYeHUeM fABJAETCA TO, YTO INpHU
Hamux oneHkax MKEC posia HepecToBOro crajga He
MOXeT npeBbimath 11% OT 4MCIIEHHOCTH IMOMYJIALWH,
YHaye HepecTOBas CMePTHOCTD IIPEBLICUT YMCJIEHHOCTD
oco0ell B COOTBETCTBYIOIINX BO3PACTHBIX IPYIINax.

4.5. YYéT NnpoCcTPaHCTBEHHOM CTPYKTYPbI
NONyAALUM

[TIpsamas ouenka MKEC mo Bo3pacTHOI CTpPYK-
Type yJioBOoB Ha CeJIeHTMHCKOM MeJIKOBOJbe 3aTpyAd-
HeHa 13-3a MUTpaIuil yactu ocobeil B ri1ybOKOBOAHBIE
KoTJioBUHBl Barikana. Hccnenosanms 2003 r. moka-
3aJiid, YTO Ha IJIyOOKOBOJHOIM aKBaTOPHU MOXeT KOH-
neHTpupoBaThesa 10 40% Guomaccsr omysisa (Melnik et
al., 2007). CrnenoBaTeJIbHO, TUHAMHUKA Pa3MepHO-BO3-
pacTHOro cocraBa B NpHUOpeXHOI 30He olpejesisaeTrcs
He TOJIbKO CMEpPTHOCTBbI0O M, HO U K03(pdUIieHTOM
Murpanuu /, 4yTo Heo6XOAUMO YUUTHIBATh B OyAyIIMX
mopenax (Anoshko et al., 2023).

5. 3akniouenue

ParuoHasibHOE yIpaBjieHWe BOOHBIMU OHOpe-
cypcaM#, BKJIIOYAs MOMyJIALMI0 GAaKajbCKOTO OMYJIA,
JIOJDKHO OCHOBBIBAaThCA HAa KOMILIEKCHOM 3KOJIOTHYe-
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HOM Ha ocHoBaHnM MKEC (Hamu gaHHbIEe) UCXOOA U3 MOMNOJI-
HeHus 10 MUIH IIIT.
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Puc.3. V3meHeHue 6Guomacchl ITOKOJIEHMA, pacCUUTaH-
HOU Ha ocHoBaHuu M (1-Hamwu gaHHbie; 2 — OAY 2016; 3 —
Oy 2023; 4 - OV, 2025) u cpeaHeli HAaBeCKU B BO3paCTHOM
KJ1acce, MUCXOMs U3 monoJiHeHUs 10 MUTH IIIT.

CKOM U COIMaJIbHO-3KOHOMHYeCcKoM aHause. Ocolyio
BXXHOCTb 3TO IpuoOpeTaeT A paloOHOB o03epa
bBaiikas, rae pelOHOe XO3AMCTBO KJII0YEBBIM HCTOYHU-
KOM 3aHATOCTH. Pe3ynbTaThl MOJeIpoBaHus (AHOIIKO
u 1p., 2020) mokaselBalOT, YTO MPU HU3KOM ypOBHE
IIOTIOJIHeHNA BBeJleHre 3allpeToB Ha IIPOMBIIIIEHHBIN 1
JII0OUTEJIbCKUI JIOB MaJio 3(pHeKTUBHO [J1s1 BOCCTAaHOB-
JIeHus NPOMBICJIOBBIX 3anacoB. ToyHasA oneHka MKEC
ABJIAETCA LeHTPaJIbHOM 3afauyell prIO0X03:AMCTBEeHHBIX
HCCJIeIOBaHNUl, ollpefesiAlniell KayecTBO IIPOTHO-
30B JUHAMUK{ YKCJIEHHOCTU U AOIYCTUMBIX YJIOBOB.
Ananus nocneguux marepuanos OAY (Matepusl...,
2023; 2024) BBIABUJI 3HAYMTEbHBIE PACXOXAEHUA B
sHaueHusx MKEC nia pei6 pa3HoOro Bo3pacTa, KOTOphle
IIpA PaBHOM IIOINIOJIHEHUHU IMPUBOAAT K TPEXKPATHOMY
pacxoXxJeHuI0 B pacuéTHON Ouomacce MOMYJIANNHU.
ODTO CBHUAETEJIbCTBYeT O BHICOKOM HeoNpeeI€HHOCTU
COBpEMEHHBIX OL[EHOK U HeOOXOAVMMOCTHU IepecMoTpa
IIOAX0JI0B UX OLIEHKU.

Ta6suna 3. CpaBHeHUe KJII0YEBBIX MOMYJIALMOHHBIX [TOKa3aTeslell, pacCUUTaHHBIX Ha OCHOBe pa3jnyHbIX olfeHok MKEC

PacueTHbIe MOKa3aTeJIu Hamu nannsie | OOV, 2017 ony, 2023 oAy, 2025
YricIeHHOCTD MOMYJIANNY, MJIH. MIT.* 57.3 48.9 45.7 83.7
Buomacca nomyasaiuy, TeiC. TOHH* 10.3 6.3 4.8 2.5
Cpennsas Macca ocobu (W), r 180 129 105 30
YnicIeHHOCTh HEpecTOBOro CTajad, MJIH. IIT. ** 2l 1.9 1.7 0.6
Josa 6romMacchel HepecToBOro craaa, %** 8.2 10.5 13.2 7.9

IIpuMeyaHue: * - pacueT Ha [ONOJIHEHHWEe B 9 MJIH 9K3. B Bo3pacTe 2 JieT.
** . pacuet Ha 3.8 % uMCIJIEHHOCTU HEPeCTOBOIO cTala OT YMCJIEHHOCTU HOMYJIALUN
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KitoueBbIM (pakTOpPOM AMHAMUKK YHMCJIEHHOCTHU
nokosieHuil i CeJIeHTMHCKON MONYJIAIMU OMYJIA
ABJIAETCA BBICOKAasA IIOCJIEHEpecToBas CMEPTHOCTb,
npesbimatoniag  90%. OkcTpemMasibHOE HCTOIEHUe
Ipou3BoAuTesIell B XoJie IPOTAKEHHBIX HepecTOBOH
MUTrpaluil ABJisieTCss OCHOBON NMPUYMHON rubesy 1noJio-
BO3peJIbIX pEIO Oe3 yueTa BBUIOBA U IJIaBHOW NMPUYMHOMN
HU3KOHM JO0JIM HepecTOBOIO cTaja. Y4ér sToro ¢ax-
TOopa — 00sA3aTeJIbHOE YCJI0BHE KOPPEKTHOro Mofe-
JIMPOBaHUA MPOTHO30B M3MeHeHHus 3amnacoB. C 3KoJIo-
TMYecKOl TOYKM 3peHUsd, 3HauuTesIbHble KoJieOaHuA
MKEC Ha npoTsXeHUM XU3HU 0aiikajIbCKOTO OMYJIs
He oOocHOBaHbl. OCHOBHOI IIpecc XWIHHWKOB peaJiu-
3yeTcs B IpUOpPeXHOU 30He B NepBhle MeCALbl KU3HU.
OTcyTcTBHE XMIIHUKOB M OrpaHUYeHUI II0 KOPMOBOH
6aze mjia crapmux ocobeil oOycJiaB/IMBaeT CTaOWUJIb-
HBIIl ypOBeHb CMEpPTHOCTU. DTO IOATBEPXAaeT Iiee-
CcOo00pa3HOCTh UCIOJIb30BAHUA TEOPETUYECKUX OLIEHOK
M, ocHOBaHHBIX Ha MHBapHaHTaxX *XU3HEHHOro LMKJIA
B KauecTBe OpUEHTHUpOB. [IpuMeHeHUe KOHIENIUU
MaKCUMaJIbHOr0 Bo3pacta 7 U JOIyIIeHUs O BBDKUBA-
HUN ~1% MOKOJIeHUsA K 3TOMY BO3pacTy, MO3BOJIAET

MOJIyYUTh TEOpeTUYeckoe cpefgHee 3HauveHue M,
COOTBETCTBYyIOIIee cooTHomeHuio M/K=1,5 (Jensen,
1996). TeopeTuyeckuil cpeJHHUII BO3pacT IOJOBOTO
cospeBanus (¢, =8,8 roja) coBmajaer co CpeJHEMHO-
rojieTHUMHU (QakTUYeCKUMU OI[eHKaM{d BO3PacTHOTO
cocTaBa HepecTOBOro craja. [IpuMeHeHue TeopeTuye-
ckux onieHok MKEC gaér Gojiee peajncTUuyHbE U, He
MpoTHUBOpeYal[e NUCTOPUUYECKUM JAaHHBIM IIPOMBICJIA,
MPOrHO3aM JUHAMUKU MOMYJIALNY, YeM He0O0CHOBAHO
BBICOKME 3HauyeHUs, MpeJicTaBjieHHble B MaTepuajiax
OY. OcHOBHasA CJI0XKHOCTh IPAMBIX OLIEHOK BO3pacT-
HOT'O COCTaBa MOMYJIAIUM 0alikajibCKOTO OMYJIA ABJIA-
eTcs NPOoCTpaHCTBEeHHasi HEOJHOPOAHOCTD MOMYJIANMU.
Pacuétr MKEC mo BO3pacTHOI CTPYKType VJIOBOB C
CeJIeHrMHCKOTO MeJIKOBOJIbSI HEe MOXeT OBITh KOppeK-
TeH 6e3 yuérta koadduileHTa MUrpanuu /, Tak Kak
1o 40% Ouomaccel MOXeT HaryJMBaThCsA B IIyOOKOBO-
JHBIX palioHax o3epa.

TakuMm o6pa3oM, IpUMEHUMOCTH JII000TO Teope-
THUvyeckoro Meroga oneHku MKEC HanpsaMyl 3aBUCUT
OT €ero CBfA3M C MaKCHUMaJbHBIM Bo3pacToM. OrieHKHu
Ha 0Oa3e AUHAMWKN BO3PACTHOM CTPYKTYPHI OJIKHBI
VUUTBIBaTh [POCTPAHCTBEHHOE paclpejesieHUe U
Murpanuum ocobeil pasHoro Bo3pacTa. Kpurepuem
poctoBepHocTu oueHok MKEC poJoxkHa CIIyXUATh UX
COTJIAaCOBAHHOCTh C KJIIOYEBBIMU MOMYJIAITMOHHBIMU
rnokasaresAMU: Ovomaccoi, TpOoAyKIHeH, YNCJIEHHO-
CTHI0 HEPECTOBOI'O CTaJa U UCTOPUYECKON AUHAMUKOMI
BBLJIOBA.
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ABSTRACT. We report here the complete chloroplast genome sequence of the strain BAC9706 of green
microalga Chlorella vulgaris isolated from Lake Baikal. The chloroplast genome is a circular DNA molecule
of 161,721 bp and contains 78 protein-coding genes, 33 tRNA genes, and 3 rRNA genes. Comparative
analysis revealed a high level of conservation of gene content and gene order among other C. vulgaris
strains with minor differences mainly associated with introns and non-coding regions. Phylogenetic
analysis based on concatenated chloroplast protein-coding genes showed that strain BAC9706 clusters
within the C. vulgaris clade with high bootstrap support. These results indicate that strain BAC9706
represents a Baikal ecotype of C. vulgaris rather than a new species.
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1. Introduction

Lake Baikal is a unique ancient oligotrophic
freshwater lake characterized by exceptional biodiver-
sity and a high level of endemism. It is the deepest and
one of the oldest freshwater lakes in the world, contain-
ing about 20% of the global freshwater reserves (Gao
et al.,, 1994; Martens, 1997; Timoshkin, 2011). The
long geological history of Lake Baikal, combined with
its specific climatic and hydrological conditions, has
resulted in the formation of highly specialized aquatic
communities.

Autotrophic picoplankton plays a significant
role in primary production in Lake Baikal ecosystems.
During the summer period, picoplankton contributes
up to 60-90% of total primary production in the lake
(Votintsev et al., 1975; Bondarenko and Guselnikova,
1989; Nagata et al., 1994). The main contribution to
phytoplankton biomass is typically made by diatoms
and chrysophytes (Bondarenko et al., 2020), whereas
green algae of the phylum Chlorophyta are generally
considered rare and are represented by a limited num-
ber of taxa.

Chlorella-like green algae in Lake Baikal were
first described based on microscopic observations and
were reported sporadically, including under-ice phy-
toplankton development (Kozhova, 1959; Kozhova,

1987; Nagata et al., 1994). More recent studies have
demonstrated notable changes in phytoplankton com-
position in Baikal and adjacent water bodies. In partic-
ular, Chlorella vulgaris was detected at all investigated
stations of the Irkutsk Reservoir, which is indirectly
connected to Lake Baikal, and was shown to dominate
in under-ice and near-ice phytoplankton communities
during certain periods (Bashenkhaeva et al., 2020;
Firsova et al., 2023).

These observations raise questions about the
origin, persistence, and ecological characteristics of
Chlorella strains occurring in cold freshwater environ-
ments of the Baikal region. It remains unclear whether
these strains represent transient populations introduced
from surrounding water bodies or locally adapted eco-
types capable of surviving and reproducing under
low-temperature conditions.

Previously, a draft nuclear genome sequence of
Chlorella sp. strain BAC9706 isolated from Lake Baikal
was published (Petrushin et al., 2020), followed by a
detailed analysis of its mitochondrial genome (Panova
et al., 2024). These studies provided important insights
into the genomic features and phylogenetic position of
this strain, indicating its affiliation with the C. vulgaris
lineage and suggesting that strain BAC9706 represents
a Baikal ecotype of this species.
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To further expand our understanding of the
genomic organization of this Baikal strain and to enable
comparative analyses with other representatives of the
genus Chlorella, we assembled and analyzed the com-
plete chloroplast genome of C. vulgaris strain BAC9706
isolated from Lake Baikal.

2. Materials and Methods
2.1. DNA sequencing and genome
assembly

The genomic DNA was isolated as previously
described (Petrushin et al., 2020), and sequenced using
the Illumina MiSeq platform. A draft assembly was built
using SPAdes v. 3.15.4 (Bankevich et al., 2012). This
draft assembly contained 5,837 contigs with an N50
value of 44,654 bp, and the largest contig was 317,606
bp long.

The obtained whole-genome assembly contigs
were aligned against reference chloroplast genomes of
C. vulgaris available in NCBI using BLASTn to identify
chloroplast contigs.

2.2. Genome annotation and visualization

For genome annotation we used the GeSeq tool
(Tillich et al., 2017) with default parameters for pro-
tein-coding genes, tRNAs, and rRNAs, using the C.
vulgaris strain NJ-7 (GenBank accession MK948100)
chloroplast genome as reference. OGDRAW was used
for chloroplast genome map visualization (Greiner et
al., 2019), to prepare files for GB2sequin (Lehwark and
Greiner, 2019).

2.3. Phylogenetic analysis

The evolutionary analysis was conducted using
the Maximum Likelihood method implemented in
MEGA11 (Tamura et al., 2021). The best-fit substitution
model was selected automatically and branch support
was assessed using 1000 bootstrap replicates. All cur-
rently available sequences of complete well-annotated
chloroplast genomes belonging to the Chlorellales order
were selected from NCBI. From these, we extracted all
protein-coding sequences, performed alignments, and
concatenated them. To improve alignment quality,
poorly aligned regions were removed.

The final phylogenetic tree is based on 73 con-
catenated protein-coding chloroplast genes from 16
taxa (5 of the annotated ycf genes were excluded from
this analysis).

3. Results
3.1. Chloroplast genome features

The complete chloroplast genome of C. vulgaris
strain BAC9706 is a circular double-stranded DNA mol-
ecule with a length of 161,721 bp. The genome con-
tains a total of 114 genes, including 78 protein-coding
genes, 33 tRNA genes, and 3 rRNA genes (Fig. 1).

The protein-coding genes include 1 accD gene,
6 genes for ATP synthases (atpA, atpB, atpE, atpF,
atpH, atpl), 1 for cell envelope (cemA), 3 protochlo-
rophyllide reductase genes (chlB, chlL, chIN) and 1
Mg-protoporphyrin IX chelatase (chll), 2 genes related
to sulfate transport (cysA and cysT), 2 genes related to
cell division and protein quality control (ftsH, minD),
2 hydrolases (I-Cvul and clpP), 1 translation initiation
factor (infA), 6 cytochrome-related genes (ccsA, petA,
petB, petD, petG, petL), 22 involved in photosynthesis
(rbcL, psaA, psaB, psaC, psal, psaJ, psaM, psbA, psbB,
psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ), 21 for ribosomal proteins
(rpl12, rpll4, rpll6, rpll9, rpl2, rpl20, rpl23, rpl32,
rpl36, rpl5, rpsll, rpsl2, rpsl4, rpsl8, rpsl9, rps2,
rps3, rps4, rps7, rps8, rps9), 4 for RNA synthesis (rpoA,
rpoB, rpoCl, and rpoC2), 1 for elongation factor Tu
(tufA), 5 ycf genes (ycf3, ycf4, ycf62, ycf12, ycf78). The
33 tRNA genes cover the transfer of all 20 amino acids,
in which 3 are tRNA-Gly, 2 tRNA-Ile, 4 tRNA-Leu, 3
tRNA-Arg, 3 tRNA-Ser, 2 tRNA-Thr, 2 tRNA-Val genes.

The complete chloroplast genome sequence of C.
vulgaris BAC9706 has been deposited in the GenBank
database under the accession number PQ037191.1.

3.2. Comparative analysis with other C.
vulgaris strains

Currently published complete chloroplast
genomes of C. vulgaris vary in genome size and gene
content, reflecting differences in annotation approaches
and assembly completeness (Table 1). Differences in
the reported numbers of protein-coding genes among

Table 1. General features of currently published chloroplast genomes of C. vulgaris

Accession Strain Genome size, |Protein- coding| tRNA/rRNA Reference
bp genes genes

PQ037191.1 C. vulgaris BAC9706 161721 78 33/3 Present study
MW900257.1 C. vulgaris 156202 73 32/3 Unpublished
NC_001865.1 C. vulgaris C-27 150613 174 33/3 Wakasugi et al., 1997
CMO041649.1 C. vulgaris 211/11P 165504 70 NA Cecchin et al., 2019
MT577052.1 C. vulgaris 165412 78 33/3 Wen and Wan, 2020
MT920676.1 C. vulgaris ITBBA3-12 168369 111 29/3 Han et al., 2021
MK948102.1 C. vulgaris UTEX259 176851 79 33/3 Unpublished
MK948100.1 C. vulgaris NJ-7 154201 79 33/3 Unpublished
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Fig.1. Chloroplast genomic map of C. vulgaris BAC9706.

published genomes are largely attributable to different
annotation strategies and inclusion criteria.

Comparative analysis revealed a high degree of
sequence similarity between the chloroplast genomes.
Gene content and gene order were highly conserved
among the analyzed genomes, and no large-scale
rearrangements affecting genome organization were
detected.

A notable difference was observed in the intron
of the psbA gene. In strain BAC9706, this intron encodes
a putative site-specific DNA endonuclease of 234 amino
acids, whereas a truncated version is present in strain
NJ-7. This difference is caused by several nucleotide
substitutions and a single-nucleotide insertion, result-
ing in a longer open reading frame in strain BAC9706.

Overall, most nucleotide substitutions between
BAC9706 and other C. vulgaris strains were located in
non-coding intergenic regions, while protein-coding
genes were highly conserved. In particular, no amino
acid substitutions were detected in the rbcL gene, indi-
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cating strong functional constraints on core photosyn-
thetic proteins.

3.3. Phylogenetic analysis

Phylogenetic analysis demonstrated that strain
BAC9706 clusters with other C. vulgaris strains forming
a well-supported clade with 100% bootstrap support
(Fig. 2). This result is consistent with previous mito-
chondrial genome-based analyses and confirms the tax-
onomic assignment of BAC9706 to C. vulgaris.

4. Discussion

The complete chloroplast genome of C. vulgaris
strain BAC9706 isolated from Lake Baikal complements
previously published mitochondrial genome data for
this strain. Comparative analysis revealed a high level
of conservation in gene content, gene order, and over-
all genome organization relative to other C. vulgaris
strains, with no evidence of large-scale rearrangements.
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Fig.2. Phylogenetic tree of C. vulgaris BAC9706 based on chloroplast concatenated protein-coding genes from Chlorellales taxa.

Most sequence variation was confined to intronic
and intergenic regions, whereas protein-coding genes
remained highly conserved. In particular, differences
observed in the psbA intron, including variation in
the length of the intron-encoded endonuclease, likely
reflect intraspecific variability of mobile introns rather
than functional divergence of photosynthetic genes.

Phylogenetic analysis based on complete chloro-
plast genome sequences placed strain BAC9706 firmly
within the C. vulgaris clade, consistent with previous
mitochondrial genome-based results (Panova et al.,
2024). Together, these data indicate that BAC9706
represents a Baikal ecotype of C. vulgaris rather than
a distinct species and provide an additional organellar
reference for future comparative studies.

5. Conclusions

The complete chloroplast genome of C. vul-
garis strain BAC9706 isolated from Lake Baikal was
assembled and analyzed. The genome exhibits a high
level of conservation in gene content and organiza-
tion compared to other C. vulgaris strains, with dif-
ferences mainly confined to intronic and intergenic
regions. Phylogenetic analysis confirms that BAC9706
represents a Baikal ecotype of C. vulgaris rather than
a distinct species. These data provide a genomic basis
for future studies of Chlorella strains in cold freshwater
environments.
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XnoponaacTHbiv reHom wrammva BAC9706
Chlorella vulgaris, BbIAEA€HHOro U3 o3epa
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[Tanosa 10.A.'*", YepHorop JI.N.'", Benukos C.1.1*

T JTumHostoeudeckuti uHcmumym CO PAH, yn. Ynau-Bamopckas, 3, Hpkymck, 664033, Poccua
2 Cubupckuti pedepartbHlii yHugepcumem, Akademeopodok, 13a, KpacHospck, 660036, Poccus

AHHOTALIUA. B mnacrosmeli paboTe MpefcTaBjeHa IIOJHAsA IIOCJIEHOBATEIbHOCTh XJIOPOILJIACT-
HOTO TeHOMa 3eJ1€HOoM MuKpoBogopocau Chlorella vulgaris mravmma BAC9706, BEIOEIEHHOTO U3 03€epa
Barikas. XJIOpOIJIAaCTHBIN T€HOM IpeJicTaBJisieT cO00H KoJibleByo Mojekyay JHK mgmuxon 161 721
II.H. U COJiepXuUT 78 Gesiok-koAaupyomux reHoB, 33 reHa TPHK u 3 rena pPHK. CpaBHUTEJIbHBIN aHAJIN3
BBIAIBIJI BEICOKUH YPOBEHb KOHCEPBATHUBHOCTH M'€HHOI'O COCTaBa U IOPsAAKA MeHOB II0 CPaBHEHUIO C ApY-
rumu mrammamu C. vulgaris, npyu 5TOM He3HAUUTeJIbHbIE PA3JINYKSA B OCHOBHOM CBSI3aHBI C MHTPOHAMU
1 HeKoAupyomuMu obiacTamu. duaoreHeTHYecKUil aHaIN3, OCHOBAHHBIN Ha KOHKAaTEHHPOBAHHBIX
0eJIOK-KOAUPYIIMX I'eHAaX XJIOPOILIACTHOrO reHoMa, IoKasas, yTo mraMMm BAC9706 rpynmnupyercs
BHyTpHU Kytaasl C. vulgaris ¢ BEICOKOI OyTCTpen-moamepxKoi. [ToyueHHbIe pe3yIbTaThl YKA3bIBAIOT HA
TO, uT0 BAC9706 mpencrasiisieT coboit 6atikaabckuii skotun C. vulgaris, a He HOBBII BU/I.
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1. BBeapenue

Ozepo batikan — yHHKajJbHOe ApeBHee OJIU-
rorpoHOe NpPecHOBOJHOE 03epo, XapaKTepusyolle-
ecs MCKJIIUUTEeJIbHEIM Oropa3HooOpa3reM U BBICOKUM
YpPOBHEM 3HJeMu3Ma. JTO caMoe TJiyOokoe UM OOHO
U3 JPEeBHEHIINX MPECHOBOIHBIX O3EpP B MEHpeE, COfep-
kamfee okosio 20 % MHPOBBIX 3alacoB NMPECHON BOABI
(Gao et al., 1994; Martens, 1997; Timoshkin, 2011).
JlnuTenbHasa reosioruyeckas HWCToOpuA o3epa baiikan
B COYETAHUU CO cHerupUUEeCKUMU KJINMaTUYeCKUMU
U TUIPOJIOTMYECKMMH YCJIOBUSAMM IMpuBejia K dop-
MHUPOBAHUID  BBICOKOCTEIUAJIM3UPOBAHHBIX  BOJHBIX
COOOIIEeCTB.

ABTOTpO(DHBI MNHKOIJIAHKTOH WrpaeT 3Ha4u-
MY POJIb B TEPBUYHON MPOJYKIIMU IKOCUCTEM O3epa
Batikan. B sieTHMil mepuoji BKJIA[ NHUKOILUIAHKTOHA
MoxeT gocturatb 60-90 % ot o61mieli mepBUYHON IPO-
nyknuu oszepa (Votintsev et al., 1975; Bondarenko and
Guselnikova, 1989; Nagata et al., 1994). OcHOBHOI
BKJIaJ] B GrioMaccy (pUTOILIAaHKTOHA, KAaK IIPaBUJIO, BHO-
CAT JUAaTOMOBBIE U 30JI0THCThIe Bogopociu (Bondarenko
et al., 2020), Torga Kak 3eJIéHble BOJOPOCJM OTHAesa

Chlorophyta 0OBIYHO CUUTAIOTCA PEIKUMU U IPEICTAaB-
JIEHBI OTPAHUYEHHBIM YHCJIOM TaKCOHOB.

XsopeionoJoOHbIE 3eI€HBIE BOJOPOCIN B 03€epe
Batikas ObLTY BIIEPBBIE OMMCAHBI HA OCHOBE MHUKPOCKO-
MUYECKUX HAOJIOAEHUA U OTMEeYasIiCh SITHU30JMYECKH,
B TOM YHCJIe B COCTaBe MNOAJIEAHOr0 (HPUTOMIAHKTOHA
(Kozhova, 1959; Kozhova, 1987; Nagata et al., 1994).
Bosiee mo3gHME ucCCIENOBAaHUA TOKAa3ajid 3aMeTHHIE
“3MeHeHUs B cocTaBe (PUTOIIAaHKTOHA Bakikasia u npu-
Jieraromux BoAoéMoB. B wactHoctu, Chlorella vulgaris
Opla OOHapyXeHa Ha BCeX HCCJIeJOBAHHBIX CTaH-
usax MpKyTCKOTO BOAOXPAaHMJIUINA, KOTOpPOEe OIocpe-
JIOBaHHO CBfA3aHO C o3epoM bBaiikajy, u B OTJieJIbHbIe
MEepPUOb IOMUHHPOBAJIA B MOJJIEMHBIX U ITPUMIANHBIX
duTomaHKTOHHBIX coobiiecTBax (Bashenkhaeva et al.,
2020; Firsova et al., 2023).

OTu HAOIIOAEeHUA TOAHUMAKT BOIIPOCH O ITPOUC-
XOXIeHUU, YCTOMYMBOCTH UM DKOJIOTMYECKUX XapaKTe-
puctukax mrammMoB Chlorella, 06UTaOIMUX B XOJIO0HBIX
MPECHOBOJHBIX 3KOCHCTEMAaX BailKkaJIbCKOTO pervoHa.
OcTaértca HeACHBIM, IPEICTaBJIAT JIUM TaKye MTaMMBbI
TPAH3UTOPHEIE TIOMYJIANNN, 3aHECEHHBIE M3 OKPYXalo-
MUX BOJOEMOB, WJIM Xe JIOKAJbHO afalTUPOBAaHHBIE
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SKOTHIIBI, CIIOCOOHBIE K BBXKMBAHUIO 1 Pa3MHOXEHHIO B
YCJIOBUAX HU3KUX TeMIlepaTyp.

Panee Oblyia ony6JsMKOBaHa YepHOBas IOCJIEAO-
BaTEJIbHOCTh sAnepHoro reHoma Chlorella sp. mramma
BAC9706, BrimesieHHoro u3 o3epa bBaiikan (Petrushin
et al.,, 2020), a 3aTeM BBIIOJIHEH JeTaJbHBIN aHAJIN3
ero MUTOXOHApUasibHoro reHoma (Panova et al., 2024).
ODTH HCCIIeJOBaHUA NpeJOoCTaBUIN BakHyI0 MHMOpMa-
L[1I0 O TeHOMHBIX 0COOEHHOCTAX U (PUIoreHeTHYecKoM
[IOJIO’KEHWM JaHHOTrO IITaMMa, yKa3aB Ha ero npuHai-
JexHocts K suauu C. vulgaris ¥ no3BoJIMB IpeIoJio-
XUTh, uTo BAC9706 npencrasseT cob60ii 6alikaibCKUI
SKOTHUII 3TOr0 BUAA.

Jna panpHelimiero pacliMpeHUs IpeAcTabJie-
HUI 0 FeHOMHOW opraHu3anuy JaHHoro 6aiiKkaabCKoro
mTaMMa U IpOBeJleHUs CPaBHUTEJIBHOIO aHaju3a C
apyrumu mpefcrtaButesiamu poaa Chlorella B HacTos-
meli paboTe ObLa BHINMOJIHEHA cOOpKa U aHAJIM3 MOJI-
HOro xJIopoIlacTHOro reHoma C. vulgaris mramma
BAC9706, BeiiesieHHOTr0 U3 o3epa barikas.

2. MaTepuanbl U MeTOADI
2.1. CexBenunpoBanue AHK u c6opka
reHoma

l'enomHas JJHK Oblna BbiJjesieHa paHee ONKCAH-
HbeIM MeTozoM (Petrushin et al., 2020) u cekBeHUpO-
BaHa ¢ ucnoJsib3oBanueM miardopmel [llumina MiSeq.
YepHoBas cOopka Obljia BBIIOJHEHA C IIOMOIIBI0 MPO-
rpamMbl SPAdes v. 3.15.4 (Bankevich et al., 2012).
[TosrydyenHas c6opka BkIo4asa 5837 KOHTUTOB €O 3Ha-
yeHneM N50 44654 m.H., Ipu 3TOM AJMHA HaUOOJIb-
1Iero KOHTura cocrasJisia 317606 mn.H.

[TosiydeHHBIE KOHTUTH [TOJIHOT€HOMHOH COOpPKHU
OBLIM BBIDOBHEHHI II0 pedepeHCHBIM XJIOPOIJIACTHHIM
reHomMawm C. vulgaris, JocTymHbIM B 6a3e mqaHHbex NCBI,
¢ ucnoJsb3oBanneM BLASTn gia nageHTudukaniy KOH-
TUT'OB XJIOPOILJIACTHOI'O IIPOUCXOXAEHUS.

2.2. AHHOTauMA reHOMa ¥ BU3yaAu3auuna

Jyia aHHOTaI[UM TeHOMa UCIOJIb30BaJil UHCTPY-
MeHT GeSeq (Tillich et al., 2017) ¢ mapamerpamu 1o
yMOJIYaHUI0 Ay Oenok-komupylomux reHo, TPHK u
PPHK, ucmosbs3ysa xJyiopomtacTHeii reHom C. vulgaris
mramma NJ-7 (Homep moctyma GenBank MK948100)
B KauecTBe pedepeHca. Busyanuzanuio TIeHOMHBIX
kapt BBIOJHAMU ¢ mnoMmoulpio OGDRAW (Greiner
et al., 2019), a Takke MOATOTABJIMBAIN (GAMNJIBl AJIA
GB2sequin (Lehwark and Greiner, 2019).

2.3. dunoreHeTMuecKum aHanus

ODBOJIIOLIMOHHBIN aHaiu3 OblI MPOBEEH MeTo-
JOM MAaKCHMMaJIbHOTO MpaBAoNofo0Hs C HCIIOJIb30-
BaHueM nporpamMmbl MEGA11l (Tamura et al., 2021).
OntuMaibHas MoOJeJib HYKJIeOTHAHBIX 3aMeH IoAd-
6upajsacb aBTOMaTHU4ecK{, HaJEXHOCTb BeTBell olle-
HuBaju Ha ocHoBe 1000 OyTcrpen-periuk. 13 6a3bl
naHHeix NCBI 6puTi 0oTOOpaHBI BCe JOCTYyNHBIE Ha
MOMEHT HCCJIe[JOBaHHA IOJHOCTbI0 aHHOTHPOBAHHBIE
XJIOpOIJIaCTHEIE TeHOMEI IpeJicTaBUTesIell Iopsaka
Chlorellales. 3 Hux GbUIM M3BJIEYEHBI BCe OEJIOK-KO-
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JUpylolire IocJeAoBaTeIbHOCTH, BBIIIOJIHEHEl BHIPaB-
HUBaHWA U IpoBefleHAa MX KOHKaTeHauu:A. (1A MOBHI-
IIeHNs KadecTBa BbIpAaBHUBAHUA IIJIOXO BHIPOBHEHHBIE
y4acTK{ ObLIN yJaJIeHHL.

HTtorosoe pusoreHeTrnieckoe JepeBo OCTPOEHO
Ha OCHOBe 73 KOHKaTE€HHPOBAHHBIX OeJIOK-KOANPYIO-
KX FeHOB XJIOPOIJIAaCTHOTO FreHOMa, IOJIy4eHHBIX AJ1A
16 TakcOHOB (TATH AHHOTHPOBAHHBIX T'€HOB Ycf OBLIU
HCKJII0UEHHI U3 aHaJIn3a).

3. Pe3yAbTatbl M 06Cy)XACHMUA
3.1. XapakTtepucTUKa XAOpPONAACTHOro
reHoma

IMosHBINT  XxJTOpOIJIACTHBRIE reHoM C. vulgaris
mrTamMMa BAC9706 mnpefcrassisieT co60il KOJIbLIEBYIO
JByllenioueyHyto MoJiekysy JHK amunHoit 161721 m.H.
F'eHoMm copepxuT B oOmiell ciaoxHocTu 114 reHOB,
BKJTIOYas 78 Gesiok-koaupylomux reHos, 33 reHa TPHK
u 3 rena pPHK (Puc. 1).

K unciy 6e10K-KOAUPYIOMNX IeHOB OTHOCATCH:
onuH reH aceD; mecTb reHOB cyOobeauHUL AT®-cruHTa3b!
(atpA, atpB, atpE, atpF, atpH, atpl); oquH reH, cBA3aH-
HBIH ¢ popMUpOBaHUEM KJIETOUHOU 000J104kU (cemA);
TpU reHa nportoxyiopobunuapenykrassl (chlB, chiL,
chIN) u ogun ren Mg-nporonopdupun IX-xemaTassl
(chll); nBa rena, cBsA3aHHbIE C TPAHCIIOPTOM CYJIb(ATOB
(cysA u cysT); nBa reHa, ydyacTByiomye B KJI€TOYHOM
JleJIeHUU M KOHTpoJie kadyecTBa GesikoB (ftsH, minD);
nBe rugposiassl (I-Cvul u clpP); oquH GakTop UHUIM-
anuu tpaHcaanuu (infA); mecTs reHoB, CBA3AHHBIX C
nquroxpoMamu (ccsA, petA, petB, petD, petG, petL);
22 reHa, ydyactBymwomue B potocuHTe3e (rbel, psaA,
psaB, psaC, psal, psaJ, psaM, psbA, psbB, psbC,
psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ); 21 ren pub6ocoMHBIX GEJTKOB
(rpl12, rpl14, rpll6, rpll9, rpl2, rpl20, rpl23, rpl32,
rpl36, rpl5, rpsll, rpsl2, rpsl4, rpsl8, rpsl9, rps2,
rps3, rps4, rps7, rps8, rps9); ueThipe reHa, y4acTBYIo-
mue B cuHte3e PHK (rpoA, rpoB, rpoCl, rpoC2); oauH
reH dakropa astoHrauuu Tu (tufA); a Taxxe nATh TeHOB
cemerictBa ycf (yef3, ycf4, ycf62, ycfl2, ycf78).

Tpuauate Tpu resa TPHK obecneuuBaoT nepe-
Hoc Bcex 20 aMHMHOKHCJIOT; IPU 3TOM IIpefCTaBJIeHbI
Tpu rera TPHK-Gly, nBa TPHK-Ile, yethipe TPHK-Leu,
tpu TPHK-Arg, Tpu TPHK-Ser, npa TPHK-Thr u aBa
TPHK-Val.

[losiHaA mocsenoBaTeIbHOCTh XJIOPOILJIACTHOIO
reHoMma C. vulgaris BAC9706 nenoHupoBaHa B 6a3e JaH-
Hbix GenBank mog Homepowm goctyma PQ037191.1.

3.2. CpaBHMTEAbHbIW aHaAAU3 C APYTUMH
wrammanmu C. vulgaris

OnyGIMKOBaHHbIE HA HACTOSIUA MOMEHT TOJI-
HBIE XJIOPOILTACTHBIE TeHOMBI C. vulgaris pasynyawTcs
o pa3Mepy TreHoMa U TeHHOM HACHIIEHHOCTH, YTO
OTpaXxaeT pa3jNyMA B MOAX0JaxX K aHHOTAI[UU U TOJI-
HoTe c6opok (Tabauna 1). Paznuuus B unciae aHHOTU-
POBaHHBIX 6€JIOK-KOUPYIONIUX T€HOB B 3HAYMTEJIbHOM
cTerneHn O6YCIIOBJIEHB HCIOJIb3YEMBIMUA CTPaTEruAMU
AHHOTAIMU U KPUTEPUSAMHU BKJIIOUEHUS TE€HOB.
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Il photosystem |
[l photosystem I

[E cytochrome b/f complex 7

[0 ATP synthase

B RubisCO large subunit

B RNA polymerase

[ ribosomal proteins (SSU)

[ ribosomal proteins (LSU)

[l transfer RNAs

M ribosomal RNAs

[ clpP, matK

[ other genes o

[ hypothetical chloroplast %,
reading frames (ycf)

Chilorella vulgaris BAC9706
chloroplast genome
161,721 bp

o
Puc.1. 'eHomHas kapra xjopomiacta C. vulgaris BAC9706.

CpaBHUTEJIbHBIN aHAJIN3 BBIABUJI BBHICOKYIO CTe-
TeHb CXOCTBA IMOCJIeJOBATEIbHOCTEN XJIOPOIJIACTHBIX
reHOMOB. ['@HHBII COCTaB U MOPSJOK T€HOB OKA3aJIUCh
BBICOKO KOHCEPBAaTUBHBIMU BO BCe€X AaHAJIM3UPYEMBIX
reHoMax, Ipu 3TOM KPYMHOMACIHITaOHBIX IepecTpOoek,
3aTparuBarluXx OpPraHu3alii0 TeHOMa, BHIABJIEHO He
OBLIIO.

3ameTHOoe pasauune ObJIO OOHApyXeHO B
nHTpoHe reHa psbA. YV mramma BAC9706 nmaHHBIN
WHTPOH KOJUpYyeT MpejlojaraeMylo cauT-crernuduy-
"y JJHK-3ng0HYyKII€a3y JIMHON 234 aMUHOKUCJIIOTHI,
Torja Kak y mraMmma NJ-7 npucyTcTByeT YKOpOUeHHBIH
BapuaHT. JTO pasyinuve OOyCJIOBJIEHO HECKOJIbKAMU
HYKJIEOTMAHBIMM 3aMeHaMM U OJHOU OAHOHYKJIEOTH-

Ta6smmma 1. Obire XxapaKTEpPHUCTUKY ONyOJINKOBaHHBIX XJI0POIIACTHHEIX TeHoMoB C. vulgaris

Homep nocryna IIItamm Pasmep
reHoMma, I.H.
PQ037191.1 C. vulgaris BAC9706 161721
MW900257.1 C. vulgaris 156202
NC_001865.1 C. vulgaris C-27 150613
CM041649.1 C. vulgaris 211/11P 165504
MT577052.1 C. vulgaris 165412
MT920676.1 C. vulgaris ITBBA3-12 168369
MK948102.1 C. vulgaris UTEX259 176851
MK948100.1 C. vulgaris NJ-7 154201

Besok- I'ensl TPHK/ HcTouyHuK
KOAUPYIOLIMe TeHbl pPHK

78 33/3 JlanHOe HcciieJoBaHUe
73 32/3 He ony6inkoBaHoO
174 33/3 (Wakasugi et al., 1997)
70 NA (Cecchin et al., 2019)
78 33/3 (Wen and Wan, 2020)
111 29/3 (Han et al., 2021)

79 33/3 He ony6smkoBaHo
79 33/3 He ony6sinkoBaHO
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HOH BCTaBKOM, 4TO NMPUBOAUT K GOPMHUPOBaHUIO OoJiee
JJMHHOM OTKPBITOU paMKu cuuThiBaHus y BAC9706.

B nesoMm GOJIBHIMHCTBO HYKJIEOTUAHBIX 3aMeH
Mexay BAC9706 u mpyrumu mrtammvamu C. vulgaris
JIOKaJIN30BaHBl B HEKOJUPYIOUMX MeXTeHHBIX o0Ja-
CTAX, TOrAa Kak 06eJI0K-KOAUPYIoI[re FeHbl OTJINYaloTCsA
BBICOKOI CTeleHbl0 KOHCepBaTHMBHOCTU. B uacTHoOCTH,
B reHe rbcL He ObUIO BBHIABJIEHO HU OJJHOIN aMHHOKFC-
JIOTHOY 3aMeHBl, YTO yKa3blBaeT Ha XK€cTkue QyHKIU-
OHaJIbHBIE OIPaHUYEHUs, XapaKTepHble JIS KIII0UYeBBIX
6es1K0B (POTOCHMHTETUYECKOIO anmnapara.

3.3. dunoreHeTHUECKUH aHAAU3

dusioreHeTUYeCKUl aHaIW3 [OKasaja, dYTO
mraMm BAC9706 rpynnupyeTtcsa ¢ APpyruMHU LTaMMaMu
C. vulgaris, o6pa3ys XOpolIo MOoJ/iepKUBAEMYI0 KJIaay
co 100% OGyTcTrpen-noaaepxkoii (Puc. 2). ITosyyeHHBIN
pe3yJibTaT corJjlacyeTcs ¢ paHee BHIIOJIHEHHBIMM aHa-
JM3aM{d Ha OCHOBe MHUTOXOHJIpHAJIbHOTO TeHoMa U
MOATBEpXJaeT TaKCOHOMUYECKYI0 IpHUHAAJIeKHOCTD
BAC9706 k Buay C. vulgaris.

4. 06cyxpeHue

[TonmHBIET  XJIOPOILUIACTHBIA TeHOM  IITaMMa
BAC9706, BrifjesieHHOr0 U3 o3epa batikas, fgomnoJiHsAeT
paHee omny0JMKOBaHHblE AaHHbIE O MHUTOXOHpHAJIb-
HOM reHome JaHHoro mramma. CpaBHUTEJIbHBIN aHa-
au3 BesABUA Yy C. vulgaris BRICOKHMIT ypOBEHb KOHCEPBA-
TUBHOCTH T'€HHOTI'0 COCTaBa, MOpsAKa reHOB U obIeil
OopraHu3alry reHoMa 1o CpaBHEHMIO C APYTUMU HITaM-
MaMu, IpY 3TOM IPHU3HAKOB KPYITHOMAaCIITaOHbBIX Ilepe-
cTpoek obHapyXeHO He ObLIO.

BosbIIMHCTBO pas3jiuuuii B MOCJieJoBaTeIbHO-
CTAX OBLJIO OTpaHUYEHO WHTPOHHBIMU U MeXTeHHBIMU
obiacTsaMu, Toraa kak 6eJIoK-KoAUpYIol[re TeHbl 0CTa-
BaJIUCh BBICOKO KOHCEpBaTUBHBIMU. B yacTHOCTH, pas-
JINYUSA, BBIABJIEHHBIE B MHTPOHE TeHa pSbA, BKJIOYaA
Bapuanuu AJIUHBL WHTPOH-KOAUPYEMOU 3HJIIOHYKJIe-
a3bl, BEPOSITHO, OTPaXXal0T BHYTPUBUIOBYIO HU3MeEHYU-
BOCTh MOOWJIBHBIX UHTPOHOB, a He (PYHKINOHAIbHYIO
JVBepreHIio (OTOCMHTETUYECKUX I'eHOB.

100

100

— 1

L

duoreHeTUYECKU aHaJIM3, OCHOBAHHBIN Ha
MOJIHBIX IOCJIEIOBATEIbHOCTAX XJIOPOILJIACTHBIX I'€HO-
MOB, yBepeHHO nomemlaetr mramMMm BAC9706 B kiagy
C. vulgaris, 4TO corjacyeTcsi ¢ paHee MOJYYEHHBIMU
pe3yJibTaTaM{ Ha OCHOBE MUTOXOH/IPUAJIbHOTO TreHoMa
(Panova et al., 2024). B COBOKYITHOCTH 3TU AaHHbIE yKa-
3BIBAIOT Ha TO, uTo BAC9706 npenacrasiseT coboit Oaii-
KaJibckui axotun C. vulgaris, a He HOBBIY BU]I, U obecre-
YMBAIOT JONOJHUTEJIbHBIN OpraHesUIApHBII pedepeHc
11 Oy AYLIMX CPaBHUTEJIbHBIX UCCJIeIOBAaHUM.

5. 3akniouenue

B Hacrtosimeli paboTte 6b171 coOpaH U MpoaHaU-
3UpOBaH IOJIHBIN XJIOpOIUIacTHHIE reHom C. vulgaris
mramMMa BAC9706, BelmeneHHoro u3 o3sepa batika.
l'enoM xapakTepusyeTcsd BBICOKMM YpPOBHEM KOH-
CEepBAaTUBHOCTM T€HHOIO COCTaBa W OpraHU3anuu
0 cpaBHeHUIO ¢ ApyruMu mrammamu C. vulgaris,
IIPU 5TOM BBIABJIEHHblE Pa3jiMiyusA B OCHOBHOM OrIpa-
HUYeHB MHTPOHHBIMH M MEXIeHHBIMU O0JIacTAMU.
QdusioreHeTUYeCKUl aHauW3 IMOATBepXAaeT, 4TO
BAC9706 mpefncraBiisier co60il GaiikajIbCKUIl 3KOTHUIL
C. vulgaris, a He oTAenbHBIN BUf. [losyyeHHBIe NaH-
Hble (QOpMUPYIOT I'€HOMHYI0 OCHOBY [JI HaJjibHeM-
IINX HccjieoBaHni mramMMoB Chlorella, obuTaionx B
XOJIOJHBIX IIPECHOBOJJHBIX 3KOCHUCTEMaXx.

BbaaropapHocTH

Pabora BbINoJIHEHA B paMKaX I'oCylapCcTBEHHOTO
3amaHus JluMHosornyeckoro UHCTUTyTa CHOUPCKOTO
oTheneHus Poccutickoii akafnemun Hayk No 0279-2021-
0011. UccnegoBaHue Takxe nojiepxaHo Poccuiickum
HayuHsiM ¢donHaoMm (mpoekt Noe 19-14-00088) u
PoccuiickuMm ¢oHOoM ¢yHOaMeHTaJbHBIX MCCIIeI0-
BaHuil (mpoektel No 16-04-00065, 16-54-150007,
18-04-00224).

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(IIMKTa
VHTEPECOB.

Chlorella vulgaris BAC9706

Chlorella vulgaris MT577052

Chlorella vulgaris KNUA0OO7 MW900257
Chlorella vulgaris C-27 NC_001865
Chlorella vulgaris ITBBA3-12 MT920676

100

100 100

T —

43

100
69
100
100
100

Chlorella variabilis K3718922

Chlorella sp. ArM0029B KF554427
Micractinium simplicissimum NC_071969
Micractinium pusillum MN649872
\——————— Micractinium sp. LBA 32 MH983006
Chlorella sorokiniana KJ742376
Binuclearia lauterbornii NC_025541
Pseudochlorella signiensis NC_025529
Auxenochlorella protothecoides NC_023775
— Dicloster acuatus NC_025546

L Marvania geminata NC_025549

Puc.2. ®duioreHetuyeckoe AepeBo C. vulgaris BAC9706, mOCTpOEHHOE Ha OCHOBE KOHKATEHHUPOBAHHBIX O€JIOK-KOIUPYOIIIX
reHOB XJIOPOILUIACTHOTO reHoMa TpecraBuTesen nopsagka Chlorellales.

1388



lMaHoea FKO.A. u Op. / Limnology and Freshwater Biology 2025 (6): 1380-1389

CnucokK AuTeparypbl

Bankevich A., Nurk S., Antipov D. et al. 2012. SPAdes:
a new genome assembly algorithm and its applications to
single-cell sequencing. Journal of Computational Biology
19(5):455-77. DOIL: 10.1089/cmb.2012.0021

Bashenkhaeva M.V., Galachyants Y.P., Khanaev L.V. et al.
2020. Comparative analysis of free-living and particle-associ-
ated bacterial communities of Lake Baikal during the ice-cov-
ered period. Journal of Great Lakes Research 46(3): 508-518.
DOI: 10.1016/j.jglr.2020.03.015

Bondarenko N.A., Vorobyova S.S., Zhuchenko N.A. et al.
2020. Current state of phytoplankton in the littoral area of
lake Baikal, spring 2017. Journal of Great Lakes Research 46
(1): 17-28. DOL: 10.1016/j.jglr.2019.10.001

Bondarenko N.A., Guselnikova N.E. 1989. Production of
phytoplankton of Southern Baikal. Bulletin of the Siberian
Branch of the USSR Academy of Sciences 1: 77-80.

Cecchin M., Marcolungo L., Rossato M. et al. 2019.
Chlorella vulgaris genome assembly and annotation reveal
the molecular basis for metabolic acclimation to high light
conditions. Plant Journal 100(6): 1289-1305. DOI: 10.1111/
tpj.14508

Firsova A., Galachyants Yu., Bessudova A. et al. 2023.
Summer phytoplankton species composition and abundance
in the southern basin of Lake Baikal and Irkutsk Reservoir.
Limnology and Freshwater Biology 6: 204-228. DOIL:
10.31951/2658-3518-2023-A-6-204

Gao S., Davis P., Liu K. et al. 1994. Asymmetric upwarp
of the asthenosphere beneath the Baikal rift zone, Siberia.
Journal of Geophysical Research 99: 15319-15330. DOI:
10.1029/94JB00808

Greiner S., Lehwark P., Bock R. 2019. Organellar-
GenomeDRAW (OGDRAW) version 1.3.1: Expanded toolkit
for the graphical visualization of organellar genomes. Nucleic
Acids Research 47(W1). DOI: 10.1093/nar/gkz238

Han B., Mu Y., Tan D. 2021. The chloroplast genome of a
unicellular green alga strain isolated from the rubber process-
ing wastewater. Mitochondrial DNA Part B: Resources 6(1):
15-16. DOI: 10.1080/23802359.2020.1844090

Kozhova O.M. 1959. About the subglacial “bloom” of
phytoplankton in Lake Baikal. Botanical Journal 44(7): 1001.

Kozhova O.M. 1987. Phytoplankton of Lake Baikal: struc-
tural and functional characteristics. Arch. Hydrobiol. Beih.
Ergebn. Limnol 25: 19-37.

Lehwark P., Greiner S. 2019. GB2sequin - A file con-
verter preparing custom GenBank files for database sub-

1389

mission. Genomics 111(4): 759-761. DOI:
ygeno.2018.05.003

Martens K. 1997. Speciation in ancient lakes. Trends
In Ecology & Evolution 12(5): 177-82. DOI: 10.1016/
s0169-5347(97)01039-2

Nagata T., Takai K., Kawanobe K. et al. 1994. Autotrophic
picoplankton in southern Lake Baikal: abundance, growth
and grazing mortality during summer. Journal of Plankton
Research 16(8): 945-959.

Panova Y.A., Chernogor L.I., Belikov S.I. 2024. The com-
plete mitochondrial genome of Chlorella sp. isolated from
Lake Baikal. Limnology and Freshwater Biology 2024 (5):
1267-1275. DOI: 10.31951/2658-3518-2024-A-5-1267

Petrushin LS., Belikov S.I., Belykh O.I et al. 2020. Draft
Genome Sequence of the Green Microalga Chlorella sp. strain
BAC9706, Isolated from Lake Baikal, Russia. Microbiology
Resource Announcements 9(43): e00966-20. DOI: 10.1128/
MRA.00966-20

Tamura K., Stecher G., Kumar S. 2021. MEGA11l:
Molecular Evolutionary Genetics Analysis Version 11.
Molecular Biology and Evolution 38(7): 3022-3027. DOI:
10.1093/molbev/msab120

Tillich M., Lehwark P., Pellizzer T. et al. 2017. GeSeq
- versatile and accurate annotation of organelle genomes.
Nucleic Acids Research 45(W1): W6-W11. DOI: 10.1093/nar/
gkx391

Timoshkin O.A. 2011. Main tendencies in research of
ancient Lake biodiversity; most interesting recent discoveries
in biodiversity of Lake Baikal. In: Timoshkin O.A.(Ed.) Index
of animal species inhabiting Lake Baikal and its catchment
area. Novosibirsk: Nauka. pp. 1423-1428.

Votintsev K.K., Meshcheryakova A.I.,, Popovskaya G.I.
1975. Organic matter cycle in Lake Baikal. USSR Academy of
Sciences. SO Limnol.in-t. Novosibirsk: Nauka.

Wakasugi T., Nagai T., Kapoor M. et al. 1997. Complete
nucleotide sequence of the chloroplast genome from the
green alga Chlorella vulgaris: the existence of genes possibly
involved in chloroplast division. Proceedings of the National
Academy of Sciences 94(11): 5967-5972. DOI: 10.1073/
pnas.94.11.5967

Wen Y., Wan D. 2020. The complete chloroplast genome
sequence of Chlorella vulgaris and phylogenetic analysis.
Mitochondrial DNA Part B: Resources 5(3):2713-2715. DOI:
10.1080/23802359.2020.1787896

10.1016/j.



https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1016/j.jglr.2020.03.015
https://doi.org/10.1016/j.jglr.2019.10.001
https://doi.org/10.1111/tpj.14508
https://doi.org/10.1111/tpj.14508
https://doi.org/10.31951/2658-3518-2023-A-6-204
https://doi.org/10.1029/94JB00808
https://doi.org/10.1093/nar/gkz238
https://doi.org/10.1080/23802359.2020.1844090
https://doi.org/10.1016/j.ygeno.2018.05.003
https://doi.org/10.1016/j.ygeno.2018.05.003
https://doi.org/10.1016/s0169-5347(97)01039-2
https://doi.org/10.1016/s0169-5347(97)01039-2
https://doi.org/10.31951/2658-3518-2024-A-5-1267
https://doi.org/10.1128/MRA.00966-20
https://doi.org/10.1128/MRA.00966-20
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/nar/gkx391
https://doi.org/10.1093/nar/gkx391
https://doi.org/10.1073/pnas.94.11.5967
https://doi.org/10.1073/pnas.94.11.5967
https://doi.org/10.1080/23802359.2020.1787896

Limnology and Freshwater Biology 2025 (6): 1390-1401 DOI:10.31951/2658-3518-2025-A-6-1390

Original Article

LIMNOLOGY
FRESHWATER
BIOLOGY

M

Vertical distributions of dissolved
methane into bottom sediments from
background areas of Lake Baikal

Ivanov V.G.*", Khabuev A.V.

Limnological Institute Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. Vertical distributions of dissolved methane and this flux into bottom sediments (up to 3 m
thickness) from background (undisturbed sedimentation) areas of the Southern, Middle and Northern
basins of Lake Baikal were obtained and characterized. Vertical methane profiles at all stations are
similar characteristics: low concentrations in the near-surface layers (= 1-2 uM) and a steady increase
with depth. The highest concentrations of methane into sedimentary were observed in the Middle basin,
followed by somewhat lower levels in the Southern, and concentrations an order of magnitude lower in
in the Northern basin. The exponential decrease in methane concentrations toward to the bottom-water
interface to equally low values, regardless of its content within the sediment, indicates its significant
oxidation and consequently minimal influence on methane concentrations at the near-bottom water
interface. The obtained results fill a gap in knowledge concerning the vertical distribution of methane
into baikalian bottom sediments and are important for assessing the stability and functioning of hydro-
carbon systems in a cold and deep freshwater reservoir.

Keywords: methane concentration, bottom sediments, diffusive flux, headspace equilibration method, Baikal
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1. Introduction

In the context of global climate change, quanti-
fying the concentrations and distribution of greenhouse
gases in the ocean and inland water bodies is of sci-
entific and applied interest. Since the late 20th cen-
tury, attention to methane in aquatic ecosystems has
increased because of its role in atmospheric chemistry
and, in particular, in ozone layer depletion processes
(Bazhin, 2003). Studying the conditions of formation
and distribution patterns of methane in bottom sed-
iments of various types of water bodies has also tra-
ditionally been used as an exploration criterion for
petroleum potential areas. Interest has recently grown
further due to the demonstrated utility of dissolved
methane concentrations as indicators of anthropogenic
or natural pollution in aquatic environments.

Gases in the bottom sediments of Lake Baikal
have been studied in different time periods (Efremova
and Gritchina, 1981; Lebed’, 1984; Isaev and Mikheev,
2001). The first detailed studies were conducted

by VNIIGAZ researchers A.G. Efremova and M.V.
Andreeva with participation from LIN SB RAS in 1978.
In the 1980s, extensive geochemical studies in the
Selenga shallow area under the direction of G.G. Lebed’
revealed high gas saturation of the upper sediment
layer with methane (up to 10-25 cm? kg™?), especially
in the Proval Bay. The authors noted a direct correla-
tion between hydrogen and methane concentrations
and low concentrations of heavy hydrocarbon (HH)
gases. Later studies showed the presence of nitrogen
and methane gas types, as well as intermediate types,
in the bottom sediments (Isaev et al., 2002). Among
HH gases, the presence of ethane, propane, ethylene,
and propylene was noted (Isaev et al., 2002). Methane
concentrations in the near-bottom waters of the Baikal,
are very low (~10-40 nl/L) that is similar to the World
Ocean, (Egorov, 2002; Egorov et al., 2003; Egorov et
al., 2005; Mizandrontsev et al., 2020).

The vertical distribution of methane in Lake
Baikal’s bottom sediments is of particular interest due
to the lake’s great depth, which results in sedimentation
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conditions approaching those of marine environments.
Nevertheless, existing information on the patterns of its
vertical distribution in the bottom sediments of differ-
ent lake basins is very limited, as historically the main
focus has been on methane in zones of gas-bearing
fluid discharge and in various types of hydrates-bear-
ing geological structures (Kalmychkov et al., 2006).
Thus, distribution of methane into bottom sediments
of the Academician Ridge (background areas) has been
described in detail (Zemskaya et al., 2008). Other stud-
ies were limited to measuring methane content only in
the uppermost surface sediment layers (Gar’kusha et
al., 2019; Och et al., 2012).

Thus, the aim of this work was to measure and
analyze the vertical distribution of methane concentra-
tions into bottom sediments from background areas in
the three basins of Lake Baikal.

2. Materials and methods

Study Areas

The Baikal depression are clearly distinguished:
Southern, Middle, and Northern (Fig. 1). Southern and
Middle Baikal are identified as independent deep-wa-
ter formations, separated by the Buguldeyka saddle.
Northern Baikal is distinguished by shallower depths
and a number of features in the basement geological
structure. It is separated from Middle Baikal by an
inter-basin saddle, including subaerial and subaqueous
fragments (Mats et al., 2001). These, in turn, are het-
erogeneous in internal structure and consist of smaller
depressions differing in their tectonic development and
sedimentation (Levi et al., 1997).

Background areas of Lake Baikal can be defined
as areas of the bottom with continuous sedimentation,
undisturbed by tectonic activity or fluid discharge, i.e.,
where there is no displacement or redeposition of bot-
tom sediments. Such areas include leveled central parts
of the basins or on inter-basin saddles. For the former,
the presence of turbidites is an anomaly in the continu-
ity of sedimentation conditions, which should be con-
sidered in the analysis of results.

Sampling and Analysis Methods

Sediment cores were collected during June-July
from 2017 to 2023 (Fig. 1, Table 1). Gravity coring
with a straight-through steel tube (outer diameter 127
mm) was conducted from the research vessel “G.Yu.

104°E

106°E

108°E

108°E

Fig.1. The map of core sampling (Table 1).

Vereshchagin”. A plastic liner (inner diameter 110
mm) was inserted into the corer to retain the recovered
sediment. After retrieval on board, the liner was cut to
obtain a continuous geological section of bottom sedi-
ments up to 3.5 meters long.

Samples for analysis were collected using a trun-
cated 3 ml syringe. Methane content was determined
using the headspace phase-equilibrium degassing
method (Bolshakov and Egorov, 1987). For this, a 2 ml
sediment sample was placed in a 33 ml glass vial filled
with 20 ml of distilled water. The vial was sealed with
an aluminum cap with a rubber septum, turned over,
and mechanically shaken for 30 minutes to disintegrate
the sediment and achieve maximum degassing.

A gas aliquot was extracted through the hole
by syringe and analysed on board by gas chromatog-
raphy using an “ECHO-EW-PID” gas chromatograph
(Russia) with a flame ionization detector.The chro-
matograph was calibrated against the “Nitrogen” stan-
dard (N,+1000 ppm CH,) from LLC “PGS-Service”
(Zarechny city, Russia).

Table 1. Sampling dates, coordinates and water depths for the stations in three basins of Lake Baikal.

N | Sampling date | Latitude, deg |Longitude, deg Basin Station Depth, m
1 12.07.2018 51.779882 104.945453 Southern 7 km Listvyanka 1400
2 20.07.2019 51.702595 104.978775 Listvyanka-Tankhoy 1400
3 16.06.2022 51.76009 105.024683 9 km Listvyanka 1400
4 30.06.2017 53.165472 107.993900 Middle Izhimei 1610
5 13.07.2019 53.17378 107.900228 Izhimei 1610
6 09.07.2023 53.173768 107.900068 Izhimei 1610
7 02.07.2017 54.455308 109.064938 Northern Elokhin-Davsha 900
8 16.07.2019 54.186112 108.72612 Zavorotny 900
9 16.07.2020 54.186112 108.72612 Zavorotny 900
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The relative analytical error in determining
methane concentration in the gas sample was =5%;
the combined uncertainty, including potential partial
degassing during core handling, were assumed to be
+10%.

3. Resulits

Measured methane concentrations in sediments
from different basins are shown in Fig. 2. Methane con-
tent in different cores varied widely, from fractions to
hundreds of pmol/L. Methane content profiles in all
lake basins show a significant increase with depth. In
Southern and Middle Baikal, saturation was reached
at core Isyers deeper than 1.2-2.0 meters, below these
depths, concentrations varied around the achieved val-
ues (about 300-700 umol/L) down to the deepest sam-
pled horizons. The highest concentrations of methane
into sedimentary were observed in the Middle basin,
followed by somewhat lower levels in the Southern,
and concentrations an order of magnitude lower in in
the Northern basin.

An exponential decrease in concentrations pre-
dominated approaching toward to the sediment sur-
face. Thus, concentrations in the basins did not exceed
1-2 pmol/L at the sediment surface, with uniform meth-
ane concentration at stations in the Northern basin. The
increase in methane concentration occurred toward to
bottom from 25-50 cm (Fig. 2).

4. Discussion

The dissolved methane profiles obtained in Lake
Baikal sediments show a vertical distribution typical for
its background areas: low methane concentrations in
the upper centimeters of sediment, uniform with depth
or with an exponential decrease toward the water
boundary, and a pronounced, near-linear increase with
depth, reaching quasi-homogeneous values at some
stations (3, 4, 5, 6) at depths of 1.5-2.0 m (Fig. 2).
The profile at station 2 displays a marked inflection at

~1.2 m, beyond which the rate of methane concentra-
tion increase accelerates. A similar inflection was also
observed in the sediments of the Academic Ridge, but
at a depth of 2.4 m (Zemskaya et al., 2008).

It should be noted that methane concentration
profiles obtained in the same area in different years
coincide quite well both in shape and in absolute values
(profile pairs 1, 3; 5, 6 and 7, 9 in Fig. 2). Given the 3-4
year intervals between samplings, it can be concluded
that the processes of methane generation and oxidation
in bottom sediments of background areas of the differ-
ent basins are quasi-stationary, not influenced by inter-
annual variability in water inflow and, consequently,
the water level of Lake Baikal (e.g., 2017 - low water
year; 2021, 2023 — extremely high water years).

At sediment depths >1 m the highest dissolved
methane concentrations were observed in the Middle
basin, slightly lower values in the Southern and an
order of magnitude lower values in the Northern
basin, which can be explained by the content of bur-
ied organic matter. For example, total organic carbon
contents in sediments of Southern and Middle Baikal is
estimated at 1.5-2.5%, while in the Northern basin it is
noticeably lower — 0.5-1.5% (Vykhristyuk, 1980). An
increase in dissolved methane content with increasing
total organic carbon in Lake Baikal sediments is also
shown in (Gar’kusha et al., 2019).

At the upper part of the cores (0-10(20) cm),
the highest dissolved methane concentrations were
similarly observed in the Middle and Southern basins,
while in Northern Baikal they were significantly lower
and practically did not change with sediment depth,
remaining at the level of near-surface layers (Fig. 2).
This distribution is likely related to the thickness of the
oxidized layer, which has small values in Middle and
Southern Baikal (on average 3.5 and 5.5 cm respec-
tively), while in Northern Baikal the average oxidized
layer thickness increases to 16 c¢cm (Vologina et al.,
2003). Such differences in oxidized layer thickness
between basins are due to the depth of oxygen pene-
tration into the sediments, confirmed by direct mea-
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Fig.2. Vertical distribution of methane concentration in bottom sediments of the Southern, Middle, and Northern basins of
Lake Baikal. Insets show an enlarged 0.5-meter upper sediment layer. Lines indicate average values. Shaded areas represent the

10% measurement uncertainty.
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surements of oxygen concentration profiles in bottom
sediments using microelectrodes (Martin et al., 1998;
Och et al., 2012).

In general, the methane contents found in bot-
tom sediments of background areas of Baikal are close
to those observed in freshwater systems with low to
moderate productivity (Table 2). Methane content in
Lake Baikal bottom sediments, both according to our
measurements and data from other researchers, varies
widely - from 0.1 to 1381 pM (Gar’kusha et al., 2019;
Fedorov et al., 2005); the high values of the latter are
due to sampling in areas with enhanced sedimentation
rates and high terrigenous input (near the mouths of
Upper Angara and Selenga revers, etc.). At the same
time, these values are much lower than those noted in
places of various geological structures with discharge of
gas-bearing mineralized fluids, for example, in the area
of the mud volcano Malenky methane concentrations
reached 9000 pM (Zemskaya et al., 2008, Zemskaya et
al., 2010).

It is important to note that, despite the wide
range of methane content within the sediments of stud-
ied background areas, in the near-surface layers meth-
ane concentrations do not exceed 1-2 uM (Fig. 2). It
is also known that in the near-bottom waters of this
areas, the concentration of dissolved methane is lower
by additional 2-3 orders of magnitude (Mizandrontsev
et al.,, 2020). This difference suggests near complete
oxidation of methane supplied from deep layers of bot-
tom sediments in background areas of Lake Baikal, and,
accordingly, minimal influence of the methane diffu-
sion flux on its content in near-bottom waters.

Compared to oceanic sediments, whose upper
horizons are controlled by sulfate reduction (Bernard,
1979), Baikal sediments exhibit different oxidant rela-
tionships: in the lake, due to low concentrations of SO,*
and NO;, the aerobic oxidation zone is much earlier

Table 2. Methane content in bottom sediments of some lakes.

replaced by the methanogenesis zone (Namsaraev and
Zemskaya, 2000; Aloisi et al., 2019). This determines
the characteristic linear profiles of methane increase
with depth, confirmed by theoretical calculations
(Bazhin, 2003), and later by field measurements in the
area of continuous sedimentation on the Academician
Ridge (Zemskaya et al., 2008). In the cores we studied,
methane concentration profiles also exhibit a close-to-
linear increase. In contrast, in marine deep-water back-
ground sediments, the upper layers are saturated with
sulfates and methanogenesis begins to develop in much
deeper layers (Bernard, 1979), therefore dissolved
methane concentrations in them are lower than in Lake
Baikal sediments.

Finally, it is also worth noting a significant
increase in the scatter of measured methane concen-
trations in each core with depth and, accordingly, with
increasing its content (Fig. 2). This is because when the
core is retrieved, pressure is released, and zones with
high methane content begin to degas and lose part of
the dissolved methane, leading to an underestimation
of its concentration. The rate of degassing, in turn,
depends on sediment lithology: it is high in sands and
much lower in clayey deposits. Additional mechani-
cal disturbances to the sediment during sampling only
accelerate the process in layers where the concentra-
tion is many times higher than the equilibrium with
the atmosphere, resulting in greater scatter in the mea-
sured values. Therefore, when working with high meth-
ane concentrations in sediments, it is advisable to use
pressure-conserving coring techniques.

5. Conclusions

As a result of this study, data on the detailed ver-
tical distribution of dissolved methane in bottom sedi-

Lake Rang of methane content in bottom Reference
sediments
Ladoga 1 - 3864 uM Fedorov et al., 2005
Onega 3.12 - 535 uM Vedishcheva, 2020
Valday 2-4818 yM Fedorov et al., 2005
Uzhin 163.4 - 468 uM Fedorov et al., 2005
Tambukan (Pyatigorsk) 1-180 uM Fedorov et al., 2005
Chertovo (Sea of Azov) 2 -198 uM Fedorov et al., 2005
Glubokoe 1-55.6 uyM Fedorov et al., 2005
Tundra lakes 0.01 -113 uM Fedorov et al., 2005
Mendota, USA 1-153 uM Fedorov et al., 2005
Michigan, USA 1-9.6 yM Fedorov et al., 2005
Erie 0.4 - 3658 uM Adams and Fendinger, 1986
Biwa 40 - 2410 uM Murase and Sugimoto, 2001
Fryxell 1100 uM Smith et al., 1993
Loosdrecht 100 - 1500 pM Sinke et al., 1992
Antarctic freshwater 1.7 - 630 uM Ellis-Evans, 1984
Geneva 100 — 1100 uM Sollberger et al., 2014
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ments of background areas of the three basins of Lake
Baikal have been obtained and summarized for the first
time. The vertical distributions are characterized by
low methane concentrations in the near-surface sedi-
ment layers and a pronounced close-to-linear increase
with subbottom depth, reaching quasi-homogeneous
values at about 1.5-2.0 m depths. This profile shape
reflects the specifics of Baikal sediments, where the
aerobic oxidation zone, due to low sulfate and nitrate
content, is rapidly replaced by the zone of methano-
genesis. This fundamentally distinguishes the bottom
sediments of Lake Baikal from background marine sed-
iments. Comparison with other lakes shows that the
range of methane concentrations in sediments of back-
ground areas of Lake Baikal corresponds to the range
typical for freshwater systems with low to moderate
productivity.

Significant differences in methane concentra-
tions between the lake basins have been identified:
maximum values are characteristic of the Middle basin
(up to 880 uM), somewhat lower for the Southern basin
(up to 350 uM), and an order of magnitude lower for
the Northern basin (up to 32 uM). Despite the signifi-
cant range in methane concentrations within the sedi-
ment column of different basins, in upper part of cores
(0-10(20) cm) its content does not exceed 1-2 uM, indi-
cating significant oxidation of methane supplied from
deeper horizons and consistent with 2-3 orders of mag-
nitude lower concentrations of dissolved methane in
the near-bottom waters of Lake Baikal.

Good reproducibility of methane concentration
profiles, obtained in the same areas in different years,
both in shape and absolute values, indicates a quasi-sta-
tionary nature of the methane generation and oxidation
processes in bottom sediments of background areas of
Lake Baikal, not affected by interannual variability in
lake level.

In the near future, it is planned to conduct more
detailed studies of the vertical distribution of dissolved
methane concentrations on a broad network of stations
across Lake Baikal to assess intra-basin heterogeneities
in its content.
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BepTukanbHoOe pacnpeaeneHme ILIMNOLOGY
KOHLEHTPaLuMM1 PacCTBOPEHHOro Merala B FRESHWATER

ocaakax ¢poHOBbIX paMoOHOB o3epa baukan BIOLOGY
P

HBaHos B.I'.", XabyeB A.B.

JlumHostoeuneckuti uHcmumym Cubupckozo omdesteHua Poccutickotl akademuu Hayx, yii. Yiaxn-Bamopckas, 3, Hpkymck, 664033,
Poccusa

AHHOTAILIUA. BrnepBrle nojiyueHsl 1 006001eHbl BepTHKaJIbHbIe paclpe/esieHs KOHIIEHTpalril pac-
TBOPEHHOI'0 MeTaHa B JOHHBIX OTJIOKEHUAX (DOHOBHIX PaliOHOB I0XKHOM, CpeJiHel 1 ceBepHOI KOTJIOBUH
o3epa batikay BIJIOTh A0 3-X METPOBHIX IJIyOMH OCaJOYHOIO uYexJia. BepTukasibHble Ipoduinu comep-
XKaHMA MeTaHa Ha BCeX CTAHIMAX MMeIOT CXOAHEIE YepThl 1 XapaKTepu3ylTcsA HU3KUMU KOHIIeHTpaly-
sIMU B IIPUIOBEPXHOCTHBIX CJI0AX (He IpeBhMamyMu 1-2 MKM) 1 YCTOMYMBBIM POCTOM COAEpPKaHUA
MeTaHa ¢ rJiyouHoi. MakcuMasibHble KOHIIEHTpaI[ii MeTaHa B ToJIlle OcaJKka OTMeYeHHl B CpeJHeil
KOTJIOBHHE, HECKOJIbKO MeHblllle — B I0)KHON 1 Ha IOPAAOK MeHblINe — B CEBEPHOIN KOTJIOBUHE.
ODKCIIOHEHI[AJIbHOE CHU)KE€HNE KOHIIEHTPAIly METaHa B OTJIOXKEHWAX NP NPUOIMXKEHUH K IpaHule
JHO-BOJla K OJWHAKOBO MaJlbIM 3HAYE€HHAM HE3aBHCHMO OT €ro COAEpXaHWA B TOJIIE OCaAKa CBU-
JETeJIbCTBYeT O €ro CyIIeCTBEHHOM OKWUCJIE€HWHU WU, KaK CJIe[ACTBHE, MUHUMAJIbHOM BJIMAHUM Ha KOH-
I[leHTpally MeTaHa B NpUAOHHOU Bofe. [losiydeHHBIe pe3ysbTaThl BOCHOJIHAIT Ipo0esl B 3HAHUAX O
BepTUKAJIbHOM paclipe/ieIleHMH pacTBOPEHHOI'0 MeTaHa B ocajikax o3epa balikaji, 1 BaXXHBI [J1 OLIeHKU
YCTOMYMBOCTY yTJIEBOJOPOAHBIX CUCTEM U MEeXaHU3MOB X QYHKIMOHHUPOBAHUA B YCJIOBUAX XOJIOAHO-
BOAHOT'0 IJTyDOKOBOAHOI'O MTPECHOBOAHOI'O BOJOEMA.

Kitioueawie ciiosa: KOHLIEHTpaluA Me€TaHa, JOHHbI€ OTJIOXKEHUA, METOQ HapO(I)aBHOFO paBHOBECHA, Batika

Jna mutupoBaHusa: MeaHoB B.I., XabyeB A.B. BeprTukajbpHOe pacnpejesieHHe KOHIIEHTpaIlid pacTBOPEHHOro MeTaHa
B ocajgkax (OHOBBIX palioHOB o3epa Baiikan // Limnology and Freshwater Biology. 2025. - Ne 6. - C. 1390-1401.
DOI: 10.31951/2658-3518-2025-A-6-1390

1. BBeAe“"e PEHHOro Me€TaHa AJid OLl€HKHN YPOBHA 3arpA3HEHHOCTHU

BOJOEMOB.

l'a3pl IOHHBIX OTJIOXeHMIl o3epa balikan usy-
yajJuch B pasHble BpeMeHHBle mepuonbl (Edpemona
u I'putunHa, 1981; Jlebenp, 1984; McaeB u Muxees,
2001). IlepBbie AOeTasibHBIE MCCJIENOBAHMA MPOBOOU-
Jvck coTpyaHukamu BHUHWras A.T'. Ebpemosoii u M.B.
AnpnipeeBoii npu yuyactuu cotrpyaHukoB JIMH CO PAH B
1978 r. B 80-x rogax BbINOJIHEH OOJIBIION OOBEM Ieo-
XMMHYeCcKuX paboT B paiioHe CeJIeHTMHCKOTO MeJIKO-
BoAbA oA pykoBoacTBoMm I'.I'. Jlebess, B xoge KOTOPHIX
yCTaHOBJIEHA BHICOKas Ta30HACHIIEHHOCTh BEpXHEro
cj0a ocaakoB MetaHoM (mo 10-25 cm3/kr), ocobeHHO
B 3asiuBe I[IpoBaji. ABTOPBEl OTMETUJIN MPAMYIO 3aBUCHU-
MOCTh MeXOy KOHLIEHTpauuAMMU BOLOPOJa U MeTaHa U
HEeBBICOKHE KOHIIEHTPAIUU TSKEeJIBIX yTJIeBOAOPOIHBIX
(YB) rasos. Bosiee nmo3guue uccjaegoauus (Mcaes u
ap., 2002) nokaszajayd NPUCYTCTBHE B JOHHBIX OcCagKax
A30THBIX ¥ METAHOBHIX TUIIOB rasa, a Takke HUX IIpome-

B cBA3u c ryo6ajbHBIM HM3MeHeHHeM KJuMara
HU3yyeHHe COAePXaHWuA U paclpejeieHnsA NapHUKOBBIX
rasosB B MUpOBOM OKeaHe ¥ BHYTPUKOHTHHEHTAJIbHBIX
BOJ0eMax IpeACTaBJIAeT HayYHbI M NPaKTUYeCKUi
nHTepec. B KoHIe MpomIoro Bexka 0oJibIlIOe BHUMaA-
HHUe CTaJl0 YAeJIATbCA H3yYeHUI0O 3aKOHOMEepHOCTeH
pacrpefiesieHUs MeTaHa B Pa3J/IM4YHBIX BOAHBIX 3KOCH-
cTeMax B CBSI3M CO 3HAQUUTEJIbHOI ero poJiblo B aTMOC-
(depHBIX XMMUYECKUX peakIaX U, B YaCTHOCTH, B IIPO-
lleccax paspylieHusa o30HoBoro cjos (Baxun, 2003).
H3ydeHue ycjioBull 00pa3oBaHuA U 3aKOHOMEpPHOCTeH
pacrpefiesieHUs MeTaHa B JOHHBIX OTJIOXKEHUAX BOJIO-
€MOB Pa3jIMYHOro THMA TaKXe TPaJWLMOHHO HCIOJIb-
3yeTcs B KayecTBe IOHMCKOBOIO KpuTepus HedTeraso-
HOCHOCTHM akBaTOpuil. B mocjiegHee BpemsA HHTepecC K
3TOMYy rasy yCWJIWICA U B CBA3M C IOATBEPXKAEHHEM
BO3MOXXHOCTHU MCIIOJIb30BaHUA KOHIIEHTpaI[U PacTBO-
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KYTOYHBIX TUIOB. U3 TskesbiXx YB oTMe4eHO NpPUCYT-
CTBUe 3TaHa, IpollaHa, 3TUJieHa U nponuieHa (Mcaes
u ap., 2002). KonieHTpanuss MeTaHa B MPUJAOHHBIX
Bojax baiikana, Tak e, Kak U B IPUAOHHBIX BoJAax
MwupoBoro okeaHa, oueHb Masa (nopsgka 10-40 Hi1/n)
(Eropos, 2002; Eropos u aip., 2003; Eropos u ap., 2005,
MwuzaHapoHIieB u ap., 2020).

BepTukaspHOe pacnpefesieHHe MeTaHa B JIOH-
HBIX Oocajikax Baiikaja mpejcTaBiisieT 0COOBIII MHTepeC
B CBSI3U C OOJIBIIOMN IJIyOMHOI 03epa, B pe3yJibTaTe yero
yCJIOBUA OCAJKOHAKOIUIEHUsA NPpUOJIMKAITCA K MOp-
ckuM. Hecmotpsa Ha 3T0, cyllecTByioliye cBefeHHUsS O
3aKOHOMEPHOCTAX €ro BepTUKAJIbHOI0 pacipefesieHNus
B JJOHHBIX OTJIOKEHUAX Pa3HbIX KOTJIOBUH O3epa BecbMa
OrpaHuyeHsbl, T.K. MCTOpPUYECKH OCHOBHOe BHUMaHNe
yAeJIAJIOoCh UCC/IeJIOBAaHUIO paclipefiesieHus U reHe3uca
MeTaHa B 30HaX pasrpy3Ky razocojepxaiux GJionioB
YU B pasjIMYHBIX TUINAaX Ie0JIOTMYeCKUX CTPYKTYp, The
oOHapyXUBaJIUCh rasoBble rufparthl (KajMmerukos u Jip.,
2006). [na palioHOB HepephIBHOTO OCAaAKOHAKOILIe-
HuA Baiikasa B iuTepaType ONMCaHOo JIUIIb IOAJOHHOE
pacmpefiejieHe MeTaHa Ha AkKaJeMHUYecKoM xpeOre
(Bemckas u np., 2008). [pyrue ucciiefoBaHUA OBLIU
OorpaHuveHsbl U3MepeHNeM coJiepXaHNA MeTaHa TOJIbKO
B HeOOJIBIINX IIPUIOBEPXHOCTHBIX CJIOAX Ocajka
(Tappkyma u ap., 2019; Och et al., 2012).

TakuMm o6pa3oMm, Iiesibl0 HacTosmleld paboTH
ABJIAJIOCHh M3MepeHHe U aHau3 BepTUKaJIbHOI'O pac-
npejieJieHnsA KOHIIeHTpally pacTBOPEHHOI0 MeTaHa B
JIOHHBIX OTJIOXEeHUAX (OHOBBIX PaliiOHOB TPEX KOTJIO-
BUH o3epa balikayn u cpaBHeHHe NOJIyYeHHBIX pe3yJib-
TaTOB C AAHHBIMU 10 APYTMM BOJHBIM O0ObeKTaM.

2. MaTepuanbl U MEeTOADI

Pationsl uccyiedosaHus

Mopdosiornyecku BHYTpU bBalikaJibCKOU BIa-
JVHBl OTYETJIMBO BBIJEJIAIOTCA TPU KOTJIOBUHBI 3TO
I0kHas, cpeaHsas u cepepHasa (Puc. 1). FOxHBI U
CpenHuii Baiikayi BBIJEJIAIOTCSA KaK CaMOCTOATENb-
Hble TJIyOOKOBOOHBIE OOpa3oBaHUs, pasJieJieHHbIE
Byrynspaetickoii nepemsiukoil. CeBepHblil batikan oTiu-
YyaeTcs MEHbIIUMU IJIyO1HaAMU U PAAOM 0COOeHHOCTel
reoJIOTHYecKOro cTpoeHusa pyHmameHnta. OH OTAeJIeH
ot CpenHero Baiikasia MeXBINAaJAUHHOI IepeMBIYKOU,
BKJTIOYAIOMIEll Ha3eMHBbII U NOABOMHBIN (parMeHTh

104°E

106°E

108°E

108°E

Puc.1. Cxema pacmnoJjioxeHusa oT6opa npoO, noapobHasA
pacuidpoBKa HOMEPOB CTAaHIMH npuBefeHa B Tabswe 1.

(Man u gp., 2001). OHu, B CBOIO ouepedb, HEOOAHO-
POOHBI IO BHYTPEHHEH CTPYKTYpPE U COCTOAT U3 HoJiee
MEJIKUX AENPECCUH, OTJIMYAIINXCA 0 CBOEMY TEKTO-
HUYECKOMY Pa3BUTUI0 M OCAJKOHAKOIUIeHUI0 (JIeBU U
ap., 1997).

K ¢doHOBEIM paitoHaMm o3epa Bafikam MOXHO
OTHECTU YYACTKUA JHA C HENPEPBIBHBIM OCAAKOHAKO-
IJTEHUEM, HEHAPYIIeHHBIM TEKTOHHMYECKOM AaKTUBHO-
CTBIO WJIN (PJIIOMAHON Pa3rpy3KoM, T.e. HE MPOUCXOAUT
CMellleHUe WM TIEPEOTJIOKEeHNEe JOHHBIX OTJIOXKEHUH.
K TakuM paiioHaM OTHOCATCS BBIDOBHEHHBIE YYaCTKU
B IIEHTPAJIbHBIX YaCTAX KOTJIOBUH WJIM HA MEXBIaIUH-
HBIX TlepeMblYKax. [JiA MepBhIX HAJIW4Yue TYpOUIUTOB
SIBJIAETCS aHOMAJIHeEl B HEITPEPHIBHOCTHU YCJIOBUH OCa/I-
KOHaKOIUIEHHsA, YTO CJEAYeT YYUTHIBATh MPU aHAJIM3E
pe3yJIbTaToB.

Memodust ombopa u aHatu3a

OTt6op mpo6 Ui H3MepeHUs KOHIeHTpaluu
MeTaHa B OC3AKaX TpPeX KOTJIOBUH TPOBOAUJICA B
nuioHe-uoje ¢ 2017 mo 2023 rr. (Puc. 1, Tabauma 1).

Ta6suna 1. JlaTel, KoOpAWHATH U IJTyOHUHBI 0TO0pa Mpob Ha CTAHIMAX B TPeX KOTJIOBUHaX o3epa batikai.

N | Mdara or6opa | llupota, rpax | Mosrora, rpan | KorioBuua CraHusa I'mybuna, M
1 12.07.2018 51,779882 104,945453 I0XHas 7 KM JIuCTBAHKA 1400
2 20.07.2019 51,702595 104,978775 JIuctesanka-TaHXOM 1400
3 16.06.2022 51,76009 105,024683 9 kM JINCTBSHKA 1400
4 30.06.2017 53,165472 107,993900 CpenHAs Wxumeit 1610
5 13.07.2019 53,17378 107,900228 Wxumeit 1610
6 09.07.2023 53,173768 107,900068 Vxumeit 1610
7 02.07.2017 54,455308 109,064938 ceBepHas Enoxun-/laBma 900
8 16.07.2019 54,186112 108,72612 3aBOPOTHHII 900
9 16.07.2020 54,186112 108,72612 3aBOPOTHHII 900
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OT160p IpO6 IpyHTa OCYIIECTBJIANICA NPAMBIM I'e0JIOTU-
YyecKrMM OINpoOOBaHNEM C MOMOIIbI0 MPOH0OTOOPHUKA
rpaBUTAIMOHHOIO TUIA C HapyKHBIM AuaMeTpoM 127
MM c 60pTa Hay4HO-HCCJIeoBaTeIbcKoro cyaHa «I'10.
Bepemaruna». BHyTpp npo000OTOOpHNKA BCTaBJIAETCS
IJTACTUKOBBIM BKJIAJBII C BHYTPEHHUM JHaMeTpoM
110 MM, B KOTOPHIN OTOMpAIOTCA JJOHHBIE OTJIOXKEHUS.
INocsie mogbemMa Ha 6OpPT cyAHA BKJIAJBIII pa3pe3asica U
[I0JIy4aJics HellpephIBHEBIN reoJIoTHYecKuil pa3pes JOH-
HBIX OTJIOKeHUH JAJIMHOU 10 3,5 MeTpoB.

OT60p 06pasnoB npousBoAusicss oOpe3aHHBIM 3
mia mmpuneMm. CoaepxaHue MeTaHa OIpPeAesayioch C
HCINOJIb30BaHHeM MeToAa (a30BO-paBHOBECHOM fera-
sanuu (BompmakoB u Eropos, 1987), mjs uyero oro-
OpaHHBIN 06pa3sel] ocajika 06beMOM 2 MJI TOMelaics B
CTeKJITHHBIN My3blpek 060beMoM 33 MJI, 3aroJIHEHHBIN
20 MJI OUCTUJIMPOBAHHOM BOAOH. Ily3blpeK 3aKphl-
BaJiCs aJIIOMUHUEBOM KPBIIIKOU C pe3NHOBOM MPOOKO,
IlepeBOpauynBajICs U MOJBeprajcs MeXxaHU4eCcKoH Tps-
CKe C I[eJIbl0 Ae3nHTerpaluy ocajka 1 ero MakCcuMasib-
HOU ferasanuu B TeueHre 30 MUHYT.

Jia xpoMmaTorpaguuyeckoro aHaansa ajauKBOTa
rasa oTOupasach INNPUIIOM dYepe3 OTBEpCTHE B
KphIIIKe. AHajIu3 MPOBOAWJICA Ha ra3oBOM XpOMAaro-
rpade «IXO-EW-ITU][]» (Poccus) c mnjiamMeHHO-UOHU-
3aI[MOHHBIM JeTeKTOpPOM HeIoCpeCTBeHHO Ha OopTy
cynHa. Kanubposka xpomarorpada npomusBoAnIach 1o
cranaapty «Asot» (N, + 1000 ppm CH,) pupmb OOO
«[II'C-CepBuc» (r. 3apeunsiii). OTHOCUTEJIbHAs OMIKOKa
omnpejesieHHs KOHIleHTpalluM MeTaHa B IpobOe rasa
cocrasiigeT * 5%, cyMMapHas omuOKa, C yueTOM BO3-
MOXHOM 4aCTUYHOH Jerasalnuy ocajka Npu pasjeke
KepHa IpuHATa paBHON * 10%.

3. Pe3ynbTarthbl

I/ISMepeHHbIe KOHIEHTpallKi Me€TaHa B JJOHHbBIX
OTJIOKEHHAX pa3HbIX KOTJIOBMH IIPUBEAEHDBI Ha Puc. 2.
BesmuuHb KOHI_IeHTpaI_II/Iﬁ ME€TaHa B Pa3HbIX KE€pHax

BapbUpOBaji B IIMPOKOM [AuanasoHe, OT Jojed [0
COTeH MKMoJib/J1. [Ipodunu comepxaHusA MeTaHa BO
BCEeX KOTJIOBHMHAX O3epa IO0Ka3bBAIOT CYIeCTBEeHHBIN
pocrt c riyouHoil. B FOxxuoMm u CpeniHeM Batikasie HachI-
IeHue KOHIleHTpal1ii fJocTuraaoch B patione 300-700
MKMOJIb/J1 Ha TOPU30HTax KpeHa 6oJie 1,2-2,0 MeTpOB,
ry0xe KOHIEHTpaluy U3MeHsINCh BOKPYT AJOCTUTHY-
THIX 3HAUY€HUI 0 CaMBbIX HWXXHUX BCKPBITHIX TOPU30H-
ToB. Hanbosbmme KoHIleHTpaliy MeTaHa JOCTUTaJIUCh
B IIPUIIOBEPXHOCTHBHIX JOHHBIX OTJIOXKEHUAX cpeaHel
KOTJIOBHHBI, 4YyTh MEHbIIINE - B I0KHOM, M Ha MOPAMOK
HIXe B CeBEPHOU KOTJIOBHHE 03epa.

Y noBepxHOCTU AHA KOHIIEHTpaI[U BO BCeX KOT-
JIOBUHAX He IpeBHIlagy 1-2 MKMOJIb/JI, C BBIAEJIeHEM
Y4acTKOB C OJHOPOAHOM KOHIeHTpallieil MeTaHa Ha
CTaHIMAX CeBepHOM KOTJIOBUHHL. [Ipy npubsrkeHUn
K [IOBEpPXHOCTU Ocajka Ipeobsajal 3KCIIOHeHIHasIb-
HBI claj KOHIleHTpauuil. B To Bpems kak Ha IiiyOuHax
ocagka 6osiee 25-50 ¢cM yBeJiMueHHe KOHLEHTpalui ¢
rJIyOuHOM cTaHOBUJIOCH 6J1M3KO0 K TuHelHoMY (Puc. 2).

4. 06cyxpenue

[MosyueHHBle B pe3yjbTaTe HCCIeNOBaHUA IPO-
¢dunm pacTBOpeHHOro MeTaHa B ocajikax o3epa Baiikan
[IOKa3bIBAIOT TUIHNYHOE [JiA ero (OHOBHIX PaiOHOB
BepTHUKaJIbHOE pacnpefeieHre: HU3K1e KOHIIeHTPauu
MeTaHa B BepXHUX CAaHTHMeTpax 0Ca/ika, BHIPOBHEHHEIE
[0 BEePTUKAJIM WJIU C SKCIIOHEHIMAJIbHBIM YMeHblIle-
HUeM IIpu NpUOIIKeHN K rpaHuIle ¢ BoJgoi. U BrIpa-
XeHHOe, IperMYIIecTBeHHO JIMHelHoe yBeJinueHue
KOHI[eHTpaIuy ¢ IJIyOUHOMN, JoCTUramllee KBa3uoJHO-
POZHBIX 3HAUEHUI Ha OTJeJIbHBIX CTaHIuAX (3, 4, 5, 6)
Ha riy6unax 1,5-2,0 m. (Puc. 2). IIpoduis Ha cTaHIIUN
2, TIpYU 3TOM, UMeeT 3aMeTHBIN nepernud Ha NOAA0HHON
riaybuse 1,2 M, ocjie KOTOPOro CKOPOCTh HapacTaHUA
KOHIleHTpaluy MeTaHa Bo3pacraet. [Toxoxuii neperud
HabJroacs U B ocaikax Ha AkajieMUyeckoM xpebre,
TOJIBKO Ha rinyouHe 2,4 merpa (3emMckas u ap., 2008).
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KOHHBHTpaHI/IS{ PacTBOPEHHOTI0 ME€TaHa, MEKMOJIb/JI

Puc.2. BepTukasbpHOe pacnpefiejieHre KOHIIEHTpaly MeTaHa B JOHHBIX OTJIOKEHUAX I0XKHOH, CpelHell 1 ceBepHOH KOTJIO-
BUH o3epa baiikan. Ha Bpe3kax nokasaH yBeandeHHbIH 0.5 MeTpOBBIN BepXHUH CJION ocajKoB. JINHUAMY MprBedeHbl yCcpeqHeH-
Hble 3HaueHus. 3aKpanleHHBMU obJacTamMu otobpaxena 10% ommbka n3MepeHUH.
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CrnenyeT OTMETHTbh, 4TO IPOQUIIN KOHIIEHTpa-
LMY MeTaHa, [IoJyuyeHHble B OAHOM U TOM Xe palioHe
B pasHble rofbl, JOCTaTOYHO XOPOIIO COBNAAAIOT Kak
10 XapaKTepy U3MeHeHU], TaK 1 10 abCOJIIOTHBIM 3Ha-
yeHusaM (mapsl npoduseii 1, 3; 5, 6 u 7, 9 Ha Puc. 2).
VYuuTteiBas 3-4 jieTHHE BpeMeHHbIe IPOMEXYTKHU MEeXIy
CTaHIMAMY MOXHO ceJiaTh BBIBOJ O KBasuCTalKOHap-
HOM XapakKTepe IpOIeCcCOB reHepalluu U OKHCJIeHUA
MeTaHa B JOHHBIX OTJIOKeHUAX (POHOBHIX pallOHOB KOT-
JIOBUH, Ha KOTOPHIX He 0TPa3uJIoCh BJIUAHNE MeXT0oA0-
BOM M3MEeHYMBOCTHU BOJHOCTH, U KaK CJIef[CTBHe, YPOBHA
o3epa batikan (Hampumep, 2017 —manosoaHsiil; 2021,
2023 - skcTpeMabHO MHOTOBO/IHBIE T'OBI).

Ha rnybunax ocamouHoro uexsa Oojiee meTpa
HauOoJiblllie KOHIIeHTpalluM pacTBOPEHHOro MeTaHa
HabyI0Ja/IuCh B CpeHell KOTJIOBHHE, YyThb MeHbIINe
— B I0KHOHI ¥ Ha NOPAJOK MeHbIINe — B CeBepHOH
KOTJIOBHHE, YTO MOXeT OOBACHATBHCA COAEepKaHueM
3aXOPOHEHHOI'0 opraHuyYeckoro Belectsa. Hanpuwmep,
cojiepxaHusA 00Iero OpraHnu4ecKkoro yrjiepoja, B ocaf-
kax HOxHoro u Cpepnero bafikana cocraBistioT 1,5-
2,5%, B TO BpeMs Kak B CeBEPHOI KOTJIOBHHE 3aMeTHO
MeHblle — 0,5-1,5% (Beixpuctiok, 1980). YBenuueHue
cojiepXaHUsA pacTBOPEHHOI'O0 MeTaHa C pPOCTOM Opra-
HMYECKOro BelllecTBa B ocajkax o3epa bBalikan Takxke
nokasaHo B pabote (l'appkymia u ap., 2019).

Ha mnepBbXx HHTepBaJioB B pa3pe3e KepHa
(0-10(20) cm) nHaubosiblilie KOHIIEHTPAIUU PaCTBO-
PEHHOro MeTaHa aHaJIOTUYHO HabJII0aIuch B cpegHei
U I0KHOHM KOTJIOBUHAax, B TO BpeM:A kak B CeBepHOM
Batikase oHM ObUIM 3HAUMTEJIBHO HIKe, U NpaKTHye-
CKM He M3MEeHsUINCh [0 IJIyO1He, OCcTaBasch Ha YPOBHe
NIpUIIOBEepXHOCTHHIX cj1o€B (Puc. 2). Takoe pacmpene-
JleHre BEepOATHO TeCHO CBA3aHO C MOIIHOCTBIO OKHC-
JIEHHOTO CJIOs1, KOTOPHII MMeeT HeOoJIbINie BeJIUYHHbI
B CpeneM u HOxxHoM batikane (B cpegHem 3,5 u 5,5 cm
COOTBETCTBEHHO), B TO BpeMs Kak B CeBepHOM batikase

CpefHsAA BeJMYMHA OKMCJIEHHOIO CJIog BO3pacraer
o 16 cm (BostoruHa u fip., 2003). Takue paziuuus B
MOIITHOCTH OKHCJIEHHOTO CJIOAA MEXAY KOTJIOBUHaMU
00ycyioBJIeHbl IJTyOMHOM NPOHUKHOBEHUA KHCJIopoAa
B OCaJKM, YTO NOATBEpXJaeTcs HeloCpeACTBeHHbIMU
HM3MepeHUsAMU B JOHHBIX OTJIOXeHUAX Npoduiieil KOH-
[[EHTpaluy KHUCJIOpoAa C MOMOIIBI0 MUKPO3JIEKTPOI0B
(Martin et al., 1998; Och et al., 2012).

B nesnom, oOHapyxeHHBIe coAepXaHuA MeTaHa B
JIOHHBIX ocajkax (OHOBBIX palioHOB balikana 6JM3KU
K HabaofaeMbIM B IIPECHOBOJHBIX CHUCTeMax C HU3-
KON U yMepeHHOH mnpoAykTuBHOCTbi0 (Tabnuma 2).
CozepxaHue MeTaHa B [IOHHBIX OTJIOXKEHHUAX oO3epa
bBaiikas, kak o HamUM H3MepeHUAM, TaK U JaHHBIM
JpyTHUX HcciaefoBaTesiell U3MeHseTcsA B MUPOKUX Ipe-
nenax - ot 0,1 mo 1381 mxM (I'appkyma u ap., 2019;
®enopoB U 1ip., 2005), BEICOKHE 3HaUYeHNs B TOCTIeJTHUX
obecrnieyeHo 3a cueT oTOOpa Npobd B palioHaX C BBICOKUM
OCaJKOHaKOIJIeHHeM K OOJIBIIMM COAepXaHueM Tep-
pureHHoro Martepuana (B Mecrax BlajeHus Bepxueil
Anrapel, CeJieHTH U T.I1.). DTU 3HAaUEHUs ropa3go HUXe
OTMeuYaeMBbIX B paliOHax pa3JIMYHBIX TIe0JIOTHYeCKUX
CTPYKTYp U Ppasrpy3ku rasocojepxalyux MHUHepan-
30BaHHBIX (JIIOMIOB, HalpuUMep, B paiioHe IpsA3eBOro
ByJikaHa MaJjleHbKUIl KOHIIeHTpallul MeTaHa AOCTU-
raym 9000 MmxM (3emckas u ap., 2008, Zemskaya et
al., 2010).

BaxxHo oT™MeTUTh, 4YTO, HECMOTPS Ha CyIlecTBeH-
HBIII pa3bpoc cojepxaHus MeTaHa B TOJIIle ocaaka
Pa3HBIX KOTJIOBUH, B IPUIIOBEPXHOCTHHIX CJIOAX HCCIIe-
JIOBaHHBIX HaMH (OHOBBIX PalOHOB KOHILIEHTpaIuu
MeTaHa He mnpeBbimawT 1-2 MKM (Puc. 2). Taxxe
M3BECTHO, YTO B IPUJOHHEIX CJIOAX (POHOBBIX PaliOHOB
KOHIIeHTpallsl pacTBOPEHHOr0 MeTaHa B BoAe HIXe
3THX 3HauYeHuy emnie Ha 2-3 nopsAaka (MusaHOpoHIEB
u ap., 2020). Takoe paznuuue MO3BOJIAET TOBOPUTH
O TpaKkTUYeCKH IIOJHOM OKHCJIEHHUU IOCTYNAaloLiero

Ta6suia 2. CogepkaHue MeTaHa B JJOHHBIX OTJIOXKEHUAX HEKOTOPBIX 03€p

O3epo ITpenesibl U3MeHEHUs cOAepXKAHUA JIuTepaTypHBIH NCTOYHHUK
MeTaHa B JJOHHBIX OcajKax
Jlagoxckoe 1 - 3864 MmxM ®enopos u ap., 2005
OHexcKoe 3,12 — 535 MmxM BenumeBa, 2020
Banpgan 2 - 4818 MmxM ®enopos u Jp., 2005
VxuH 163,4 - 468 MxkM ®enopos u ap., 2005
TambyxkaH (r. [TATUTOpCK) 1 - 180 mxM ®enopos u ap., 2005
YépToBo (A30BCKOE MODpE) 2 - 198 MxM ®enopos u ap., 2005
I'nmy6okoe 1 - 55,6 MxM ®enopos u ap., 2005
TyHapoBbie 03€pa 0,01 - 113 mxM ®enopos u ap., 2005
Menpota, CIIIA 1-153 MmxM ®enopos u ap., 2005
Muuurasn, CIIIA 1-9,6 MkM ®enopos u ap., 2005
Opu 0,4 - 3658 MxM Adams and Fendinger, 1986
busa 40 - 2410 MmxM Murase and Sugimoto, 2001
®dparikces 1100 MxM Smith et al., 1993
Jlycopext 100 - 1500 MxM Sinke et al., 1992
AHTapKTHUYeCKHE PECHOBOIHbBIE 1.7 - 630 MxM Ellis-Evans, 1984

Kenepa

100 - 1100 MmxM

Sollberger et al., 2014

1399




UsaHos B.I, Xabyes A.B. / Limnology and Freshwater Biology 2025 (6): 1390-1401

MeTaHa U3 IJIyOOKHX CJIOeB JOHHBIX OTJIOKeHUH (HOHO-
BBHIX palioHOB o3epa balikaJ, 1, COOTBeTCTBeHHO, MUHHU-
MaJIbHOM BJIMAHUN AU(OYy3MOHHOrO INOTOKA MeTaHa
Ha ero cofeprxaHue B IIPUJJOHHON BoJe.

[Io cpaBHeHHIO C (OHOBBIMHU OKeaHWYECKUMU
ocagxkaMi{, BepXHHe TOPH30HTH KOTOPHIX KOHTPOJIU-
pyoorca cynabbarpeayknuein (Bernard, 1979), 6aii-
KaJIbCKe OCaAK{ IIPOABJIAIOT HHBIE COOTHOIIEHUA
OKHCJIMTEJIeN: B O3epe, M3-3a HU3KUX KOHI[eHTpauui
SO, u NO,;, 30Ha a3pOGHOTO0 OKHCIEHMS OGBIYHO
ropasfio pasbllle CMeHAeTCS 30HOM MeTaHoreHesa
(HamcapaeB u 3emckas, 2000; Aloisi et al., 2019). 3to
3a7aéT xapaKTepHble JIMHeNHble TpodUIN HapacTaHUA
MeTaHa C rJIy61HOMN, 4To OBLIIO MOATBEPXKIEHO TEOPETH-
yecknMu pacdetamu (baxuH, 2003), a mo3gHee HATYp-
HBIMU HM3MepeHHsAMH B palioHe IOCTOSHHOI'O OCaAKO-
HakoIleHUs AkajneMudeckoro xpebra (3emckas u ap.,
2008). B nccneoBaHHBIX HAMU KepHax Mpoduin KoH-
LIeHTpallui MeTaHa TakXe MMeloT OJM3KUN K JIMHEN-
HOMY POCT KOHIIeHTpaluii. B Mopckux riy60KOBOAHBIX
(OHOBBIX OcajKax HallpOTUB, BEPXHUE CJION HaChIIeHbl
cyabdaraMyu U MeTaHOTeHe3 HaulHaeT pa3BUBAThCA B
ropasnio 6osee riy6okux ciosx (Bernard, 1979), moas-
TOMYy KOHIIEHTpaIl[id pacTBOPEHHOIO MeTaHa B HUX
HIXe, 4eM B ocajikax osepa batikai.

B 3axyroueHHM CTOMT TakXke OTMETUTh 3HAUU-
TeJIbHOE yBeJinueHHe pa3bpoca U3MepeHHBIX KOHIIeH-
Tpauuii MeTaHa B KaXJOM U3 KepHOB II0 Mepe yIJIy-
6J1eHHs U, COOTBETCTBEHHO, pOCTa €ro KOHI[eHTpaluu
(Puc. 2). 3To cBA3aHO C TeM, YTO IIpU NOgbeMe KepHa,
cOpacbiBaeTcs aBjieHKe, U 30HbI C BHICOKHAM €ro coAep-
’)kaHWeM HauyMHaiT JerasupoBaTbh U TepAIT YacTb
PacTBOPEHHOr0 MeTaHa, YTO NPUBOAUT K 3aHIKEHUIO
OILIeHOK ero KoHneHTpauuu. CKOpocTh Jerasaiuu, Ipu
3TOM, 3aBUCHUT OT JIMTOJIOTMH OCAAKOB, OHA BBICOKA B
Ieckax M ropasfo MeHblle B IJIMHUCTHIX OTJIOKEHUAX.
JlonosnHuTesIbHBIE MeXaHWYecKue BO3JelCTBUA Ha
ocaZioK BO BpeM:A oTOOpa Npob TOJIBKO YCKOPAIOT MPO-
1[ecc B CJIOAX, I/le KOHIIEHTpalusA OKa3blBaeTcsA KpaTHO
BBIIIe PaBHOBECHOI ¢ aTMocdepoli, mpuBoAs K 0O0JIb-
meMy pas0Opocy H3MepeHHBIX 3HaueHuil. IloaTomy,
py paboTe ¢ BBHICOKMMHU KOHIIEHTpalUsAMHU MeTaHa B
ocagkax Iiejecooopa3Ho UCIOJIb30BaTh METOAbI IPO0O-
oT60pa ¢ coxpaHeHHeM BHYTPUILJIACTOBOTO JaBjieHNUs.

5. BoiBOABI

B pesynbpTaTe BBINOJIHEHHOIO WCCJIeJOBAaHUA
BIEpBble TOJIyuYeHBl U 0000IeHbl CBeleH!UsI 0 oApPOoO-
HOM BepTHKaJIbHOM pachpefejieHUl pacTBOPEHHOI0
MeTaHa B JOHHBIX OTJIOKeHMAX (OHOBHIX PaliOHOB
TPEX KOTJIOBUH O3epa baiikaj. YcraHOBJIEHO, UTO Bep-
TUKaJIbHOE paclpefiesieHle XapaKTepu3yeTcss HU3KUMU
KOHI[eHTpaLUsAMH B MPUIIOBEPXHOCTHBIX CJIOSIX OcajKa
U BBIp@XXEHHBIM POCTOM C TIJIyOMHOI, 4acTo OJIM3KHUM
K JIMHEHHOMY, C BBHIXOZJOM Ha KBa3WOJHOPOJHBIE 3Ha-
YyeHMsA Ha TMOAJOHHBIX I'TyOuHax mopsaka 1,5-2,0 m.
Takasa ¢opma npoduiieii orpaxaer crnenuduky 6aii-
KaJIbCKUX OCaAKOB, I'/le 30Ha a’pOOHOro OKUCJIeHUs
BCJIEJICTBME HU3KOTr'0 coiepXaHus cyabdaToB U HUTpa-
TOB JIOBOJIbBHO OBICTPO CMeHseTcsd 30HOH MeTaHOore-
He3a, YTO IPUHIUIIHAJIBHO OTJINYaeT JOHHbIE OTJIOXe-

1400

HUA o3epa baiikan oT TakoBHIX B Mopsax. CpaBHeHUe C
JpyTHMU 03€épaMu [I0OKa3bIBaeT, 4YTO OXBAT PErUCTPUpY-
eMBbIX KOHIIeHTpaluil MeTaHa B (POHOBBIX OTJIOKEHUAX
bBaiikasma cooTBeTCTByeT [uanas3oHy, XapaKTepHOMY
JUI TIPECHOBOJHBIX CHCTeM C HU3KONM MU yMepeHHOH
[IPOAYKTUBHOCTEIO.

BolsiByIeHB! 3HaUMMBble pas3jiduusA B KOHIlEHTpa-
I[MAX MeTaHa MeXAy KOTJIOBHHAMU 03epa: MaKCHUMaJlb-
Hble 3HaUeHHsA XapaKTepHBl AJiA CpefHell KOTJIOBUHBEI
(mo 880 MxM), HECKOJIBKO MeHbIIIEe — JIJIs I0XKHOH (10
350 MkM) u Ha NOpsAOK MeHblIINe — [AJiA CeBepHOH
(mo 32 mMxM). HecMoTpss Ha 3HauYMTeNbHBIN paszbpoc
KOHIIeHTpal[iil MeTaHa B TOJIIIe 0CAaJKOB pPa3HBIX KOT-
JIOBUH, B MPUIIOBEPXHOCTHBIX cjiosax (0-10(20) cm) ero
cojiepXxaHue He IpeBbimaer 1-2 MKM, 4TO yKasblBaeT
Ha CyIeCTBeHHOe OKHCJIeHHe MeTaHa, MOCTYyNalolero
n3 OoJiee IJIyOOKMX MOPU30HTOB, M COrJjlacyeTcsA ¢ Ha
2-3 nopsaaka MeHbIINMY KOHLIEHTPalUuAMU pacTBOPEH-
HOI'o MeTaHa B IPUJIOHHBIX BoAax o3epa batikai.

Xopomasa BOCHPOM3BOAMMOCTE Npoduseil KOoH-
I[EHTpallui MeTaHa, IOJIy4YeHHBIX B OJHUX U TeX Xe
pailioHax B pa3Hble Iojibl, Kak 10 ¢popMme, Tak U 1o abco-
JIIOTHBIM 3Ha4yeHUAM, CBHUJIETEeJbCTBYEeT O KBa3WCTallu-
OHapHOM XapakTepe IIPOLlecCOB reHepalii U OKHCJIe-
HHA MeTaHa B JIOHHBIX OTJIOKeHUAX (POHOBHIX palioOHOB
o3epa balikaj, Ha KOTOpPHIX He CKa3bIBaeTCA MeXIoJo-
Bas U3MEHUYMBOCTb YPOBHA 03epa.

B pmanpHelimeM IyIaHupyeTcs IpoBecTu 6oJiee
noApoOHbBIe HCCAeOBaHUA BepPTUKAJIBHOIO paclpe-
JleJleHNs KOHIIeHTpall[id PpacTBOPEHHOIo MeTaHa Ha
IIMPOKOI ceTKe CTaHIMI o BceMy o3epy Baiikan, A
OIIeHKM BHYTPHUKOTJIOBUHHBIX HEOJAHOPOIOHOCTEN ero
coepkaHUA.

BaaropapHocTH

OT6op o6pasnoB AnA rasoxpomartorpadu-
Yyeckoro asaamusa nposoawiica ¢ 6opra HUC «I .IO.
Bepemarun» (LIKII «LleHTp KOMIJIEKCHBIX CYAOBBIX
uccienoBanuil batikana»). PaboTra BhINOJIHEHA B paM-
kax T'ocymapcrBeHHbix 3amanHuii JIMH CO PAH No
0279-2021-0006 u 0279-2021-0004. ABTOpH BHIpa-
kalT OsarogapHocTh 3eMckoil T.M. 3a opraHuzanuio
SKCIEeQULMOHHBIX paboT U BCECTOPOHHIOI MOAAEPXKY
uccnenoBanus, [lorogaesoit T.B. u ®enoroBy A.Il 3a
KpUTHYecKoe 1 Iojie3Hoe oOcyXJeHHe pe3ysIbTaToB,
Makaposy M.M. 3a nomols B 0popMIeHNN KapTorpa-
(puueckoro marepuaia.

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(DIIMKTa
VHTEPECOB.

Cnucok Aureparypbl

baxun H.M. 2003. OMuccus MeTaHa U3 akTUBHOI'O CJIOA.
B: Tesucel koHpepeHnuu «['a3oBble ruapaThl B 3KOCUCTEME
3emusm». HoBocub6upck, C. 19.

BospmakoB A.M., Eropos A.B. 1987. O6 ncnosib30BaHUU
MeTouKK (a30BO-paBHOBECHOMH Jerasaluu npu razoMeTpu-
Yyeckux ucciaegopanuax. OkeaHosiorusa 27: 861-862.



UsaHos B.I, Xabyes A.B. / Limnology and Freshwater Biology 2025 (6): 1390-1401

Begumesa O.H. 2020. XapakTepucTuka oOpraHuye-
CKOTO BellleCTBA M Tra3oB JOHHBIX o0caAkoB OHEXCKOIo
o3sepa. «Marepuasbl MexayHapoqHOIO MOJIOAEXHOIO Hayuy-
Horo ¢opyma “JIOMOHOCOB-2020”». Btopoe wu3gaHue:
nepepaboTaHHoe U JomnoJiHeHHoe. B: AnemxoBckuii U.A.,
AnpnpusHos A.B., Aatunos E.A. (pen.). Mocksa: MAKC Ilpecc.
(OnexTpoHHEIH pecypc)

Bosioruna E.T'., lItypm M., Bopo6reBa C.C. u gp. 2003.
OcobGeHHOCTU OCAJKOHAKOIUIeHUs B o3epe balikan B roJio-
neHe. 'eostorus u reodusuka 44(5): 407-421.

Brixpuctiok JI.A. 1980. Opranuueckoe BelecTBO JOHHBIX
ocankoB Bartikana. Tpyast JIMH CO AH CCCP 32: 80.

lFappkyma O.H., ®énopos F0.A., Tambuena H.C. u np.
2019. MeTaH B BoJle U JOHHBIX OTJIOXeHUAX o3epa Barikas.
Bonnslie pecypcent 46(5): 511-522.

Eropos A.B. 2002. ®opmupoBaHue U pasJioXeHUe raso-
BBIX 'MAPATOB B OCaAKax apKTUYeCKOro IOJBOIHOrO Ipsse-
BOro ByJikaHa XaakoH Moc6u. OnbIT CUCTEMHBIX HCCIIe/[0Ba-
Hul B Apkruke, C. 511-521.

Eropos A.B., 3emckas T.HU., I'paue M.A. 2005. [lepBoie
JlaHHBle O 3aKOHOMEPHOCTU paclpefileJieHUs MeTaHa B
BoJle 1 ocajkax o3. Baiikan. B: UerBepras BepemaruHckas
Batikanbckasn koHbepennus, C. 77-78.

Eropos A.B., 3emckas T.HU., I'paues M.A. 2003. I[lepBrie
JlaHHBIE O 3aKOHOMEPHOCTSX BEPTUKAJIBbHOIO pacnpe/iesieHrs
MeTaHa B BOAHOM ToJjime o03. Barikan. B: Te3uchl qOKJIagoB
XV MexayHapoJJHOII HIKOJIBI MOpCKOI reosioruu. Mocksa:
Hayunsiit mup, C. 169-170.

Ebpemosa A.T'., I'putunna H.J. 1981. l'asorugpatel B
MOPCKHUX 0cajJikax U npobJieMa UX INPaKTUYeCKOro UCIOJIb30-
BaHusA. ['eostorus Hedru u rasa 2: 32-35.

3emckasa T.H., XneictoB O.M., Eropos A.B. u ap. 2008.
KommiekcHble nccsiejoBaHNA NPOABJIEHUI ra30BbIX THAPATOB
B ocajikax o3epa bBalikas. M3ameHeHue okpyxaroueli cpefisl U
kianMara 4: 125-152.

Hcaes B.II., KonoBasoBa H.I'., Muxeep II.B. 2002.
IIpupoausie raspl Batikana. I'eosnorus u reopusuka 43(7):
638-643.

Hcaes B.II.,, Muxees II.B. 2001. T'a3oBble KpHCTaIO-
rufpatel o3epa Baiikan. B: Marepuanel IV pervoHanpHON
Hay4YHO-TIpakTHyecKoil KoHbepeHu «MHTE IJIeKTyasIbHbIE U
MaTepuaJjibHble pecypchl Cubupy, C. 213-223.

Kanmerukos I'.B., Eropos A.B., Kyssmun M.U. u ap. 2006.
leHeTuueckye TUIB MeTaHa o3epa batikas. J[okJiaas! akaje-
muu Hayk 411(5): 672-675.

JleGens I'.I'. 1984. OTueT 0 pe3yJibTaTax peruoHaJIbHBIX,
IIJIOL[AJHBIX U ONBITHO-METOANYECKUX reOXMMUYecKrx paboT
3a 1981 — 1983. Upkytck: BocTcubHedTerasreosiorus.

Jlesu K.I'., Apxannukosa A.B., Bygno B.1I0. u ap. 1997.
CoBpemeHHas reoquHamuka batikanbckoro pudra. Pazseaka
u oxpaHa Heap 1: 10-20.

Man B.A., Youmues I'.®., Manpensbaym M.M. u
ap. 2001. Katinosoi#i Batikanbckoill pu@TOBOI BIIaJUHBL
CtpoeHne u reojoruyeckas ucropus. HoBocubupck: Uzn-so
CO PAH.

Musanaponues W.b., Ko3znos B.B., UBanos B.I'. u gp.
2020. BeprukasbpHOe pacmpefejieHHe MeTaHa B BOJHOU
toye bBarikama. Bopanele pecypcel 47(1): 78-85. DOI:
10.31857/50321059620010101

1401

Hamcapaes b.B., 3emckas T.M. 2000.
MukKpo6HoJIornieckre Mpolecchl KPyroBopoTa yrijiepofa B
JIOHHBIX ocajikax o3lepa batikan. Hoocubupck: Uzn-so CO
PAH.

®enopos 10.A., TambueBa H.C., l'appkyma I.H. u mp.
2005. MeTaH B BOAHBIX 3KocHucTeMax. Pocros-Ha-Jlony: 3A0
«PocTtuzpar».

Adams D.D., Fendinger N.J. 1986. Early Diagenesis
of Organic Matter in the Recent Sediments of Lake Erie
and Hamilton Harbor. In: Sly P.G. (Ed.), Sediments and
Water Interactions. New York: Springer, pp. 305-318. DOI:
10.1007/978-1-4612-4932-0 25

Aloisi G., Pogodaeva T.V., Poort J. et al. 2019.
Biogeochemical processes at the Krasniy Yar seepage area
(Lake Baikal) and a comparison with oceanic seeps. Geo-
Marine Letters 39: 59-75.

Bernard B.B. 1979. Methane in marine sediments. Deep
Sea Research Part A. Oceanographic Research Papers 26(4):
429-443. DOI: 10.1016/0198-0149(79)90056-6

Ellis-Evans J.C. 1984. Methane in maritime Antarctic
freshwater lakes. Polar Biology 3: 63-71. DOI: 10.1007/
BF00258149

Martin P.,

Granina L., Martens K. et al. 1998.
Oxygen concentration profiles in sediments of two
ancient lakes: Lake Baikal (Siberia, Russia) and Lake
Malawi (East Africa). Hydrobiologia 367: 163-174. DOI:
10.1023/A:1003280101128

Murase J., Sugimoto A. 2001. Spatial distribution of
methane in the Lake Biwa sediments and its carbon isotopic
compositions. Geochemical journal 35(4): 257-263. DOIL
10.2343/geochemj.35.257

Och L., Miiller B., Voegelin A. et al. 2012. New insights
into the formation and burial of Fe/Mn accumulations in Lake
Baikal sediments. Chemical Geology 330-331: 244-259. DOL:
10.1016/j.chemgeo.2012.09.011

Sinke A.J.C., Cornelese A.A., Cappenberg T.E. et al. 1992.
Seasonal variation in sulfate reduction and methanogenesis
in peaty sediments of eutrophic Lake Loosdrecht. The
Netherlands. Biogeochemistry 16: 43-61. DOI: 10.1007/
BF00024252

SmithR.L., Miller L.G., Howes B.L. 1993. The geochemistry
of methane in Lake Fryxell, an amictic, permanently ice-
covered, antarctic lake. Biogeochemistry 21: 95-115. DOIL
10.1007/BF00000873

Sollberger S., Corella J.P., Girardclos S. et al. 2014. Spatial
heterogeneity of benthic methane dynamics in the subaquatic
canyons of the Rhone River Delta (Lake Geneva). Aquatic
Science 76(1): 89-101. DOI: 10.1007/s00027-013-0319-2

Zemskaya T.I., Pogodaeva T.V., Shubenkova O.V. et al.
2010. Geochemical and microbiological characteristics of
sediments near the Malenky Mud Volcano (Lake Baikal,
Russia), with evidence of archaea intermediate between
the marine anaerobic methanotrophs ANME-2 and ANME-
3. Geo-Marine Letters 30: 411-425. DOI: 10.1007/
s00367-010-0199-6



https://doi.org/10.31857/S0321059620010101
https://doi.org/10.1007/978-1-4612-4932-0_25
https://doi.org/10.1016/0198-0149(79)90056-6
https://doi.org/10.1007/BF00258149
https://doi.org/10.1007/BF00258149
https://doi.org/10.1023/A:1003280101128
https://doi.org/10.2343/geochemj.35.257
https://doi.org/10.1016/j.chemgeo.2012.09.011
https://doi.org/10.1007/BF00024252
https://doi.org/10.1007/BF00024252
https://doi.org/10.1007/BF00000873
https://doi.org/10.1007/s00027-013-0319-2
https://doi.org/10.1007/s00367-010-0199-6
https://doi.org/10.1007/s00367-010-0199-6

Limnology and Freshwater Biology 2025 (6): 1402-1415D0I:10.31951/2658-3518-2025-A-6-1402

Features of polychlorinated biphenyls
accumulation in Baikal fishes (initial

resulits)

Original Article

LIMNOLOGY
FRESHWATER
BIOLOGY

M

Kustova O.V.*", Bogdanov B.E.”, Anoshko P.N.", Gorshkov A.G.

Limnological Institute Siberian Branch of the Russian Academy of Sciences, Ulan-batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. A detailed systematic analysis of the content of polychlorinated biphenyls (PCBs) in various
Baikal fish species was conducted for the first time. Accumulation levels of indicator and dioxin-like PCBs
were determined in the muscles of five species of Baikal sculpins of the family Cottidae: Abyssocottus
pallidus, Abyssocottus godlewskii, Abyssocottus platycephalus, Leocottus kesslerii and Cottocomephorus come-
phoroides, and of two species of the family Coregonidae: Coregonus baicalensis and Coregonus migratorius.
The features of pollutants accumulation by various fish species depending on habitat specificity and
feeding ecology are revealed. The total toxic equivalents of dioxin-like PCBs were calculated despite
their extremely low concentrations in the water of Lake Baikal.
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1. Introduction

One of the important problems for the global
community in the context of achieving the Sustainable
Development Goals is the entry of persistent organic
pollutants (POPs) into surface waters, particularly fresh-
water ecosystems that serve as drinking water sources.
Among POPs, polychlorinated biphenyls (PCBs) are
notable for their exceptional physical and chemical
properties, which led to their widespread industrial
use as dielectric fluids in transformers and capacitors,
and as components in paints, inks, pesticides, and other
products. Following the discovery high toxicity for a
number of compounds of this class, the production and
use of PCBs were banned by the Stockholm Convention
(Stockholm Convention..., 2001). Currently, sources
of PCBs include the dismantling and disposal of old
equipment containing these substances as construc-
tion materials, as well as various industrial processes
where PCBs are formed as by-products. Due to their
high stability and long-range transport, PCBs have been
detected in air, water, and soil, including remote Arctic
and Antarctic regions (Eckhardt et al., 2007; Gioia et
al., 2008; Khairy et al., 2021). As a result of bioaccumu-
lation and biomagnification, PCBs accumulate in biota
(Knezovich et al., 1987; Norstrom et al., 2009; Wang et

al., 2022), for example, in the endemic amphipod fauna
from two of the deepest ocean trenches: the Mariana
and the Kermadec (Jamieson et al., 2017). Global atmo-
spheric transport sustains the presence of these pollut-
ants in the surface waters of background regions. The
ability of PCBs to bioaccumulate dictates their impact
on biota at trace concentration levels and represents
a potential threat to the environment, including the
unique ecosystem of Lake Baikal.

For the aquatic ecosystem of Lake Baikal, the
dominant source of PCBs is considered to be global
atmospheric transport, although regional and local
sources of pollution are not excluded (Kucklik et al.,
1996; Gorshkov et al., 2017; Samsonov et al., 2017).
Direct determination of PCBs in the lake’s surface water
is possible with a limit of quantification (LOQ) of 0.02
ng/L (Kustova et al.,, 2021). Aquatic organisms that
accumulate lipophilic organic pollutants in their tis-
sues, reflecting the pollution level of their ecological
zone, serve as reliable indicators of trace PCBs in sur-
face waters.

The fish fauna of Lake Baikal includes about 60
species that have occupied all biotopes of this ancient
and ultra-deep lake. In this study two whitefish spe-
cies (Coregonidae) and five species of endemic scul-
pins (Cottidae) were analyzed, which differ in their

*Corresponding author. E-mail address: kustova ov@lin.irk.ru (O.V. Kustova)

Received: November 28, 2025;
Accepted after revised: December 19, 2025;
Available online: December 25, 2025

© Author(s) 2025. This work is distributed
under the Creative Commons Attribution- BY NG

NonCommercial 4.0 International License.


https://www.doi.org/10.31951/2658-3518-2025-A-6-1402
https://orcid.org/0000-0001-9087-4817
https://orcid.org/0000-0003-3989-8690
https://orcid.org/0000-0001-9506-4135
https://orcid.org/0000-0003-4833-810X
mailto:kustova_ov@lin.irk.ru

Kustova O.V. et al. / Limnology and Freshwater Biology 2025 (6): 1402-1415

habitat preferences and feeding ecology (Taliev, 1955;
Skryabin, 1979; Sideleva, 2003; Smirnov et al., 2009;
Bogdanov and Knizhin, 2022; Bogdanov, 2023).

The Baikal omul Coregonus migratorius (Georgi,
1775), a Baikal endemic, inhabits the pelagic zone
down to 300 m depth and spawns in rivers. Individuals
reach sexual maturity at a length of 250-300 mm and a
weight of 220-270 g. Traditionally three morphological
and ecological groups (races) are distinguished based
on intraspecific variability: pelagic, coastal, and ben-
thic-deepwater, which differ in a number of diagnostic
traits, spawning sites, feeding and growth patterns. The
diet of the Baikal omul consists mainly of meso- and
macrozooplankton (Macrohectopus branickii (Dybowski,
1874) and pelagic juveniles of sculpins. Also benthic
amphipods are noted in their diet.

The Baikal lake whitefish Coregonus baicalensis
(Dybowski, 1874), a Baikal endemic, inhabits the shal-
lows near deltaic areas and mouths of large tributar-
ies, as well as in the Maloye More Strait, on sandy and
silty-sandy substrates. The main spawning grounds are
located directly in the bays of the lake (Chivyrkuisky,
Mukhor, Proval). By the age of 5+, individuals reach
a length of 300-350 mm and a weight of 320-400 g,
and by 10+ years — 450-550 mm and 1300-1700 g,
respectively. Juveniles up to three years old feed pri-
marily on zooplankton. Older fish feed on amphipods,
mollusks, and chironomid larvae, depending on their
habitat (Matveev et al., 2012).

The Flathead sculpin Abyssocottus (Asprocottus)
platycephalus (Taliev, 1955) inhabits muddy bottoms at
depths from 50 to 800 m, reaches a length of 110 mm
and a weight of up to 12 g. Their diet composition has
not been studied.

The Godlewski’s sculpin Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) and the
Pale sculpin Abyssocottus (Limnocottus) pallidus (Taliev,
1955) are species with similar lifestyles. Both species
inhabit sandy-silty substrates at depths from 50-100 m
to 1000 =100 m. A. godlewskii reaches a length of up to
165 mm and a weight of up to 45 g, A. pallidus — 150
mm and 15 g, respectively. They feed on small amphi-
pods and juveniles of sculpins.

The Smalleye longfin sculpin Cottocomephorus
comephoroides (Berg, 1900) inhabits the near-bottom
layer of the pelagic zone at depths from 50 to 500 m.
Males reach a length of up to 200 mm and a weight of
up to 100 g, females — up to 170 mm and 50 g. They are
similar in diet to omul, which consists of M. branickii,
other crustacean planktons, and pelagic juveniles of
sculpins.

The Sand sculpin Leocottus kesslerii (Dybowski,
1874) inhabits sandy and rocky-sandy bottoms from the
shoreline to depths of 150-170 m in Baikal. Maximum
length and weight vary from 100 to 150 mm and from
10 to 40 g depending on the population. They feed on
a wide range of small invertebrates depending on their
abundance in a particular biotope, less frequently — on
juveniles of sculpins.

Comparative analysis of PCBs accumulation in
tissues of taxonomically and ecologically diverse spe-
cies allows us to solve two tasks, which have funda-
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mental importance for understanding patterns of mod-
ern environmental processes:
1. Level and nature assessment of pollution in differ-
ent ecological zones of Baikal;

2. Determination of the relationship between the eco-
logical characteristics of species and the biocon-
centration and bioaccumulation processes of per-

sistent pollutants in the organism.

The aim of this work was to obtain current data
on PCBs content in the tissues of various Baikal fish
species and identify different patterns of contaminant
accumulation levels depending on their habitat areas
in order to assess the potential ecological risk from the
presence of these pollutants in Baikal water at the trace
level.

2. Materials and Methods

Fish sampling. Fish samples were collected
during expeditions aboard the research vessel “G.Yu.
Vereshchagin” in August and October 2024 (Fig. 1).
Capture was conducted using a bottom trawl (mesh
size in the codend: 10 mm). Two species of whitefish
(Coregonidae): C. baicalensis and C. migratorius, and
five species of Baikal scuplins (Cottidae): A. platyceph-
alus, A. pallidus, A. godlewskii, L. kesslerii and C. come-
phoroides were studied. After capture, the individuals
were packaged in aluminum foil and stored at —20°C
until analysis.

Sample preparation. First, individuals were
thawed at room temperature in the laboratory. Standard
length (SL), weight, sex and age were determined, and
morphological and ecological group for the Baikal
omul were identified using standard biological anal-
ysis (Pravdin, 1996), the results of which are shown
in Table 1. The fish samples were prepared according
to the technique (FR.1.31.2021.40284), which was
adapted for the purposes of this study: head, internal
organs, bones and skin were removed. For chemical
analysis all muscle tissues was used without dividing
into red and white muscles. Homogenization of mus-
cle tissue from small individuals was performed by a
blender after preliminary chopping with a laboratory
knife; two parallel samples weighing about 0.5 g were
taken from each individual.

An internal surrogate standard (a mixture
“Marker-7 PCB Mixture” containing isotopically labeled
PCB congeners Nos: 28, 52, 101, 118, 138, 153 and
180) was added to the weighed samples and homoge-
nized with anhydrous sodium sulfate. PCBs extraction
was performed by double ultrasonic extraction (35-40
kHz, 15 min) with a mixture of hexane-acetone solvents
(1:1) from the homogenized matrix. The combined
extract was concentrated by a rotary evaporator to a
volume of 1 mL, dried over anhydrous sodium sulfate,
and cleaned using concentrated sulfuric acid. The puri-
fied organic layer was washed with distilled water to
neutral pH, dried over anhydrous sodium sulfate, and
concentrated in an argon stream to 0.1 mL. Before a gas
chromatography-mass spectrometry analysis (GC-MS),
an internal recovery standard (4,4’-dibromobiphenyl)
was added to the prepared extract.
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Fig.1. Map of Baikal fish catches.

Gas chromatography-mass spectrometry
analysis. PCBs determination was carried out on a gas
chromatograph with a triple quadrupole mass spectro-
metric detector Agilent Technologies 7890B GC System
7000C GC/MS Triple Quad.

Chromatographic separation was achieved using
an OPTIMA®-17 MS capillary column (30 m X
0.25 mm X 0.25 pum). Temperature gradient: from
80°C (hold 1 min) to 310°C at a rate of 15°C/min, final

Table 1. Parameters of the studied Baikal fishes.

hold at 310°C - 10 min. Injector temperature — 280°C.
Injection volume — 2 L in splitless mode.

Mass spectrometric detection was performed in
multiple reactions monitoring (MRM) mode. Ion source
temperature — 230°C, quadrupole temperature — 150°C.
Two characteristic MRM transitions were monitored
for each analyte and internal standard. Identification
of PCB congeners was based on the coincidence of
retention times in the sample and calibration solution

Taxon | SL, mm | Body weight, g | Age*, years | Number, ind Sampling Area and Depth
Family Coregonidae
Coregonus 277-297 255-306 5 2 Selenga Shallow, 110-150 m
baicalensis
Coregonus 190-274 79-240 3-5 7 Selenga Shallow, 110-150 m
migratorius | 267-302 234-385 5-6 3 Northern Baikal, Angarsky Sor, 40-50 m
Family Cottidae
83-93 9.3-13 3-4 4 Transect of Buguldeyka settlement, 710-750 m
ATEEEES [ o 096 13-17 2-4 4 Maloye More Strait, 230-270 m
(Asprocottus)
platycephalus 80-90 11-13 3 4 Northern Baikal, transect of Frolikha Bay,
630-650 m
Abyssocottus 93-125 14-34 2-4 4 Transect of Buguldeyka settlement,
(Limnocottus) 510-535 m
godlewskii
Abyssocottus 87-100 7.5-13 2-3 Transect of Buguldeyka settlement, 710-750 m
(Limnqcottus) 96-115 15-20 2-3 4 Northern Baikal, transect of Ayaya Bay,
pallidus 630-650 m
107-114 14-18 2 3 Selenga Shallow, 40-50 m
Cottocomephorus | oq 1 og 10-33 1-2 4 Maloye More Strait, 135-165 m
comephoroides
113-120 12-24 1-2 2 Maloye More Strait, 230-270 m
Leocottus kesslerii| 96-115 7.1-11 2-3 4 Selenga Shallow, 40-50 m

Note: * — Age determined by otolith analysis.
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(£0.1 min), and the ratio of peak areas for the two
analytical MRM transitions (acceptable deviation — no
more than +20% from the value obtained for calibra-
tion solutions).

Quantification was performed using the internal
standard method based on a surrogate standard mix-
ture. Calibration dependences were constructed in the
concentration range from 0.005 to 25 ng/mL. PCBs
content in samples was calculated as the mean value
from two parallel samples, using the ratio of the ana-
lyte peak area to the corresponding surrogate standard
peak area.

Quality control included reagent-blank experi-
ments to assess laboratory background. Extraction com-
pleteness was controlled by the recovery percentage of
surrogate standards, which ranged from 78% to 92%.
The certified reference material BCR®-350 (mackerel
oil) was used to validate the accuracy of method.

Determination of indicator and dioxin-like
PCB congeners. Commercial PCB products were man-
ufactured as complex mixtures of variable composition
(containing up to 50-70 individual congeners — isomers
and homologs with different chlorination degrees) and
entered the environment in this form. For this reason,
accurate assessment of pollution levels in aquatic eco-
systems is often complicated by the use of different
POP determination methods; in particular for PCBs, the
problem is related to the identification and determina-
tion of a varying number of congeners. These issues can
be addressed by determining a limited number of com-
pounds — seven indicator congeners (Nos: 28, 52, 101,
118, 138, 153, and 180), which are typically major
components in the homologues groups of isomers
found in technical PCB mixtures (PCB 28 for trichlo-
rinated biphenyls; PCB 52 - tetrachlorinated; PCB 101
and 118 - pentachlorinated; PCB 138 and 153 — hexa-
chlorinated; PCB 180 - heptachlorinated), that explains
their detection in almost any environmental objects.
Coplanar, dioxin-like PCB congeners (Nos: 77, 81, 105,
114, 118, 123, 126, 156, 157, 167, 169, 189) possess

the highest toxicity among PCBs and exhibit additive
effects when present together (Walker et al., 2004).
Based on the composition of technical PCB mixtures
(Kirichenko et al., 2000) and the values of International
Toxic Equivalency Factors (I-TEF), a series of priority
dioxin-like PCBs was selected: 105 (I-TEF: 0.0001), 114
(0.0005), 118 (0.0001), 123 (0.0001), 126 (0.1), 156
(0.0005).

Limits of detection (LOD) and quantification
(LOQ) were estimated according to IUPAC recommen-
dations (Currie, 1995) as multiplication of the standard
deviation of the laboratory background and a coeffi-
cient: kq = 3 for LOD and kq = 10 for LOQ. The LOQ
for the selected PCB congeners was 0.010 ng/g wet
weight. The total determination accuracy was = 35%.

The bioaccumulation factor (BAF) was calculated
as the ratio of the average mass concentration of indi-
cator or dioxin-like PCB congeners in Baikal fish tissues
(ng/kg) to that average concentration in Baikal water
(ng/L).

The total toxic equivalent (WHO-TEQ) (Kutz et al.,
1990) for n detected dioxin-like PCB congeners was cal-
culated using the formula:

TEQycy, = Y. (C,-1-TEF),
where: TEQ

o5, 18 the total toxic equivalent; C, is the mass
concentration of the i-th PCB congener in the sample
(ng/g); I-TEF, is the International Toxic Equivalency
Factor for the i-th PCB congener.

3. Results and Discussion

All seven indicator congeners and four to five of
the six selected dioxin-like PCB congeners were identi-
fied in Baikal fish tissues (the most toxic PCB 126 was
not detected in any sample). The average total content
of indicator congeners (XPCB,) and dioxin-like conge-
ners (ZPCB ) in the muscles of the studied fish are pre-
sented in Table 2.

Table 2. Average total mass concentrations of indicator PCB congeners (2PCB,) and dioxin-like PCB congeners (2PCB_) in

Baikal fish muscles, PCBs bioaccumulation factors.

Sampling Area Spicies Average PCB content in fish, Bioaccumulation
ng/g wet weight Factor (BAF)
SPCB, SPCB,, SPCB,
A. pallidus 11.45 4.06 3.810*
Buguldeyka A. godlewskii 4.34 1.48 1.410*
A. platycephalus 6.71 2.57 2.2:10*
L. kesslerii 1.37 0.37 4.6:10°
C. comephoroides 0.83 0.36 2.8-10°%
Selenga Shallow
C. migratorius 0.86 0.35 2.9-10°
C. baicalensis 0.36 0.14 1.2:10°
C. comephoroides 0.87 0.30 2.910°
Maloye More Strait
A. platycephalus 1.86 0.51 6.2-10°
A. pallidus 17.85 5.55 6.0-10*
Northern Baikal A. platycephalus 6.49 1.90 2.2-10*
C. migratorius 0.74 0.24 2.510°
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The composition and ratio of PCB congeners in
fish muscles differ significantly from their composition
and ratio in Baikal water samples, which is explained
by differences in accumulation mechanisms and trans-
formation rates of congeners with different chlorination
degrees. According to the results of long-term POPs mon-
itoring in the Baikal aquatic ecosystem (Gorshkov et al.,
2022) during 2014-2021, a decrease in PCB concentra-
tions in the pelagic water was observed, with reductions
in some locations to the limits of quantification (ZPCB,
< 0.11 ng/L). The average value and statistically sig-
nificant range of detected XPCB, concentrations in the
pelagic water of Lake Baikal were estimated at 0.30 and
0.26-0.34 ng/L, respectively. Accumulation of indicator
congeners in fish tissues was characterized by a bioac-
cumulation factor (BAF) range from 1.2:10° to 6.0-10*
(Table 2), with the highest values (10%) obtained for
demersal fish species of the family Cottidae: A. pallidus,
A. godlewskii, A. platycephalus. When comparing detected
concentrations in different fish species, the ZPCB, con-
tent is higher in demersal deep-water (abyssal) species.
Differences are observed in the contribution of individ-
ual indicator PCB congeners with different chlorination
degrees — in deep-water demersal species A. pallidus, A.
godlewskii and A. platycephalus hexachlorinated PCBs
153 and 138 contribute the most to ZPCB, (over 60%),
while in pelagic species C. comephoroides, C. migratorius,
C. baicalensis and demersal shallow-water species L. kes-
slerii their contribution does not exceed 40% and is com-
parable to the contribution of pentachlorinated PCBs
101 and 118 (Fig. 2). In the pelagic water of the lake,
the content of PCB congeners 153 and 138 constitutes
less than 20% of the total ZPCB, content (Fig. 3).

The obtained data are consistent with studies on
deep-sea organisms, which are characterized by higher
POPs accumulation compared to the species, inhabit-
ing surface waters (Knezovich et al., 1987; Froescheis
et al., 2000). Differences in congener profiles may
be explained by habitat and dietary specificities of
deep-water benthic fish species and possibly indicate
preferential accumulation of highly chlorinated PCBs,
particularly indicator congeners 153 and 138, in bottom
sediments, from where they can enter the food chain of
aquatic organisms. PCBs can enter bottom sediments
with solid particles and biomass remains, which in turn
accumulated pollutants during their lifetime, with less
chlorinated PCBs potentially having time to biodegrade
and transform during their life cycle. The obtained data
and proposed assumptions may form the basis for long-
term monitoring of PCBs in the deep-water zone of Lake
Baikal to identify possible pathways of their input and
concentration therein, and their relationship with pro-
cesses occurring in global atmospheric transport — the
dominant source of PCB input into the lake aquatic
ecosystem.

PCBs accumulation in pelagic fish species may
reflect the pollution level of the water column and pro-
vide both an integral characteristic for the entire water
body and its separate areas, depending on the type and
distance of fish migrations. Thus, the detected PCB con-
centrations in tissues of C. migratorius and C. comepho-
roides, species from different families but characterized
by active horizontal and vertical migration, are compa-
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Fig.2. Profiles of indicator PCB congeners in the muscle
tissue of Baikal fishes: demersal deep-water species A. pallidus,
A. godlewskii, A. platycephalus; demersal shallow-water L. kes-
slerii; pelagic C. comephoroides, C. migratorius, C. baicalensis.
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Fig.3. Profiles of indicator PCB congeners in the pelagic
water of Lake Baikal (average values of monitoring results in
2015 and 2020) (Gorshkov et al., 2022).

rable (Table 2). Furthermore, according to a report by
Typhoon (Report..., 2015), the considered families are
roughly comparable in fat content: average values and
ranges of lipid content (%) for C. migratorius are 2.35
and 1.34 - 3.79, and for the group of sculpin individuals
(Cottidae) — 1.88 and 0.41 - 6.25.

Determining the presence of dioxin-like congeners
and calculating total toxic equivalents of detected PCB
concentrations is an important procedure for ecological
risk assessment, including in the context of fisheries and
food safety. Due to high accumulation factors, PCB con-
geners whose concentrations in water (characterized by
trace level pollution) are less than the detection limit
are determined in fish tissues. This applies particularly
to dioxin-like congeners (except for PCB 118). The cal-
culation of total WHO-TEQ for average ZPCB, detected
in the studied Baikal fish species is presented in Table 3.
C. migratorius and C. baicalensis are representatives of
commercial fish species. The average value and range
of total XPCB, concentrations in the muscle tissue of
C. migratorius were estimated at 0.32 and 0.18 - 0.83
ng/g wet weight, respectively. The total WHO-TEQ was
estimated to range from 0.021 to 0.104 pg/g wet weight,
which is two orders of magnitude lower than concen-
trations detected in brown trout Salmo trutta (Limnaeus,
1758) from Alpine lakes of Western Europe and the
Baltic Sea (Table 3).
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Table 3. Results of calculation of total toxic equivalents WHO-TEQ of PCBs detected in Baikal fish species in comparison with
the WHO-TEQ ranges of PCBs detected in brown trout S. trutta of other aquatic ecosystems.

Object / Species Dioxin-like PCB congeners, No., I-TEF* WHO-TEQ, pg/g
123 118 114 105 126 156 MR AEEG
0.0001* 0.0001* 0.0005* 0.0001* 0.1* 0.0005*

Water < LOQ 0.06 < LOQ < LOQ < LOQ < LOQ 0.006

C. comephoroides 0.03 0.14 0.01 0.11 < LOQ 0.02 0.045

C. migratorius 0.03 0.15 0.00 0.12 < LOQ 0.02 0.041

C. baicalensis 0.02 0.07 0.00 0.05 < LOQ 0.01 0.018

L. kesslerii 0.03 0.18 0.01 0.13 < LOQ 0.02 0.048

A. pallidus 0.34 2.24 0.14 1.61 < LOQ 0.47 0.72

A. godlewskii 0.11 0.70 0.04 0.50 < LOQ 0.14 0.22

A. platycephalus 0.12 0.78 0.04 0.54 < LOQ 0.17 0.25

S. trutta (Alpine lakes, Western Europe) 6.3 -13 **

S. trutta (Baltic Sea) 4.2 -9.0 **

Note: < LOQ - Below the limit of quantification.

*

- I-TEF - International Toxic Equivalency Factor.

** _ Values for S. trutta are presented as ranges (Gorshkov et al., 2022). Concentrations of individual congeners
for these data sets are not provided in the source.

4. Conclusion

A detailed systematic analysis of PCBs content
in various Baikal fish species was conducted, which
identify the features of PCBs accumulation in demersal
and pelagic fish species and established the following
statements:

1. Determination in demersal species provides infor-
mation about PCBs accumulation in the deep-wa-
ter zone, helps to identify different mechanisms
of their entry and concentration, followed by an
assessment of potential ecological risks;

2. PCBs determination in the pelagic fish species
reflects the pollution level of the water column
and provides both an integral characteristic for the
entire water body and its separate areas depending
on the type and distance of fish migrations, and
can be used for assessment in the context of food
safety of commercial fish.
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AHHOTALIUA. Bnepsble npoBefieH NOAPOOHBIN CHCTEMaTUYECKUH aHaIU3 COAepXaHUsA MOJIUXJIOpU-
poBaHHbIX OudeHmioB ([1XB) B pazinyHbIX Buaax 6alikajibckux pei0. OpefesieHb YPOBHU HaKoOILIe-
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cemerictBa Cottidae: Limnocottus pallidus, Limnocottus godlewskii, Asprocottus platycephalus, Leocottus
kesslerii u Cottocomephorus comephoroides, n 1Byx BumoB ceMeiictBa Coregonidae: Coregonus baicalensis
u Coregonus migratorius. BriABjeHBl 0COOEHHOCTH aKKyMYyJIAIMN 3arpsA3HUTeJIel pa3IMyHbBIMY BUAaMU
PBIO B 3aBUCHMOCTH OT HUX [IPUYPOYEHHOCTH K O1OTOIIaM U MUIIEBOH clienrann3anuy. Paccuuransl cyM-
MapHble TOKCHYecKre 5KBUBaJIEHTHl QUOKCHMHONOA0OHBIX [1XD, KOHIIEHTpaluy KOTOPHIX B BOJe 03epa
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1. BBeapenue

OpHOMl M3 BaXHBIX NpoOJieM MUPOBOTO COO00-
mecTBa B KOHTEKCTe AOCTUXEHUA ILieJiell YCTONYMBOTO
pa3BUTUA ABJIAETCA MOCTYIJIEHHE CTOUKUX OpraHude-
ckux 3arpssHutesiein (CO3) B MOBEPXHOCTHBIE BOJIHI,
B YaCTHOCTU, B IIPECHOBOJHBIE 3KOCHCTEMEI, ABJIA-
oliyecs UCTOYHUKAMU TuUTheBoll BoAbl. Cpeau CO3
nosimxyiopupoBaHHeie 6udenmw sl (I1XB) oTamyaTcs
CBOVIMH MCKJTIOUUTEJIbHBIMU (QU3NYECKUMU U XUMHUUe-
CKMMU CBOHICTBaMM, OJjiarofapsA KOTOPBIM MOJTyYMJIN
MIMPOKOEe MpHMeHeHNe B IPOMBIIIJIEHHOCTU B KaueCTBe
AU3JIEKTPUYECKUX XHUAKOCTe B TpaHcpopMaropax U
KOHJleHCaTopaxX, BXOAWJIM B COCTaB KpPacCOK, YEepHUJ,
necturgoB u mpouee. Ilocjie BHIABJIEHHUA BBICOKOM
TOKCUYHOCTU Y psAfa COeqUHEHHUI 3TOro Kjacca, Ipo-
U3BOACTBO U Hcmojib3oBaHue [IXB ObLIO 3ampelieHO
CToKrospMckon KoHBeHIMeH (CTOKroJbMcCKas KOH-
Benus, 2001). Ha coBpeMeHHOM 3Tanie K ICTOYHUKAM
I[IXE oTHeceHBH AeMOHTaX U yTWIU3aIdsA 000OPYyHO-
BaHUA, CoJepXallero 3TU BelljecTBa B KayeCTBe KOH-
CTPYKTUBHBIX MaTepUajioB, a TakXe pa3jInYHble BUIBI
MPOMBINLJIEHHON [eATeJbHOCTU, B Ipoljecce KOTOPHIX

[IXB MoryT o0pa30BBIBaThCS B KavyeCTBe MOOOYHBIX
IIPOAYKTOB. BciencTBre BBICOKON CTaOWJIBHOCTU U
IepeHoca Ha 3HaYMTeJIbHbIE PACCTOSHUA OT WCTOYHMU-
k0B IIXB o6GHapyXeHHl B BO3QyXe, BOoJe, IOYBE, BKJIIO-
yasd oTAajieHHble palioHbl APKTUKU WU AHTapKTHUKU
(Eckhardt et al., 2007; Gioia et al., 2008; Khairy et al.,
2021). B pesysibprare OMOAKKyMyJIALIUM U GHMOMarHu-
¢ukannu ITXD HakanauBawoTCA B OMOJIOTMYECKUAX O0OB-
ektax (Knezovich et al., 1987; Norstrom et al., 2009;
Wang et al., 2022), HanpuMep, B S3HAEMUYHBIX aMpPu-
oJ1ax, OOMTAIIINX B IBYX CAMBIX INTyOOKHNX OKEAHCKUX
BrnaauHax: MapuaHckoi u Kepmanek (Jamieson et al.,
2017). I'nobasnpHbI aTMocdepHBIil lepeHoC MOoAAep-
XKUBaeT IPUCYTCTBHUE 3arps3HuUTeJIell 3TOro kKjacca B
[IOBEPXHOCTHHIX BoAax B ()OHOBHIX palioHaX, CIOCO0-
HocTb I[TXB k 610akKyMyJIALMY olipefieiseT UX BO3/dek-
CTBHE Ha OMOTY NpU CJIEAOBOM YPOBHE KOHIIEHTpanuu
U TpefCcTaBiisAeT MOTeHIUaIbHYI0 YIpo3y AJiA XUBOH
[IpUPOALL, B TOM uucJie JJIsl YHUKAJIbHON 5KOCHCTEeMBI
o3epa batika.

B BopHOIl skocucteMe o3epa balikan k gomu-
HupylolleMy ucTouHUKY IIXB oTHeceH rji00abHBIN
atMmocdepHBIil IepeHoC, He MCKIII0Yaloi perioHalb-

*ABTOp [U1A nepenucky. Anpec e-mail: kustova ov@lin.irk.ru (O.B. Kyctosa)

INocmynwna: 28 Hos6ps 2025;
Ipunama nocste dopabomku: 19 nexabpsa 2025;
Ony6tukoaana online: 25 nexa6ps 2025

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative BY NG

Commons Attribution-NonCommercial 4.0.


https://www.doi.org/10.31951/2658-3518-2025-A-6-1402
https://orcid.org/0000-0001-9087-4817
https://orcid.org/0000-0003-3989-8690
https://orcid.org/0000-0001-9506-4135
https://orcid.org/0000-0003-4833-810X
mailto:kustova_ov@lin.irk.ru

Kycmosa O.B. u dp. / Limnology and Freshwater Biology 2025 (6): 1402-1415

Hble U JIOKaJIbHBle MCTOYHUKU 3arpssHenus (Kucklik
et al., 1996; l'opmkoB u ap., 2017; CamMcoHOB U [ip.,
2017). IIpsamoe omnpefenieHre [IXb B MoOBepXHOCTHBIX
BOJIaX 03epa BO3MOXHO C Ipe/ieIoM Olpe/iesieHNs paB-
HeiM 0.02 ur/n (KycroBa u ap., 2021). HanmexHbMu
nHaukaropamu cyefoB [IXBb B MOBEpXHOCTHBIX BOoAax
BBICTYyNAIOT TUAPOOHOHTH, HAKaIJIUBAIOIIE B CBOUX
TKaHAX JUNOoMUIIbHBIE OpraHuyeckue 3arps3HUTEIH,
OTpaxkas ypoBeHb 3arpsi3HeHUs CBOel 5KOJIOTMYecKOn
30HHI.

dayHa prIb 03epa batikas, o pa3sHbIM OI[eHKaM,
BKJIIOYaeT 0KoJio 60 BUAOB pBIO, OCBOMBIINX BCe OHO-
TOIIBI 3TOTO JpPeBHEro U yJIbTParjiyooKoOBOJHOI'O 03epa.
B pmanHOI paboTe mpoaHaIM3UPOBAHO [Ba BUAA CUTO-
BbIX (cemericTBo Coregonidae) v mATh BUJOB SHAEMUY-
HBIX KOTTOUAHBIX poIO (cemericTBo Cottidae), pazinya-
olIMecs o NPUYPOYEHHOCTH K 6HoTonaM U MUIIEeBOI
cennanuzanuu  (Tanues, 1955; CkpsabuH, 1979;
Sideleva, 2003; CmupHOB 1 ap., 2009; Bogdanov and
Knizhin, 2022; bormanos, 2023).

bBatikansckuii omysib  Coregonus migratorius
(Georgi, 1775) — sHuemuk balikana, HacejseT mesa-
ruaib o3epa fo riayounsl 300-350 M, pa3aMHOXaeTcs B
pekax. [Toy10BOI 3pesiocTu 0cO6H JOCTUTAIOT IIPU IJINHE
250-300 mm u macce 220-270 r. Ilo BHYTpUBUIOOBOMN
U3MEHYUBOCTU ¥ OMYJISI TPAOULIMOHHO BHIAEJIAIOT TPU
MopG0-3K0JIOrUecKUe TPYIsL (packl): nejaruieckyio,
NpUOPEXHYI0 U MPUAOHHO-TJIYOOKOBOJHYIO, pa3Inyaro-
mMecs mo psAAy OUarHOCTUYeCcKUX NMPU3HAKOB, MecTaM
pa3MHOXeHHUsI, 0COOEHHOCTsAM HaryJjia, 0COOeHHOCTSAM
pocra u nmutaHuA. OCHOBY MUTaHUs COCTABJIAIOT Me30-
Y MaKpO30OIJIAHKTOH (Makporekrtomyc Macrohectopus
branickii (Dybowski, 1874), menaruveckas MOJIOJb KOT-
TOUAHBIX pHIO. B pannoHe oTMeueHbl JOHHBIE NIpe/iCcTa-
BUTENIU aM(pUIIOL.

Batikanmeckuii  cur  Coregonus  baicalensis
(Dybowski, 1874) - snmemuk Baiikaysa. B Baiikase
obuTaeT B 30HE MeJIKOBOJUI Ha MPUIEJIbTOBBIX yYacT-
Kax M BOJIU3U YCTheB KPYIHBIX MPUTOKOB, a TaKXke B
nposiuBe Majioe Mope, Ha MecuaHbBIX M WJIHNCTO-Ilecya-
HBIX rpyHTaX. OCHOBHblE HEpeCTUJIMINA PACIIOJIOXEHbI
HENOCpPeACTBEHHO B 3asjiuBax o3epa (UUBBIPKYHCKUUT,
Myxop, IIpoBamn). K Bo3pacTty 5+ pbeIOB JOCTHUTAIOT
nauael 300-350 mm 1 Beca 320-400 r, k 10+ - 450-
550 mM 1 1300-1700 r cooTBeTcTBeHHO. MoOJioab cura
[0 TpexJIeTHero Bo3pacra NuTaeTcs MpenuMyIlecTBeHHO
300ILTAHKTOHOM. PBHIOBI cTapiiiero Bo3pacra B 3aBHCU-
MOCTH OT MeCT OOUTaHus NHUTAITCA amdunogamu,
MOJUTIOCKaMM, JUYMHKamMu xupoHomup (MaTBeeB u
ap., 2012).

[lnockorosoBasg MMpoOKojoOKka  Abyssocottus
(Asprocottus) platycephalus (Taliev, 1955) obuTtaetr Ha
WJIMCTOM [He, Ha ri1younHax ot 50 no 800 M, mocturaer
mavHbl 110 MM 1 Macchl o 12 r. CocTaB IHIIEBOTO
paliioHa He u3yyaJics.

[Iupokosiobka T'ogrieBckoro Abyssocottus
(Limnocottus) godlewskii (Dybowski, 1874) u y3kas
mupokosobka  Abyssocottus  (Limnocottus)  pallidus
(Taliev, 1955) cxomHble Mo oOpa3y Xku3HU BUABL. O6a
BH/la OOUTAIOT Ha [TeCYaHO-UJIMCTOM I'PYHTe Ha IJIyOrHe
ot 50-100 m ;o 1000 =100 M. A. godlewskii mocTuraet
JavHbL 7o 165 MM 1 Macchl 7o 45 T, A. pallidus - 150 mm
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u 15 r. IluratoTca MesakuMu amdunogamMu U MoJIObI0
KOTTOUJHBIX PHIO.

Masiorsaszas  [JIMHHOKpbUIaA  HIMPOKOJIOOKA
Cottocomephorus comephoroides (Berg, 1900) oburtaet
B IIPUJOHHOM CJIOe Iejlaruajy Ha riyouHax ot 50 mo
500 M. Camiipl JocturamT JIUHE 10 200 MM 1 MacChl
Jo 100 r, camku — 1o 170 mm u 50 r. Iumy, xkak u y
OMYyJIifl, COCTaBJIAIOT MaKpPOTeKTOILyC, PauYKOBbIH IIJIaH-
KTOH M IleJjlarnyeckas MOJIOAb KOTTOMUJHBIX PBIO.

IMecuanasa mmpokosooka Leocottus kesslerii
(Dybowski, 1874) B Baiikajsie obuTaeT Ha MECYaHOM U
KaMeHMCTO-IIeCYaHOM JHe OT ype3a A0 IJIyouHbl 150-
170 M. MakcruMaJsibHbIe JJIMHA U Macca B pa3HbIX NOIy-
nAnuAx BapbupyioT ot 100 go 150 mm u ot 10 go 40 r.
[IuTaercsa MHUPOKUM CIEKTPOM MeJIKUX OeCl03BOHOY-
HBIX, B 3aBUCHMOCTU OT UX OOMJINA B KOHKPETHOM OHO-
TOIle, pexxe MOJIOAbI0 KOTTOMJHBIX PHIO.

CpaBHUTeJIbHBIN aHanu3 HakomsleHus IIXB B
TKaHAX TaKCOHOMHUYECKU U 5KOJIOTUYECKU Pa3jIM4HBIX
BUJIOB II03BOJIAET PElINTh ABe 3aJauy, uMemomnie GpyH-
JlaMeHTaJIbHOe 3HaueHUe [JIA MOHUMaHUA 3aKOHOMep-
HOCTell COBpeMEHHBIX 5KOJIOTUYeCKUX IIPOLIeCCOB:

1. oleHUTb ypOBeHb W XapaKTep 3arpsA3HeHUA pas-
JIMYHBIX DKOJIOTMYecKuX 30H baiikana;

2. onpenesiUTh B3aNMOCBSA3b 5KOJIOTUYECKHX 0CO0eH-
HOCTel BUOB C IpolleccaMi GHOKOHIIEHTPHPOBa-
HUA Y OGMOAKKyMYJIAIMHM CTOMKUX 3arps3HUTesIel

B OpraHusMe.

I{esar HacTosAmel paboThl 3aKjI0Yajgach B MOJy-
YeHUM COBPEMEHHBIX AaHHBIX IO cofepxaHut [IXb B
TKaHAX pa3JIMYHBIX BUJOB phIO 03epa batikaJi, BhLABIIe-
HUU 0COOEHHOCTe YpOBHel HaKOIIJIEHUA 3arps3HUTe-
Jie!l B 3aBUCUMOCTH OT PaliOHOB X OOUTAHUA B paMKax
OI[eHK! MOTEHLIMAJBHOTO 35KOJIOTUYEeCKOT0 pHCKa OT
MIPUCYTCTBUA 3arpsA3HUTeJIeN 3TOTO Kjacca B 6aliKaib-
CKOI BOJle Ha ypOBHe CJIeJIOB.

2. MaTepuanbl U METOADI

OT160p pob6 pr16. O6pa3sIibl PeIO OBLITU OTOOPAHE
B XOJle SKCHeAUIMil Ha Hay4YHO-HCCJIefO0BAaTEeJIbCKOM
cynHe «[.10. Bepemarus» B aBrycre u okTsabpe 2024
roga (Puc. 1). OTJIOB MPOBOAMIN C KCIIOJIb30BaHHEM
JOoHHOTO Tpaia (Adesa B KyTke 10 mwm). HcciemoBanu
MATh BUIOOB OaliKaJIbCKUX KOTTOMAHBIX PBIO ceM.
Cottidae: A. pallidus, A. godlewskii, A. platycephalus,
L. kesslerii u C. comephoroides, a Takxe JBa BUAa CEM.
Coregonidae: C. baicalensis u C. migratorius. Ilocye
OTJIOBA pHIOY YNIAaKOBBHIBAJIN B aJIIOMUHUEBYI0 (QOJIBIY U
XpaHWIM npu TeMiepatype —20°C o aHaIM3a.

INoagroroBka mpo6. Ilepen aHam3oM 0OpasIfel
pasmMopaxuBaid I@pu KOMHATHOM TemIepartype.
[TpoBoauau cTaHAApPTHHIN OHOJIOTMYECKUN aHaJu3
(ITpaBouH, 1996): ompedenisAnu CTaHOAPTHYIO OJIAHY
(SL) m wmaccy, ompefeisanu IoJ, BO3pacT U MOp-
do-skosiorruecky rpynmny y O0aliKajJbCKOro OMYyJiA
(Tabsmmma 1). IMoaroToBKy mpo6 MPOBOAMIIA COTJIACHO
meroauke (DP.1.31.2021.40284). [lis nesneil HaCTOSA-
mero MccjaefoBaHusA, MeToAuKa ObljIa afanTHpoBaHa:
y pbi0 yHOassuiM roJiIoBy, BHyTpE€HHHE OpraHbl, KOCTU
U KOXy. JIJIA XMMHUYeCKOTO aHaju3a HCIOJIb30BaIU
BCI0O MBIIIEYHYI0 TKaHb 0e3 pasfesieHus Ha KpacHbIe



Kycmosa O.B. u dp. / Limnology and Freshwater Biology 2025 (6): 1402-1415

CeBepHbli Barikan
ry6uHa 40-50 m:

C. migratorius
rny6uHa 630-650 Mm:

MKHEaHTapCK

&N

L. kesslerii
ry6una 110-150 m:
C. comephoroides
C. migratorius
C. baicalensis

A. pallidus Coregonus migratorius
Abyssocottus pallidus A. platycephalus % 3
o %
=354 = 2 el
—_—_e, S , 8|
Abyssocottus godlewskii Coregonus baicalensis
S 3|
OO |
Manoe mope <t
ry6uHa 135-165 m: 0
C. comephoroides
ry6uHa 230-270 Mm:
C. comephoroides
A. platycephalus o
Byrynbaenka E
rny6uHa 510-535 Mm: o |
A. godlewski 8
ray6uHa 230-270 Mm:
A. pallidus
. platycephalus -
® €/IeHrMHCKOe Me/IKoBOoAbe
HpKyTS: ray6uHa 40-50 M: |
; {

108°

B 7 i ks

110°8.4.

Puc.1. Kapra otJioBa 6aiikajabCKUX PBIO.

u GeJsible MBIIITEL. ['OMOreHM3aIuo MBIIIeYHON TKaH!
MeJIKUX ocobell mpoBogwiu B OJieHzepe, mpeiBapu-
TeJIbHO M3MeJIbUMB JIabOpaTOPHBIM HOXOM, [AJIA aHa-
Ji3a MCI0JIb30BaJIM ABe IapaJulesibHble HaBeCKU Mac-
coti okoJsio 0.5 .

K oTtoOpaHHbIM HaBeckamM BHOCHWJIM BHYTpDEH-
HUI cypporaTHbiii cTtaHgapT (cMmech «Marker-7 PCB
Mixture» M30TOMHO MeuyeHHBIX KOHTreHepoB IIXB NoNo
28, 52,101, 118, 138, 153, 180) u roMoreHN3MpOBaAIA
¢ Oe3pogHbIM cyabparoMm HaTpudA. M3BieuveHue I1XB
MPOBOJIWJTA METOAOM [BYKPATHOM YJIbTPa3ByKOBOM
akcrpakiuu (35-40 k', 15 MUH) CMEChI0 pPacTBOPHU-

Tesen n-rekcad-aretoH (1:1) w3 roMoreHM3WMpOBAH-
HOM MaTpullbl. OO0beJUHEHHBII1 SKCTPAKT KOHIEHTPH-
poBayii Ha POTOPHOM Hcnaputesie A0 obbeMa 1 M,
cymuan Hapg 6e3BOAHBIM CyJb(aToM HATpUA U MPO-
BOAWJIM OYMCTKY [pU MOMOIIM KOHI[EHTPUPOBAHHOM
cepHON KucjI0Th. OuuIeHHBIN OpraHuYecKuil CcJIou
MPOMBIBAJIM AVICTUJLJIMPOBAHHOM BOJIOU [0 HEHTPAJIb-
Horo pH, cymmnu Hag 0e3BOAHBEIM CyJibaToM HaTpUA
1 KOHILIEHTPHUPOBAJIA B TOKe aproHa fo oosema 0.1 mi1.
[Tepen xpomaro-Macc-cnekTpoMerpudeckuM (I'X-MC)
aHaJIM30M B OYMIIEHHBIN 3KCTPaKT BBOAWJIU BHYTpPeH-
HUU cTaHAapT BeIxona (4,4’-qubpomMoudeHm).

Ta6suna 1. [TapamMeTpsl uccaeOBAaHHBIX PAIOB 6AMKAIBCKUX PHIO.

TakcoH | SL, MM |Macca Tesa, r | Bo3pact*, jger | Kos-Bo, 5K3. | MecrTo u rirybuHa oT6opa
CemetictBo Coregonidae
Coregonus baicalensis 277-297 255-306 5 CeneHruHckoe mejakoBoabe, 110-150 m
. . 190-274 79-240 3-5 CeJieHTMHCKOe MeJIKoBoJbe, 110-150 M
Coregonus migratorius
267-302 234-385 5-6 3 Awnrapckuii cop, 40-50 m
CewmetiictBo Cottidae
Abyssocottus 83-93 9,3-13 3-4 4 TpaBepc noc. Byryapaerika, 710-750 m
(Asprocottus) 90-100 13-17 2-4 4 IIposuB Bosbmue Bopota, 230-270 M
platycephalus 80-90 11-13 3 4 Tpasepc 6yxTs dposmxa, 630-650 M
Abyssocottus 93-125 14-34 2-4 4 TpaBepc noc. Byrynsgetika, 510-535 m
(Limnocottus) godlewskii
Abyssocottus 87-100 7,5-13 2-3 4 Tpasepc noc. Byrynbaetika, 710-750 m
(Limnocottus) pallidus | 96-115 15-20 2-3 4 TpaBepc 6yxThl Asisi, 630-650 M
107-114 14-18 2 3 CeJieHTHHCKOe MeJIKoBobe, 40-50 M
Cottocomephorus 93-128 10-33 1-2 4 Tposus Bosbimue Bopota, 135-165 M
comephoroides
113-120 12-24 1-2 2 [Iposius Bosbmue Bopora, 230-270 m
Leocottus kesslerii 96-115 7,1-11 2-3 4 CeJieHTHHCKOe MeJIKoBoAbe, 40-50 m

IIpuMeuaHue: * — BO3paCT ONpPEESUIN 10 OTOJIUTAM
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XpomMmaro-Macc-cCieKTpOMeTpHUYeCcKUil  aHa-
Jm3. [IXb ompepesnAnu Ha ra3oBoM xpoMmartorpade c
TPONHBIM KBaJAPyIOJIbHBIM Macc-CIIeKTPOMeTPUieCKUM
netexktopom Agilent Technologies 7890B GC System
7000C GC/MS Triple Quad.

Xpomamoepaguueckoe pa3desieHue TPOBOAIIN
Ha KanmuwuisgpHoi kojionke OPTIMA®-17 MS (30 m X
0.25 mm X 0.25 mMxMm). 'pagueHT TemmepaTyphl: OT
80°C (Beimepxka 1 muH) 1o 310°C co ckopocTsio 15°C/
MUH, (puHanbHas Beifepxka npu 310°C — 10 muH.
Temneparypa nnxekropa — 280°C. O6beM BBOZA TPOOHI
— 2 MK B pexume 6e3 aeneHus notoka (splitless).

Macc-cnexmpomempuueckoe OemekmupogaHue
MIPOBOAWJIY B peXHUMe MOHHTOPHHIA MHOXeCTBEHHBIX
peakuuii (MRM). Temnepatypa MOHHOT'O UCTOYHUKA —
230°C, temmnepatypa kBajapymnoseil — 150°C. dna xax-
JIOr0 aHaJINTa ¥ BHYyTPEHHUX CTAHAAPTOB OTCJIEXHUBAIIN
aBa xapakrtepHbix MRM-nepexoma. WaeHTudukarmo
KoHreHepos IIXB npoBoquiu no COBNAAEHUI0 BpeMeH
yAepXrBaHUsA B o0Opaslie U rpaJypOBOYHOM pacTBOpe
(0.1 mMuH), a TakXe IO COOTHOIIEHUIO IIJIOIIaJielt
MUKOB JIByX aHaiutudeckux MRM-nepexonoB (momy-
CTHMOEe OTKJIOHeHUe — He 0ojiee =20% OT 3HaYeHMUs,
[IOJIy4YeHHOI'0 /I TpaAyUpPOBOYHEIX PacCTBOPOB).

KostuuecmaenHoe onpedesieHue BBIIOJIHAIN MeTO-
JIOM BHYTpEHHero cTaHjapTa [0 CMeCH CyppOTraTHBIX
cragaapToB. CTpPOWJIM TpaJyHpOBOYHBIE 3aBHUCHUMO-
CTU B Juamna3zoHe koHIjeHTpauuii ot 0.005 mo 25 Hr/
M. Pacuer copepxanus [IXB B npo6ax NMpoBOAUIN IO
cpeqHeMy 3HaueHWIO U3 ABYX pe3yJIbTaTOB ollpejeJie-
HUA B ABYX TapaJujleJIbHbIX HaBecKax, UCII0JIb3ysA COOT-
HOIlleHNue IUIomiafell aHaJIMTUYeCKOro U COOTBETCTBY-
I0Ilero CypporaTHoro cTaHaapra.

Koumposs kauecmea BKJIIOYaJ IIpolielypHBIE
XOJIOCTBIE OMBITH (peareHT-0JiaHK) AJiA OIleHKHU Jiabo-
paropHoro (QoHa. KauecTBO 3KCTpakIiy KOHTPOJIM-
pOBaJIM IO MPOILIEHTY M3BJIeYeHUs CyppOraTHBIX CTaH-
JapToB, KOTOPHIN cocTaBiisn 78-92%. [y mpoBepKu
MIPaBUJIBHOCTU METOWKY MCII0Ib30BaIM CTaHAapPTHBIN
o6paser; BCR®-350 (>xup Makpesin).

OmnpenesieHne MHAUKATOPHBIX U JMOKCHHO-
nono6uberx koHreHeposB IIXB. Kommepueckue mpo-
ayktel [1XD mpousBoauIvch B BUe CJIOXHBIX cMecei
nepeMeHHOro cocrasa (no 50-70 WHAWBUAYaJIbHBIX
KOHIeHepOB — U30MePOB 1 FOMOJIOI'OB Pa3HO CTelleH!
XJIOPUPOBaHUA) U B TaKOM BHJle NIOCTyNaJIU B OKpyXXa-
I0IIy10 cpelly. B cBA3M ¢ ueM KOppeKTHas olleHKa YpOB-
Hel 3arpsA3HeHNsA BOJHbBIX 5KOCHCTEM YacTo 3aTpyAHeHa
13-3a IPUMeHeHHUs pa3jInYHbIX MEeTOUK OllpejiesieHuA
CO3, B ciyuae IIXDb mpobieMa cBf3zaHa ¢ UAeHTUDU-
Kalyeil u onpejeJjieHieM pa3HOIo 4Kcja KOHTeHepOB.
DTH BOIIPOCHI pelllaeMHl oIpe/ieieHeM OTpaHNYeHHOr 0
4KcJla COeJUHEeHNH — ceMU MHNKaTOPHBIX KOHTeHepoB
(NeNe: 28, 52, 101, 118, 138, 153 u 180), xoTopsle,
Kak [IpaBUJIO, ABJIAIOTCA MaXXOPHBIMY KOMIIOHEHTaMU B
TOMOJIOTMYEeCKUX IPYIIax N30MepOB TeXHUYECKUX CMe-
ceti IIXB (ITXB No28 B rpymnne TpUXJIOPHUPOBAHHBIX U30-
MepoB; [IXB No52 — terpaxsiopupoBaHHbIX; [IXB Nol101
1 Nel118 — nenraxsiopupoBaHHbIX; [TXD No138 1 No153 —
rekcaxyiopupoBaHHBbIX; [IXB No180 - rentaxsiopupoBaH-
HBIX), 4YTO OOBACHAET UX OOHapyXXeHUe NIPaKTUYecKU B
JI00bIX oOBbekTax. KomlaHnapHble, AUOKCHHONOAOOHEIE
koHreHepnl [1XB (NeNo: 77, 81, 105, 114, 118, 123,
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126, 156, 157, 167, 169, 189), obaagaoT HanboablIein
TOKCUYHOCTBIO cpemu Apyrux IIXb u agauTuBHBIMU
abdexTamu coBMecTHOro npucyrcrus (Walker et al.,
2004). Ucxona u3 coctaBa TexHudyeckux cMeceil I1XB
(Kupuuenko u ap., 2000) v 3HaUeHUI MeXAyHapOIHbIX
k03hdunreHToB Tokcuuyeckux 3kBuBajieHTOB (I-TEF)
HaMy ObUI BBIOpaH psA IPUOPUTETHHIX AUOKCHUHOIIO-
no6uHberx ITXB, NoNe (I-TEF): 105 (0.0001), 114 (0.0005),
118 (0.0001), 123 (0.0001), 126 (0.1), 156 (0.0005).

[Ipepensl oOHapyXeHHUA U OINpeleseHUs oOlle-
HEHBl B COOTBeTCTBUU ¢ pekoMeHpanuamu HIOITAK
(Currie, 1995) kak mnpousBefleHHe CTaHOAPTHOTO
OTKJIOHeHUs J1abopaTopHoro ¢oHa u kosdpduiueHTa:
kq = 3 1A pacuéra npejesia oOHapyXeHUs 1 kq =10
JUIA pacuéra Ipefesia omnpepeneHus. IIpegesn ompe-
JeneHus Uil BhIOpaHHBIX KoHreHepoB IIXB cocraBun
0.010 ur/r ceipoii Maccel. CymMMapHas NOTPENIHOCTb
oIpefesieHUA He npesbimana 35%.

Kos¢ppuyuenm HakoneHus pacCUMTHIBAIN KakK
OTHOILIEHNe CpefHell MacCOBOHM MOJIM WHANUKATOPHBIX
WIN OUOKCHUHOHomomoOHbIX IIXP B TKaHAX OaiikaJib-
CKUX pBIO (HT/KT) K UX cpeAHell KOHIleHTpaluu B Oaii-
KaJIbCKOH Bojie (Hr/Ji).

CymmapHsiti moxcuueckutl sxgugsastenm (WHO-
TEQ,,,) (Kutz et al., 1990) A n oGHapyXeHHbIX AHO-
KHUCHOMONOOHBIX KOHreHepoB [1XB paccuuThiBasu 1o
dopmye:

TEQ s = z;(q -1 -TEF),
rae TEQ, . — CYMMapHBII TOKCUYECKUI SKBUBAJIEHT; C,
— KOHIleHTpanus i-ro koHreHepa II1XB B mpobe (Hr/r);
I-TEF, — MeXayHapOAHbI KO3PPUIMEHT TOKCUYECKOU
SKBUBAJIEHTHOCTU A i-r0 KoHreHepa I1Xb.

3. Pe3yAbTaTtbl M 06Ccy)xpeHue.

B Tkansax 6aiikajibckux pbi®O HAeHTUDUIMPO-
BaHBI CeMb MHANKATOPHBIX KOHT€HEePOB 1 YeThIpe-IATh
13 MIeCcTU BHIOpAHHBIX JUOKCHUHOMOOOHBIX (Haubosee
TokcnuHbIH [TXB No126 He ObL1 OOHApYXeH HU B OOHOMN
u3 npob). CpeHUE MacCOBbIE JIOJIU CYMMapHOI'0 COAep-
KaHWs UHAUKATOPHBIX KOHreHepoB (ZI1XB,) u auokcu-
HOIO/TIOGHBIX KOHT€HEPOB (ZHXBHK) B MBIIIEYHOH TKAHU
nccjeqyeMbIX peIO puBefieHsl B Tabnulie 2.

CoctaB u cooTHouleHHWe KoHreHepoB I[IXB B
MBIIIEYHBIX TKaHAX PHIO 3aMeTHO OTJIMYAalTCA OT UX
COCTaBa M COOTHOIIIeHUs B Npobax H6aiikaabCKOU BOJIbI,
4TO 00BACHAETCA pas3jnuyveM MeXaHH3MOB HaKoIljle-
HUA U CKOPOCTBIO TpaHchopMaluy KOHI'eHepOoB C pas-
HOM CTelleHbIo xJloprupoBaHuA. CorjacHo pe3yJsbTaTaM
MHoOroJjieTHero MoHuTopuHra CO3 B BOAHOH 3KOCHU-
creMe o3epa (Gorshkov et al., 2022) B Teuenue 2014-
2021 rr. Habsojanoch cCHUXeHe KoHleHTpauuii I1Xb
B BOJie IleJjlaryajy, [ipuyeM B HEKOTOPHIX TOUYKax OTMe-
YaeTcA CHUXXEHME [0 IIpeesIoB olpeAesieHrs ZHXB7 <
0.11 vr/n. CpeaHsAA KOHLEHTpaUUA U CTaTUCTUYECKU
3HAUMMBIM [Ouana3oH OOHApyXeHHbIX KOHILeHTpauuin
EI'IXB7 B BOJle Ilejlarvajii oO3epa OLIEHEHbl 3HauyeHU-
savuy paBHBIMU 0.30 u 0.26-0.34 HI/J1 COOTBETCTBEHHO.
HakoruieHne MHANKATOPHBIX KOHI'€HEePOB B MbIIIEYHBIX
TKaHAX PHIO OlleHeHO [Ouana3oHOM Ko3(pUIeHTOB
1.2:10° go 6.0-10* (TaGiuua 2), mpy 4eM HaubOoJIbIIHE
3HaveHus (10%) GbUIM MOJyYeHBI AJIA AeMepCabHBIX
ri1yOOKOBOOHBIX BUIOB phIO cemelictBa Cottidae: A.
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Ta6smmua 2. CpesiHre MacCoOBBIE [IOJIM CYMMAapPHOTO COZIEPXXaHUA UHAUKATOPHBIX (ZI1XB,) n AnokcuHonono6Hsx (ZI1XB

0

xoHreHepos IIXB B TkaHAX 6aiikaabCcKUX prIO, KoadduireHTs HakorteHus [1XB.

Paiion or6opa Bup CpenHee conepxanue IIXB B priOe, KosddummeHTs Hako-
HI'/T ChIPOI MacChl mienus I[IXB B pribe
STIXB, SMIXB STIXB,
A. pallidus 11,45 4,06 3,8-10*
Byrysbaeiika A. godlewskii 4,34 1,48 1,4-10*
A. platycephalus 6,71 2,57 2,2-10*
L. kesslerii 1,37 0,37 4,6:103
CeJIeHIMHCKOe C. comephoroides 0,83 0,36 2,810°
MeJIKOBO/Ibe C. migratorius 0,86 0,35 2,9-103
C. baicalensis 0,36 0,14 1,2:108
MaJtoe Mope (IIpOJIHB C. comephoroides 0,87 0,30 2,910°
Bosbumite BopoTa) A. platycephalus 1,86 0,51 6,2:10°
C 5 D A. pallidus 17,85 5,55 6,0-10%
€BEPHbIN Barikan
(6yxThI Asia u DpoJsuxa, A. platycephalus 6,49 1,90 2,2:10%
ST Cop) C. migratorius 0,74 0,24 2,5108
pallidus, A. podlewskii, A. platycephalus. Tlpu cpaBHe- 50%
HUU MacCOBOM IOJIA ZI'IXB7 B [ieMepcaJIbHbIX U IleJia- , 7
ruyecKkrx BUAax pbld OTMeuYeHOo, YTO coAepikKaHue IOoJI- & e Il
JIOTAHTOB B J[(€MEPCAIIBHBIX TJIyOOKOBOAHBIX BUAAX & 500,
Boille. Pazsuunsa HaGII0qal0TCA BO BKJIaJle OTOE/IbHBIX [;;1
UHOUKATOPHBIX KOHreHepoB [IXB pa3HoOl cTemeHU 5 20%
XJIOPUPOBAHUA — B JileMepCasbHbIX TI'TyOOKOBOIHBIX E
Bugax A. pallidus, A. godlewskii, A. platycephalus Han- 10% —
Gosbmium BKJIagoM (Gosiee 60 %) B 2T1XB, xapakrepu- 597
3YI0TCA IIECTUXJIOPUPOBaHHEIE HXB. Nel53 I/I_N9138_, B 28 52 101 118 153 138 180
neylarndeckux Bugax C. comephoroides, C. migratorius, Mo SastR
C. baicalensis 1 nonHoM MejakoBomHom L. kesslerii . ) _
ux BKJIag He Gosiee 40 % U COMOCTABUM C BKJIAZIOM OA. pallidus B L. kesslerii B C. comephoroides

naTuxsjoprupoBaHHbix [1XB Ne101 u No118 (Puc. 2). B
BOJIEe MeJlaryay o3epa cogepxaHue KoHreHepos IIXb
Nel53 u Nel38 cocraBiaser menee 20 % cymMMapHOIo
cozmepxanus ZI1XB, (Puc. 3).

[TosryueHHBle JaHHBIE COIJIACYIOTCA C HCCIIELO-
BaHUAMU IJTyOOKOBOAHBIX OPraHW3MOB, XapaKTepu3sy-
onuxcsi 0oJiee BbicOkUM HakomsieHneM CO3 B cpas-
HEHUM C BUAAMU, OOUTAOMMMHU B IIOBEPXHOCTHBIX
Boaax (Knezovich et al., 1987; Froescheis et al., 2000).
OTJin4nie KOHreHEPHBIX NpoduIel MOXeT 00bACHATHCA
0COOEHHOCTAMM Cpefpl OOUTaHUA U paluoHa JeMep-
CaJIbHBIX IJIyOOKOBOAHBIX BUAOB PbIO, M, BO3MOXHO,
CBUAETEJIbCTBOBATh O IPEUMYILECTBEHHOM HAaKoOILIe-
HUM BBICOKOXJIOpUpPOBaHHLBIX [1XB, B yacTHOCTH UHAVK-
TOpHBIX KOHreHepoB [IXB Nol153 u Nel38, B HOHHBIX
OTJIOXKEHUAX, OTKy[a OHU MOTYyT IOCTynaTh IO MHIIe-
BOM 11enu k rugpobuoHTam. B nounble oTyioxeHus [1Xb
MOTryT IOCTynaTh C TBEPABIMU 4YacTHLIAMU U OCTaH-
Kamuy 6MoMaccel, KOTOpas B CBOIO ouepelb IpU XKU3HU
aKKyMyJIMpOBaJla 3arpsA3HUTENIN, [IPU YeM B Ilepuoj eé
’KM3HEHHOr0 IIUKJIa MeHee XjiopupoBaHHble [IXb moriu
ycneTb OuoperpaaupoBaTh U TpaHCHOPMHPOBATHCA.
ITosryyenHble AaHHBIE U BBICKa3aHHBIE MPeATOJIOXKe-
HUA MOT'YT Jleyb B OCHOBY MHOTI'OJIETHET'0 MOHUTOPHHIA
I1XB B riyb6okoBOAHOM 30He o3epa bBaiikain c 1esbio
onpejiesieHHds BO3MOXHBIX IIyTell UX IOCTYyIUJIEHUA U
KOHIIEHTPHPOBaHUA B Hell, U B3aUMOCBA3U C Ipoliec-
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W A. godlewskii
B A. platycephalus

W C. migratorius
B C. baicalensis

Puc.2. Tlpodpunu uHAUKATOPHBIX KOHreHepoB [IXB B
MBIIIeYHO! TKaHU 6alikaJIbCKUX PHIO: eMepcabHBIX I'Iy6o-
KOBOIHBIX BUIOB A. pallidus, A. godlewskii, A. platycephalus;
JleMepCcaJIbHbIX MeJIKOBOAHBIX L. kesslerii; memarudeckux C.
comephoroides, C. migratorius, C. baicalensis.
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HHIHKATOPHBIE KOHT€HEPhL

Puc.3. Tlpodpunu uHAUKATOPHBIX KOHreHepoB [IXB B
BoJle mejaruanu o3epa Dbalikan (ycpegHeHHble 3HaueHUs
pe3yspTaroB MoHutopuHra B 2015 u 2020 rr.) (Gorshkov et
al., 2022).
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caMM, NPOMCXOIAIMMHY B Ij106aIbHOM aTMoc(epHOM
nepeHoce — JOMUHHUPYIOLeM HCTOYHHUKE MOCTYILJIeHUA
IIXB B BOAHYI0 3KOCUCTEMY O3epa.

Hakonnenue [IXB B nmesaruuyeckux BUAaxX phIO
MOXeT OTpaXkaTh YpOBeHb 3arpsA3HeHNA BOJAHOH TOJIIIH,
MIpeJCTaBJiAA NHTErpajbHyI0 XapaKTepUCTUKy KakK AJiA
BCero BOJHOIO 00beKTa, TaKk U OTHEeJIbHBIX ero pano-
HOB B 3aBHCHMMOCTHU OT THIIA U PacCTOSHUSA MUTpaIui
pbi6. Comepxanue I1XB B mbimuax C. migratorius u C.
comephoroides — Bufjax pasHBIX CeMENCTB, XapaKTepu-
3YIOIIMXCA AKTHUBHBIMU T'OPHU30HTAJIBHBIMU U BepTU-
KaJIbHBIMU MUTpanusaMu, comnocraBuMsl (Tabaura 2).
YuuthiBass pgaHHble ordyeta HIIO Taiipyn (Otuer...,
2015), B rpyboM mOpuUOIMXEHUN pacCMOTpeHHbIe
ceMelCcTBa COMOCTAaBUMBI U IO XHPHOCTH: CpelHHe
3Ha4YeHus U Auala3oHbl cofiepxXaHuA JunuaoB (%) ana
C. migratorius nipeAcTaBJieHbl 3HaueHUAMHU 2.35 1 1.34-
3.79, nuis rpymnmnsl KOTTOUAHBIX pei0: 1.88 1 0.41-6.25.

OmnpepesieHre AUOKCUHONOAOOHBIX KOHI€HEePOB,
pacueT CyMMapHbIX TOKCUYECKHUX 5KBHUBaJIEHTOB OOHa-
pyxenHbix IIXB sBiseTcsa obs3aTesibHON Ipouenypoil
OLIeHKU 3KOJIOTHYeCKOIo pUCKa, B TOM 4KCJle B KOH-
TeKCTe NMpOMBICJIa U NuIeBoi Oe3omacHOCTU. B Tka-
HAX pbI0 OOHapy’keHbl AUOKCUHONOAOOHbIe KOHIeHephl
IIXB, KOHLeHTpanuyu KOTOPHIX B BOAE XapaKTepUsy-
I0TCA yJbTpacjeJoBBIM ypoBHeM. PacueT cymMMapHBIX
TOoKcuyecknux skBuBasieHToB WHO-TEQ 1A cpegHux
ZIIXB . obHapyXeHHBIX B HccJiefyeMbIX 6aliKabCKUX
BUJax phib, mpefcraBiieH B Tabiune 3. Baiikajibckuil
OMYyJIb U OaliKaJIbCKUI CUT — NPEeNCTABUTEIN MPOMBIC-
JIOBBIX BUJOB pbI0. CpefjHee 3HaUeHNe U AUAIIa30H CyM-
MapHOro coAepxKaHus ZHXBHK B MbIllevyHoi TkaHu C.
migratorius oueHeHbl 3HaueHuAMH 0.32 u 0.18 - 0.83
HT/T CBIPOM Macchl COOTBeTCTBeHHO. CyMMapHEIN TOK-
CUYECKUH SKBUBAJIEHT (WHO-TEQZOOS) OlleHeH [Jqua-
nazoHoM 0.021 - 0.104 mr/r celpoil Macchel, YTO Ha
JiBa NOpsAAKA HIXe KOHILeHTpalui, oOHapyXeHHBIX B
Kymxe Salmo trutta (Limnaeus, 1758) aJbnuiACKUX 03ep
3amagHoit EBponsl u banTuiickoro mops (Tabiuna 3).

4. 3aKknloueHue

[TpoBesieH MOJpPOOHBIN cHUCTEMAaTUYECKUN aHa-
mu3 copepxanus [IXB B pa3snuHbIX BHJax Oaiikaib-
CKUX PBIO; BBISIBJIEHBI OCOOEHHOCTH HAaKOIJIEHUA
[IXB B memepcasibHBIX U TeJIaTMYecKUX BUJAX PbIO.
YcraHossieHo: 1) onpejiesieHre B JeMepCabHBIX (JOH-
HBIX) BU/IaX JaeT BO3MOXXHOCTH IOJTy4aTh MHPOpMaLuio
o HakorteHuu [1XB B riiyb0KOBOAHON 30HE, MeXaHU3-
Max WX TOCTYIUIEHUs, KOHI[EHTPHUPOBAHUsA C IOCJe-
JyIOIIell OLIEHKOM IOTEeHI[UAJIbHBIX 3KOJIOTHUYECKUX
puckos; 2) ompenenenue [1XB B mejarnyeckux BUAAx
ppi0 MOXeT OoTpaXaThb YPOBEHb 3arpsi3HEHUs BOJHOU
TOJILY, TIPEeJCTABJIAA MHTErPAJIbHYI0 XapaKTepUCTUKY
KakK BCero BOJHOI0 00beKTa, TaK U OT/IEJIbHBIX ero pau-
OHOB B 3aBUCHMMOCTH OT THUIIA Y PACCTOSHUA MUTPALUT
PBIO, a TakXe HCIIOJIb30BATHCA JJIS OL[eHKU B KOHTEKCTe
MUIEeBOH 6e30MacHOCTH TPOMBICJIOBBIX BH/IOB.

BbaaropapHocTH

ABTOpPHBI BBIpaxarwT OJiarofapHocTh c.H.c. M.B.
XaHaeBy 3a IIpeJiocTaBJjieHHble o6pasubl. Pabora
BHINIOJIHEHa IIpy MoAAepxke MuHucTepcTBa HayKu
u BeIcIiero obpazoBaHus Poccuiickoii ®efneparnuu,
tema No 0279-2022-0004 (8 ETMCY HUHOKTP No
122012600083-9). HccnemoBaHue MpPoOBeAeHO C
HCII0JIb30BaHKEM Hay4YHO-KCCJIe[JoBaTeIbCKOro CyaHa
“I".}0. Bepemarun” LIKII “I[eHTp KOMILJIEKCHBIX CYHO-
BBIX mcciiefjoBaHuil Baiikana” u obopymoBanus LIKII
“YnpTpamMukpoaHanus”.

KoHpAUKT UHTEepecoB

ABTOpHI 3aABJIAIOT 00 OTCYTCTBUM KOH(PIIUKTA
HMHTEPECOoB.

Ta6suna 3. Conepxanue ooHapyxeHHbIX [IXD B 6alikayibckux BUjaxX peIO 1 pe3yJibTaThl pacueTa CyMMAapHBIX TOKCHUYECKUX
sxBuBasieHToB WHO-TEQ B cpaBHeHuu ¢ Auanaszonamu WHO-TEQ o6HapyxeHHbix [IXB B kymxke Salmo trutta (S. Trutta) npyrux

BOJHBIX 3KOCHCTEM.

O6BeKT ConepxaHue QUOKCUHONONOOHBIX KOHTeHepoB IIXB, ur/r (Ne IIXB, I-TEF*) WHO-TEQ, or/r
123 118 114 105 126 156 e
0,0001* 0,0001* 0,0005* 0,0001* 0,1* 0,0005*
Boma < I[10 0,06 < I10 < 10 < 10 < 10 0,006
C. comephoroides 0,03 0,14 0,01 0,11 < 10 0,02 0,045
C. migratorius 0,03 0,15 0,00 0,12 < 10 0,02 0,041
C. baicalensis 0,02 0,07 0,00 0,05 < 10 0,01 0,018
L. kesslerii 0,03 0,18 0,01 0,13 < 10 0,02 0,048
A. pallidus 0,34 2,24 0,14 1,61 < 10 0,47 0,72
A. godlewskii 0,11 0,70 0,04 0,50 < 10 0,14 0,22
A. platycephalus 0,12 0,78 0,04 0,54 < 10 0,17 0,25
S. trutta (anpnuiickue o3epa 3anaaHoil EBporibr) 6,3-13 **
S. trutta (BanTtuiickoe Mope) 4,2-9,0 **

IIpumeyanue: < I1O — HuXxe npefesia onpeaeseHNs;

— MeXAyHapOoaHBIN K03PUIMEeHT TOKCHYeCKOl SKBUBAJIEHTHOCTH;

** _ Gorshkov et al., 2022.
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