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ABSTRACT. Functional traits are widely used in ecological studies to better understand diatom assem-
blages. This study examined the relationship between diatom ecological guilds (low-profile, high-pro-
file, motile, and planktonic) and environmental parameters across 28 rivers and streams in the Tagoloan
River Basin, Northern Mindanao, Philippines. The aim was to assess whether these guilds serve as effec-
tive indicators for biomonitoring. Canonical correspondence analysis (CCA) revealed a significant rela-
tionship (p=0.015), indicating that phosphate (PO,*), nitrate (NO,), nitrite (NO,), ammonium (NH,"),
turbidity, pH, temperature, total dissolved solids (TDS), total suspended solids (TSS), conductivity,
dissolved oxygen (DO), and flow influence diatom ecological guilds. The CCA explained 98.27% of the
variance in two axes, demonstrating that diatom ecological guilds respond to environmental variables
and may serve as useful indicators for river basin biomonitoring, which is useful for tropical countries
like the Philippines where physicochemical analyses can be costly.
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1. Introduction

Diatoms are considered one of the best bioindi-
cators for aquatic systems (BeSta et al., 2015) because
their assemblages are connected to the changes hap-
pening to their environment (Ladera et al., 2025; Porter
et al., 2013). Most studies identify diatoms down to
the species level to preserve the information shown
by the assemblage and species complexes (Lane, 2007;
Lange et al., 2016; Passy, 2007a). Some authors argued
that identification to species level is critical because it
improves classification within the ecoregion due to the
presence of endemic and cosmopolitan diatoms (Morin
et al., 2009; Ponader and Potapova, 2007). However,
Rimet and Bouchez (2012) stated that genus-level
identification is sufficient and has proven efficient and
robust for bioassessment, as shown by other authors

(Marcel et al., 2013; Pandey et al., 2017; Verleyen et
al., 2009).

Using functional groups based on genus-level
identification is another option to assess ecological
quality (Berthon et al., 2011; Rimet and Bouchez,
2011) to complement biodiversity metrics (Pandey
et al., 2017). This option reduces the strains in taxo-
nomic identification, supplying a more cost and time
effective method (Riato et al., 2017). Functional traits
that reduce taxonomic resolution give good assessment
on the pollution status much like species level resolu-
tion (Berthon et al., 2011; Passy, 2007b). A functional
group is composed of organisms which share similar
ecological features including morphology and physi-
ology called functional traits (Tapolczai et al., 2016).
Ecological guilds are examples of such groups which
is defined as a group of taxa sharing the same environ-
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ment and utilize available resources similarly through
various adaptations to abiotic factors (B-Béres et al.,
2014; Passy, 2007b; Rimet and Bouchez, 2011) which
can be applied to diatoms. These functional traits are
used as adaptive strategies and growth morphologies
by diatoms to provide more interpretation on the dia-
tom assemblage variation. The use of such biological
traits provides more robust ecological profiles because
diatoms occur in biofilms. Understanding biofilm struc-
ture enhances the ecological interpretation of diatom
guilds in biomonitoring, as guild composition reflects
how diatoms interact with and adapt to environmental
conditions within these structured communities (Cibic
et al., 2012).

Passy (2007b) introduced three ecological
guilds. The low-profile guild was comprised of spe-
cies of short stature which include prostrate, adnate,
erect, solitary centrics and slow-moving species (e.g.,
Achnanthes, Achnanthidium, Amphora, Cocconeis,
Cyclotella, Cymbella, Hannaea, Meridion, Opephora, and
Reimeria). Low-profile resists the change done by phys-
ical disturbance but cannot that of nutrient enrichment.
The high-profile guild was composed of species of tall
stature which include erect, filamentous, branched,
chain-forming, tube-forming, stalked and colonial
centrics (e.g., Diatoma, Ellerbeckia, Eunotia, Fragilaria,
Gomphoneis, Gomphonema, Melosira and Synedra). Passy
further explained their ability to make colonies allows
them to exploit resources which are unavailable to the
low-profile guild. High-profile guild does not resist the
change done by physical disturbance but resists that of
nutrient enrichment. The motile guild was constituted
of fast-moving species from the Navicula, Nitzschia,
Sellaphora, and Surirella genera. The motile guild shows
similar pattern to that of high-profile but its members
are able to move to a more suitable habitat. Rimet
and Bouchez (2011) added a planktonic guild which
are primarily diatoms which have adapted to the len-
tic environment through their adaptations that enable
them to withstand sedimentation. Since different guilds
show varying tolerances to nutrient enrichment, they
can serve as effective indicators of trophic states. The
high-profile and motile guilds, which are not limited
by nutrients, may dominate in eutrophic waters, where
nutrient levels are high (Passy, 2007b). On the other
hand, the low-profile guild, which is sensitive to nutri-
ent enrichment, may be more abundant in oligotrophic
or less nutrient-rich environments (Passy, 2007b). The
planktonic guild’s presence can indicate slower-moving
or standing waters where sedimentation is a concern
(Rimet and Bouchez, 2011).

In order to assess the water quality and the dis-
turbances in streams, diatom ecological guilds have
been used in biomonitoring studies around the world
(B-Béres et al., 2017; Marcel et al., 2017; Riato et al.,
2017). However, no study was still done about using
diatom functional-based approach as a means of assess-
ing the conditions of aquatic systems in the Philippines.
This study aims to evaluate the relationship between
diatom ecological guilds and environmental variables,
and to determine whether they can be used for biomon-
itoring in the Tagoloan River Basin.
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2. Materials and Methods

Samples were collected at 28 rivers and streams
of the Tagoloan River Basin (Fig. 1), encompass-
ing the municipalities of Tagoloan, Villanueva, and
Claveria in Misamis Oriental; and Malitbog, Manolo
Fortich, Sumilao, Impasug-ong, and Malaybalay City
in Bukidnon from August until December 2018. Three
sampling points were established, representing the
upstream, midstream and downstream regions of each
river or tributary. In each sampling point, there were
three replicates where the measurement of physical
and chemical parameters and the collection of diatoms
were done. Water depth (m) and the width (m) of the
rivers and streams were measured using a meter stick
while water flow (m/s) was measured using a drogue
and a stopwatch. Water temperature (°C), pH, total
dissolved solids (mg/L), conductivity (us/cm) and dis-
solved oxygen (mg/L) were measured in situ using a
portable multiparameter digital meter (HACH water
ecology, limnology Model AL-36DT). Water samples
of 1000 mL were kept in coolers at 4 °C while being
transported to the laboratory for concentration mea-
surements (mg/L) of nitrite (NO,), nitrate (NO,"), phos-
phate (PO,*), ammonium (NH,*), iron (Fe™), biological
oxygen demand (BOD,), total suspended solids (TSS),
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Fig.1. The sampling sites in the Tagoloan River Basin in
the region of Northern Mindanao, Philippines. Black inner
squiggly lines: The rivers and streams in the Tagoloan River
Basin. Black dots: The sampling sites in the Tagoloan River
Basin.
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and water hardness using the guidelines of the Standard
Methods for the Examination of Water and Wastewater
18th Edition (American Public Health Association et
al., 2012). Turbidity (NTU) was measured in the labora-
tory with the Thermo Scientific Genesys 10 UV-Visible
spectrometer.

Ten cobble-sized stones were collected in each
one of the three replicate points in each sampling
site, and were scrubbed with a clean toothbrush cov-
ering a surface area of 10 cm?. The diatoms collected
were placed in amber bottles fixed with 5% buffered
solution made of 37% formaldehyde diluted with dis-
tilled water. In the laboratory, the diatom valves were
cleaned and prepared using the hot hydrogen-per-
oxide method (EN13946:2003) before embedding in
a Naphrax synthetic resin. Swift Optical M10DB-MP
Phase Contrast microscope with 1000x magnification
was then used for the counting and identification of
400 diatom frustules (EN 14407:2004). Identification
down to genus level was done using the taxonomic keys
of Gell (1999), Taylor et al. (2007), and other special-
ized keys as needed. There were 756 slides of diatom
samples that were analyzed with parallel environmen-
tal parameters collected.

The identified diatom genera were -classified
according to the ecological guilds of Passy (2007b)
and Rimet and Bouchez (2011) as shown in Table 1.
Principal Component Analysis (PCA) was used to

identify the most influential environmental variables
(Stenger-Kovacs et al., 2013), with 12 environmental
variables determined to be the key factors. Canonical
correspondence analyses (CCA) were conducted to
examine the relationship between key environmental
variables (identified through PCA) and diatom assem-
blages, both in terms of taxonomic composition and
ecological guild structure. Environmental variables
were incorporated into the CCA using a weighted aver-
aging approach. Multivariate analysis was done using
the PAST software version 4.16 (Hammer, 2023).

3. Resulits

There were 29 identified diatom genera in the
28 sampling areas of the Tagoloan River Basin; of
which Navicula (19.24%), Cocconeis (16.34%), and
Achnanthidium (12.78%) were the most abundant gen-
era (Table 2). Across the said sampling areas, Cocconeis
was the most abundant in 12 sites, followed by Navicula
in 7 sites; Achnanthidium in 3 sites; Gomphonema in
2 sites; and Encyonema, Fragilaria, Gomphoneis, and
Nitzschia in 1 site each (Table 3). In terms of diver-
sity values, the sampling areas had a Simpson’s index
of diversity (1-D) ranging from 0.7727 (Lunokan) to
0.8907 (Muhon), indicating that the sites sampled were
diverse in diatom assemblages (Table 3).

Table 1. Taxa assignment to the four ecological guilds adapted from Passy (2007b) and Rimet and Bouchez (2011).

Ecological guilds Guild Description

Taxa composition

Low-profile

Comprised of species of short stature, including

Achnanthes Bory 1822

High-profile

Motile

Planktonic

prostrate (species with their whole valve area directly
attached to the substrate), adnate (species with their
apex attached in parallel to the substrate), erect (spe-
cies with perpendicular attachment to the substrate),
solitary centrics, and slow- moving species

Comprised of species of tall stature, including erect,
filamentous, branched, chain-forming, tubeforming,
stalked, and colonial centrics

Comprised of species which are capable
of motility in sediments

Corresponds to taxa adapted to lentic
environments with morphological adaptations that
enable them to resist sedimentation

Achnanthidium Kutzing 1844
Amphora Ehrenberg ex Kutzing 1844
Cocconeis Ehrenberg 1837
Cymbella Agardh 1830
Diploneis Cleve 1894

Planothidium Round and Bukhtiyarova 1996

Encyonema Kutzing 1833
Eunotia Ehrenberg 1837
Fragilaria Lyngbye 1819

Frustulia Rabenhorst 1583
Gomphoneis Cleve 1894

Gomphonema Ehrenberg 1832
Melosira Agardh 1824

Pleurosira San Leon 1848

Bacillaria Gmelin 1791
Epithemia Kutzing 1844
Gyrosigma Hassall 1845
Hantzschia Grunow 1877
Luticola Mann 1990
Navicula Bory 1822
Nitzschia Hassall 1845
Pinnularia Ehrenberg 1843
Rhopalodia Muller 1895
Sellaphora Mereschkowsky 1902
Stauroneis Ehrenberg 1843
Surirella Turpin 1828
Tryblionella Smith 1853

Cyclotella Kutzing ex Brebisson 1838
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Out of the 17 physical and chemical parameters
measured, 12 variables (NO,, NO,, PO,*, NH, *, tur-
bidity, pH, temperature, conductivity, flow, TDS, TSS,
and DO) turned out to be the main components based
on the PCA done (Fig. 2). The first two axes of the PCA
explained 96.82% of variance. The dominant factors
were TSS (0.9749), flow (0.1185), TDS (0.0839), pH
(0.0543), and conductivity (0.0456).

Tables 4 to 6 show the range and mean values of
the measured physical and chemical conditions in the
28 sampling areas. Not all rivers and tributaries sam-
pled in the river basin received a water body classifica-
tion from the Department of Environment and Natural
Resources (DENR) Region 10. However, Tagoloan River
which is a major river, and Malitbog River which is a
principal river, both received a Class A classification
which meant that they are intended as sources of water
supply requiring conventional treatment to meet the
national standards (DENR Administrative Order 2016-
08, 2016). Going by such classification, the rivers of
the Tagoloan River Basin can be considered as Class A.
Based on the water quality guidelines (WQG) by DENR,
some sites had measurements of phosphate, nitrate, pH,
TSS, and temperature which were beyond the standard
values. These are indicated by the values in red.

The 28 sampling areas can be grouped accord-
ing to the relative abundances of the ecological guilds
(Table 7). Seventeen of the sampling areas were pri-
marily composed of low-profile diatoms (Capitan
Bayong, Dalirig, Impalutao, Kibalabag, La Fortuna,
Lunokan, Maluko, Muhon, Omagling, Poblacion (I),
Puntian, Sangkanan, San Martin, San Vicente, Silo-o,
Sto. Nifio, and Sumalsag) while 8 sites were mainly
composed of motile diatoms (Cawayan, Dalwangan,
Diklum, Natumolan, Patpat, Poblacion (II), San Miguel,
and Sta. Ines). Three areas were mainly defined by
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Table 2. Relative abundance of diatom genera in the
Tagoloan River Basin. Values in red indicate the top three
most abundant genera.

Diatom Genera Relative Abundance (%)
Achnanthes 4.15
Achnanthidium 12.78
Amphora 0.86
Bacillaria 0.01
Cocconeis 16.34
Cyclotella 0.27
Cymbella 2.94
Diploneis 0.01
Encyonema 2.70
Epithemia 0.02
Eunotia 0.14
Fragilaria 3.69
Frustulia 0.31
Gomphoneis 5.97
Gomphonema 9.96
Gyrosigma 0.91
Hantzschia 0.08
Luticola 2.80
Melosira 0.77
Navicula 19.24
Nitzschia 8.52
Pinnularia 1.17
Planothidium 3.60
Rhopalodia 0.15
Sellaphora 0.01
Stauroneis 1.05
Surirella 0.88
Pleurosira 0.06
Tryblionella 0.62
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Fig.2. Principal component analysis diagram with ordination of axis 1 and 2 of measured environmental variables of the

Tagoloan River Basin (Axis 1: 78.68%; Axis 2: 19.59%).

66



Hallazgo C.1.J.S. et al. / Limnology and Freshwater Biology 2026 (2): 63-77

Table 3. Dominant diatom genera and their relative abundances, and Simpson’s index of diversity (1-D) values in each of the
28 sampling areas of the Tagoloan River Basin.

Sampling Area Dominant Genera Relative Abundance (%) Simpson (1-D)
Kibalabag Nitzschia 18.78 0.8690
Mat-i Encyonema 34.00 0.8164
Dalwangan Fragilaria 18.78 0.8835
Cawayan Gomphoneis 26.42 0.8470
La Fortuna Cocconeis 25.36 0.8498
Impalutao Cocconeis 24.78 0.8524
Sta. Cruz Navicula 28.47 0.8294
Puntian Cocconeis 23.94 0.8492
Sangkanan Navicula 19.08 0.8599
San Miguel Gomphonema 23.97 0.8314
Capitan Bayong Cocconeis 25.94 0.8338
Tangkulan Gomphonema 29.72 0.8002
Poblacion (I) Cocconeis 26.19 0.8461
Diklum Navicula 35.08 0.8050
Lunokan Cocconeis 42.28 0.7727
Sto. Nifio Cocconeis 26.06 0.8514
Dalirig Cocconeis 22.08 0.8801
San Vicente Cocconeis 28.06 0.8336
Maluko Cocconeis 29.00 0.8320
Silo-o Cocconeis 32.28 0.7949
Omagling Cocconeis 25.47 0.8365
Poblacion (II) Achnanthidium 28.94 0.8239
Sumalsag Achnanthidium 29.44 0.8281
Patpat Navicula 22.69 0.8789
Sta. Ines Navicula 28.39 0.8565
San Martin Navicula 19.17 0.8759
Muhon Achnanthidium 17.14 0.8907
Natumolan Navicula 22.56 0.8822

high-profile diatoms (Mat-i, Sta. Cruz, and Tangkulan).
Since the planktonic guild was only represented by
one genus, 8 of the sampling sites had no planktonic
diatoms.

A significant relationship between the 12 envi-
ronmental variables and the diatom ecological guilds
was indicated in the CCA (Fig. 3). The correlation
between the guilds and environmental variables across
the first two axes was 98.27%, with statistical signifi-
cance confirmed by a Monte Carlo permutation test (N
= 999, p = 0.015). The low-profile guild was positively
associated with DO, pH, and conductivity and was neg-
atively associated with NO,;, NO,, and turbidity. In con-
trast, the high-profile guild was positively associated
with turbidity and was negatively associated with TDS,
DO, and conductivity. The motile guild was positively
associated with NO,, NO,, PO,, TSS, and temperature;
and was negatively associated with DO and conductiv-
ity. The planktonic guild was positively associated with
TDS and conductivity and was negatively associated
with NH,, flow, and turbidity.

In terms of diatom generic composition (Fig. 4),
low-profile guild members were strongly correlated
with DO and flow, especially Achnanthes (Achn)
while Cocconeis (Cocc) and Planothidium (Plano) had
a weak correlation with flow and DO. Achnanthidium
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(Achndm) and Cymbella (Cymb) were weakly associ-
ated with conductivity, TDS, and TSS while Amphora
(Amph) and Diploneis (Dipl) were negatively associated
with temperature. Pleurosira (Pleura), a member of the
high-profile guild, was strongly positively correlated
with PO,* and turbidity while Gomphonema (Gopma)
was positively associated with NO, and NO,". Eunotia
(Euno) was weakly associated with NH,* and pH while
Frustulia (Frus) was weakly associated with conductiv-
ity, TDS, and TSS. Encyonema (Ency), Fragilaria (Frag),
Gomphoneis (Gomeis), and Melosira (Melo) were all
positively associated with DO and flow. The motile
guild was correlated with high NO, and NO,, espe-
cially Bacillaria (Bacil), Pinnularia (Pinn), and Surirella
(Suri). Navicula (Navi) and Stauroneis (Stau) were pos-
itively correlated with PO *, turbidity, NO,, and NO,.
Hantzschia (Hantz) was positively associated with
PO,* and flow while Sellaphora (Sella) was positively
correlated with PO,*> and turbidity. Epithemia (Epit),
Luticola (Luti), and Nitzschia (Nitz) were strongly posi-
tively associated with DO and flow. On the other hand,
Gyrosigma (Gyro), Rhopalodia (Rhop), and Tryblionella
(Tryb) had a weak correlation with conductivity, TDS,
and TSS. Cyclotella (Cyclo), the lone member of the
planktonic guild, was strongly positively correlated
with DO and flow.
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Fig.3. CCA showing the relation of diatom ecological guilds and the environmental variables based on guilds’ relative abun-

dances (Axis 1: 84.33%; Axis 2: 13.94%; p=0.015).

4. Discussion

Navicula (19.24%), Cocconeis (16.34%), and
Achnanthidium (12.78%) were the most abundant dia-
tom genera in the Tagoloan River Basin (Table 2). These
three genera were also the most abundant genera in 25
of the 28 sampling sites. Navicula was the most abun-
dant in 7 sites (Diklum, Natumolan, Patpat, Sangkanan,
San Martin, Sta. Cruz, and Sta. Ines); Cocconeis in 12
sites (Capitan Bayong, Dalirig, Impalutao, La Fortuna,
Lunokan, Maluko, Omagling, Poblacion (I), Puntian,
San Vicente, Silo-o, and Sto. Nifio); and Achnanthidium
in 3 sites (Muhon, Poblacion (II), and Sumalsag) as
shown in Table 3. The cells of Navicula can be solitary,
free living or motile and they were the most abundant
in the river basin because they are tolerant across a
huge range of pH levels, eutrophication, and conduc-
tivities (Taylor and Cocquyt, 2016). Cocconeis, on the
other hand, is also found across a range of pH and tro-
phic levels; they are also adapted to different substrate
(Taylor and Cocquyt, 2016). Achnanthidium is usually
attached via its mucilage stalk and is typically found
in different trophic levels (Taylor and Cocquyt, 2016).

Total suspended solids (0.9749), flow (0.1185),
total dissolved solids (0.0839), pH (0.0543), and con-
ductivity (0.0456) were the dominant factors based on
the PCA done (Table 4). Among the physicochemical
conditions measured, pH, temperature, TSS, nitrate,
and phosphate were the factors which had measure-
ments that were above or below the standard value or
were out of range based on the water quality guidelines
of DENR (Tables 5 to 7).
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There is a correlation between the total solids in
the rivers and diatoms. The TSS are composed of the
organic matter, substrate, and wastes in the water and
these are significantly correlated with diatom assem-
blages (Dickman et al., 2005; Schroeder et al., 2016).
The TDS, meanwhile, are comprised of ions, salts, and
organic matter and these also relate to diatom com-
munities (Bate et al., 2004; Kivrak and Uygun, 2012;
Sudhakar et al., 1994). Both are associated with the
pollution level of the river.

The potential of hydrogen (pH) plays a huge fac-
tor on diatom cell volume, growth and production rates
(Berge et al., 2010; Dutkiewicz et al., 2015; Hervé et al.,
2012; Kivrak and Uygun, 2012; Scholz, 2014) and the
organisms disfavor acidic environments and flourish at
a pH of 6.5-8.5. Acidic conditions change the internal
pH of diatoms aside from altering the formation of their
frustules (Hervé et al., 2012) The siliceous frustules of
diatoms serve as pH buffer (Milligan and Morel, 2002).
However, such impact still depends upon the species,
given that diatoms have adaptations against acidifica-
tion (Crawfurd et al., 2011).

Diatoms are also sensitive to flow alterations.
Changes in flow modify nutrient concentration flux
(Porter et al., 2013). Furthermore, the magnitude and
duration of the flow are both important for diatom com-
munities, contributing to their growth (Goldenberg-
Vilar et al., 2022). At high flow, the community suc-
cession of diatoms is affected by the seasonal flood that
may occur and thus, only those diatoms with a particu-
lar growth form (i.e. stalked) could thrive (Shibabaw et
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Fig.4. CCA showing the relation of diatom assemblage composition and the environmental variables based on genera abun-

dances (Axis 2: 23.46%; Axis 8: 3.44%; p = 0.044).

al., 2021). However, the abundance and diversity of the
algae will increase after some time once the community
structure has been established once again.

Electrical conductivity indicates the entrance of
an external discharge or pollution into the streams and
rivers and is affected by temperature and dissolved sol-
ids. Diatom communities are affected by the said factor
since they are sensitive to varying degrees of pollution
(Bere and Tundisi, 2011; El-karim et al., 2016; Kivrak
and Uygun, 2012; Pestryakova et al., 2018; Rioual et
al., 2013; Teittinen et al., 2015). The parameter gives
insights into the ions that could affect the availability of
nutrients which the diatoms need during primary pro-
duction (Saros and Fritz, 2000). Additionally, the pres-
ence of high conductivity and major ions had an impact
on the distribution of diatom assemblages (Mangadze
et al., 2017).

Diatoms have different responses when it comes
to temperature changes; some decrease while other
increase when temperature is increased (Cibic et al.,
2012). Water temperature affects diatom growth
where they favor environments with lower tempera-
ture (Javaheri et al., 2015; Necchi-Junior et al., 2003;
Nowrouzi and Valavi, 2011; Schabhiittl et al., 2013;
Shatwell et al., 2013; Teittinen et al., 2015; Weckstrom
et al.,, 1997; Xiao et al., 2018) thus hotter climates
have a negative correlation with their growths. Diatom
assemblages have a strong response to climate warm-
ing (Berthon et al., 2014). Temperature directly affects
their biochemistry and metabolism (Ingebrigtsen et al.,
2016).

Diatoms bloom when there is an increase in nutri-
ent availability. Nutrients are derived from the nitrite
(El-karim et al., 2016), nitrate (El-karim et al., 2016;
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Nowrouzi and Valavi, 2011), phosphates (El-karim et
al., 2016; SE. Salomoni et al., 2011; Triest et al., 2001),
ammonium (El-karim et al., 2016; S. E. Salomoni et
al., 2006; Triest et al., 2001), nitrogen (S. E. Salomoni
et al., 2006; SE. Salomoni et al., 2011), and phospho-
rus (El-karim et al., 2016; Shatwell et al., 2014) dis-
solved in the rivers and streams. From the said nutri-
ents, nitrate and phosphate were the chemical factors
which were included in the WQG by DENR. Nitrate is
critical in the growth and survival of diatoms (Allen
et al., 2011; Hockin et al., 2012; Kamp et al., 2011)
and is one of the most important factors in structur-
ing diatom assemblages (Dalu et al., 2017; Gottschalk
and Kahlert, 2012). Nitrogen and phosphorus and their
forms are the most important nutrients in the formation
of diatom communities (Algarte et al., 2016; Wu et al.,
2014). Diatom species respond differently to nutrient
enrichment and pollution because of their varying tol-
erances and thus, the group serves as a useful bioin-
dicator (Bere et al., 2016). They reflect the degree of
anthropogenic activities occurring the area (Elias et al.,
2015) since most of the sampling sites were agricul-
tural in nature. The values which were above the stan-
dards could be associated with the agricultural runoff
that the stream receives from the farms near it, leading
to eutrophication. Agricultural land-use leads to sur-
face run-off and in the process, allows additional nutri-
ents to flow into the streams (Nhiwatiwa et al., 2017;
Zhang et al., 2012). Nutrient enrichment just like that
of phosphorus, is considered a precursor to eutrophi-
cation and water bodies highly enriched with the said
nutrient bears decreased species richness (Jeppesen et
al., 2000). Phosphorus not only drives the community
composition but it is also a crucial element influencing
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Table 7. Relative abundances of diatom ecological guilds in the 28 sampling areas of the Tagoloan River Basin. Values in

red indicate the most abundant guild in each sampling site.

Sampling Area Guild Relative Abundance (%)
Low-profile High-profile Motile Planktonic
Kibalabag 50.89 14.19 34.89 0.03
Mat-i 10.31 75.61 14.06 0.03
Dalwangan 33.69 31.17 34.86 0.28
Cawayan 20.17 39.58 39.83 0.42
La Fortuna 51.17 13.06 35.64 0.14
Impalutao 51.47 11.81 36.61 0.11
Sta. Cruz 8.39 52.56 39.06 0.00
Puntian 52.89 8.61 38.08 0.42
Sangkanan 50.17 16.47 33.00 0.36
San Miguel 20.19 27.94 51.83 0.03
Capitan Bayong 52.17 16.36 30.72 0.75
Tangkulan 8.39 61.94 29.67 0.00
Poblacion (I) 41.53 25.67 32.72 0.08
Diklum 21.08 32.64 46.25 0.03
Lunokan 60.44 18.78 20.75 0.03
Sto. Nifio 57.06 7.81 33.28 1.86
Dalirig 44.94 16.53 38.53 0.00
San Vicente 48.89 17.08 33.67 0.36
Maluko 69.28 5.42 25.31 0.00
Silo-o 60.44 8.19 31.36 0.00
Omagling 49.14 14.53 36.33 0.00
Poblacion (II) 43.50 8.42 47.97 0.11
Sumalsag 59.22 14.72 26.06 0.00
Patpat 34.19 20.42 45.36 0.03
Sta. Ines 31.94 20.61 47.44 0.00
San Martin 36.47 31.17 32.25 0.11
Muhon 38.42 25.14 35.36 1.08
Natumolan 32.56 24.14 41.97 1.33

how diatoms react to climate change and how sensitive
they are to changes in the environment (Berthon et al.,
2014). Nitrogen coupled with climate warming due to
human-based activities, were found to cause some of
the most changes in freshwater systems. Temperature
regulates various ecological processes and thus it has
a positive relationship with nitrogen concentrations
(Marcarelli and Wurtsbaugh, 2006). In addition, higher
temperatures also speed up nitrification processes,
thereby negatively affecting the pH levels of the envi-
ronment (Marcarelli and Wurtsbaugh, 2006). Their
interaction drives higher biodiversity losses (Porter et
al.,, 2013). In general, diatoms thrive in nutrient-rich
environments particularly where phosphorus and nitro-
gen are high along with pH and conductivity (Algarte
et al., 2016; Estadual De Maringé et al., 2015; Winter
and Duthie, 2014).

Environmental variables strongly influence the
growth and distribution of diatoms in aquatic ecosys-
tems. Total phosphorus, electrical conductivity, nitrate,
and pH are the primary drivers of diatom functional
groups, with temperature, dissolved oxygen (DO), and
organic matter also playing key roles (Marcel et al.,
2017), serving as reliable predictors of diatom com-
position and shedding light on underlying ecological
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mechanisms (Lange et al., 2016; Riato et al., 2017).
This study confirmed such pattern, revealing that pH,
temperature, TDS, conductivity, DO, turbidity, TSS, and
nutrient concentrations (NO, , NO;, PO,*) significantly
influenced diatom ecological guilds as shown in Fig. 2.

The positive association of the low-profile guild
with DO, pH, and conductivity; and its negative associ-
ation with nutrients and turbidity align with the results
of Passy (2007b), confirming that low-profile diatoms
tolerate high disturbance (Fig. 2). Although there was no
clear alignment between the low-profile guild and flow
(Fig. 2), representatives of the said guild (Achnanthes,
Cocconeis, and Planothidium) showed a positive correla-
tion to DO and flow (Fig. 3). Flow alterations impact
nutrient availability and transport (Porter et al., 2013),
with both magnitude and duration shaping diatom
communities (Goldenberg-Vilar et al., 2022). Strong
substrate attachment mechanisms allow species such
as Achnanthes and Planothidium to persist in high-flow
environments (Passy, 2007b). Cocconeis species, highly
resilient to environmental disturbances, dominate
lotic systems (B-Béres et al., 2014; Stenger-Kovacs et
al., 2013). DO plays a crucial role in respiration and
organic matter (Salomoni et al., 2011; Takarina et al.,
2017), supporting higher species richness in well-oxy-
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genated environments (Dalu et al., 2017; Shibabaw et
al., 2021; Teittinen et al., 2015). Low-profile diatoms
prefer nutrient-poor environments, where limited bio-
film formation prevents competitive exclusion (Lange
et al., 2011; Passy, 2007b).

Contrary to low-profile diatoms, high-profile
species thrive in nutrient-rich, low-flow environments
where they form tall, multicellular structures that allow
them to utilize important nutrients. High-profile guild
members exhibited a strong positive association with
turbidity and a negative correlation with flow (Fig. 2),
supporting the work of Passy (2007b). Turbidity affects
light availability and water quality (Nardelli et al.,
2016), indirectly influencing diatom assemblages by
limiting chlorophyll-a production (Shibabaw et al.,
2021). Increased shading from TDS and TSS favors
high-profile diatoms, reducing low-profile guild com-
petition (Leira et al., 2015). Agricultural runoff, a key
contributor to turbidity, introduces sediments and nutri-
ents into streams, further benefiting high-profile dia-
toms (Shibabaw et al., 2021). Pleurosira, Gomphonema,
and Eunotia showed strong correlations with NO,,
NO,, PO,*, and NH, (Fig. 3), consistent with find-
ings from Sharifinia et al. (2016), Sinco and Metillo
(2010), Taylor and Cocquyt (2016), and Van Dam and
Mertens (2023). While nutrient tolerance varies among
high-profile species (Taylor and Cocquyt, 2016), over-
all, they favor nutrient enrichment (Passy, 2007b).

Motile diatoms (Epithemia, Hantzschia, Luticola,
Navicula, Nitzschia, Pinnularia, Sellaphora, Stauroneis,
and Surirella) were positively associated with NO,,
NO,, PO,*, turbidity, DO, and flow (Fig. 3). Like
high-profile diatoms, they prefer nutrient-rich, low-dis-
turbance environments (Passy, 2007b). Fig. 2 con-
firmed their strong association with NO,, NO;, and
PO,*, indicating nutrient tolerance. Motile diatoms
can actively relocate to optimize environmental condi-
tions, allowing them to persist despite high flow rates.
Nutrient supply is crucial in shaping motile guild com-
position (Larson and Passy, 2012; Stenger-Kovécs et al.,
2013).

Cyclotella was the sole representative of the plank-
tonic guild, which was expected due to its preference
for lentic waters. Its presence in the epilithon may be
attributed to extracellular polymeric substances (EPS)
or adhesive bacterial and fungal secretions, enabling
substrate attachment (Wang et al., 2014). Planktonic
diatoms resist sedimentation (Rimet and Bouchez,
2011), utilizing thin frustules and increased surface
area for buoyancy and energy efficiency (Marcel et al.,
2013). Cyclotella thrives in medium-to-high conductiv-
ity and high trophic levels (Taylor and Cocquyt, 2016),
as indicated in Fig. 2.

The findings reinforce the ecological roles of
diatom guilds and their strong associations with envi-
ronmental parameters, highlighting their potential
for biomonitoring in the Tagoloan River Basin as sup-
ported by Fig. 3. Low-profile diatoms, which thrive in
high-flow, nutrient-poor environments, indicate pris-
tine or less-disturbed sites. Seventeen of the sampling
sites (Capitan Bayong, Dalirig, Impalutao, Kibalabag,
La Fortuna, Lunokan, Maluko, Muhon, Omagling,
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Poblacion (I), Puntian, Sangkanan, San Martin, San
Vicente, Silo-o, Sto. Nifio, and Sumalsag) were mostly
composed of low-profile diatoms. High-profile diatom:s,
on the other hand, signal nutrient enrichment and
increased turbidity, often linked to runoff and sedimen-
tation. Three sites (Mat-i, Sta. Cruz, and Tangkulan)
were mostly composed of high-profile diatoms. Motile
diatoms, correlated with organic pollution and elevated
conductivity, suggest pollution stress. These guild-envi-
ronment relationships confirm that diatom assemblages
effectively reflect water quality changes. Eight sites
(Cawayan, Dalwangan, Diklum, Natumolan, Patpat,
Poblacion (II), San Miguel, and Sta. Ines) were mostly
composed of motile diatoms. Though low-profile dia-
toms were the most abundant in San Martin (36.47%)
and Muhon (38.42%), the close percentage of motile
diatoms in the said sites (32.25% and 35.36%, respec-
tively) could indicate increased pollution. On the con-
trary, though motile diatoms were the most abundant
in Dalwangan (34.86%) and Cawayan (39.83%), the
close percentage of low-profile diatoms in Dalwangan
(33.69%) and of high-profile diatoms in Cawayan
(39.83%) may indicate less disturbance and enriched
nutrients in the said sites, respectively.

5. Conclusions

A functional group-based approach, particu-
larly at the genus level, offers a fast and cost-effective
alternative to species-level identification, reducing the
need for specialized taxonomic expertise. This is espe-
cially valuable in developing tropical Southeast Asian
countries like the Philippines, where physicochemical
analyses can be costly. By assessing diatom guild com-
position, researchers and environmental managers can
efficiently monitor ecosystem health, track water qual-
ity trends, and identify pollution sources, promoting
the routine use of diatoms in freshwater assessments
across Southeast Asian River basins.
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strain of carotenogenic microalgae BIOLOGY
Chlorosarcinopsis sp. VKM Al-296 - —
(Chlorophyta)
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ABSTRACT. We conducted a complex study of the new green microalgae strain VKM Al-296, isolated
from arable soil and identified as Chlorosarcinopsis sp. (Chlamydomonadales, Chlorophyta), using molec-
ular phylogenetic analysis (18S rDNA and ITS2 sequences) and light and scanning electron microscopy.
The strain’s morphology, growth, and carotenogenesis during two-stage batch cultivation were studied.
In a liquid medium, the cells occurred singly or in packages surrounded by extracellular mucilage, with
cell sizes of 3-6 um. By the end of the “green” stage (vegetative growth) lutein was the predominant
pigment, accounting for >60% of the total carotenoids. Other primary carotenoids were also present:
beta-carotene (14.6%), neoxanthin (11.1%), and antheraxanthin (7.1%). At the end of the “red” (sec-
ondary carotenogenesis) stage, the culture’s dry biomass content was 1.92+0.04 g/L, with carotenoids
accounting for 0.3% of the dry biomass. The pigment profile was dominated by ketocarotenoids: astax-
anthin (mono- and diesters), canthaxanthin, and adonixanthin monoesters (35%, 21% and 20% of the
total carotenoid content, respectively). Over the entire cultivation period (17 days), the average bio-
mass productivity and total carotenoid productivity were 0.10 g/L/day and 0.2 mg/L/day, respectively.
Chlorosarcinopsis sp. VKM Al-296 may be a perspective object of further research aimed at optimizing
cultivation conditions as a source of lutein at the “green” stage, as well as canthaxanthin and esters of
astaxanthin and adonixanthin at the “red” stage.

Keywords: Chlorosarcinopsis sp., cell morphology, molecular phylogenetic analysis, two-stage batch culture,
secondary carotenoids, thin-layer chromatography

For citation: Chubchikova L.N., Dantsyuk N.V., Drobetskaya 1.V., Temraleeva A.D. Identification and comprehensive charac-
terization of a new soil strain of carotenogenic microalgae Chlorosarcinopsis sp. VKM Al-296 (Chlorophyta) // Limnology and
Freshwater Biology. 2026. - Ne 2. - P. 78-102. DOI: 10.31951/2658-3518-2026-A-2-78

1. Introduction enduring diurnal and seasonal fluctuations of environ-
) o ) o mental conditions. These are dramatic changes in irra-
Chlorosarcinopsis is a genus of microalgae within diance, temperature, moisture, nutrient availability,

the order Chlamydomonadales (Chlorophyta), com- etc. The key link in the survival strategy of soil species,
monly found in terrestrial environments, particularly including microalgae of the genus Chlorosarcinopsis,
in arid and semi-arid deserts (Friedmann and Ocampo- in conditions of severe abiotic stress is the ability to
Paus, 1965; Andreeva, 1998; Lewis and Lewis, 2005; secondary carotenogenesis (SC) associated with the
Hall et al., 2010; Khani-Juyabad et al., 2019). ability of cells to rapidly transition from the state of
. Soil is home to a variety of microorganisms, active vegetation to the resting stage and vice versa.
including bacteria, fungi, protozoa, and microalgae. Ketocarotenoids (KCar) are a group of pigments that
Unlike planktonic microalgae, whose habitat condi- are neither structurally nor functionally related to the
tions, as a rule, vary insignificantly with the seasons and photosynthetic apparatus (Lemoine and Schoefs, 2010;
daytime, soil microalgae, living on the soil’s surface or Solovchenko, 2013). Their functions include shielding
in its upper horizons, are subjected to permanent stress, the nucleus and cellular organelles, utilizing excess
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photosynthates, and “quenching” reactive oxygen
species and preventing their formation (Solovchenko,
2013; Remias et al., 2016). The natural KCar astaxan-
thin is widely used in pharmaceuticals, nutraceuticals,
cosmetics, dietetics, and aquaculture, and its range of
applications is rapidly expanding. It is safe for human
consumption, unlike its synthetic analogue, which is
only approved for aquaculture (Nair et al., 2023).

Regarding this, in recent decades, much attention
has been paid to the study of the SC process as a key
adaptation mechanism in extremobiont green microal-
gae of different taxonomic and ecological groups. The
bulk of information about SC patterns in unicellular
microalgae was obtained from examples of a limited
number of planktonic, soil and aerophytic species from
the orders Chlamydomonadales and Sphaeropleales
(Haematococcus lacustris, Chromochloris zofingiensis,
Coelastrella rubescens, Bracteacoccus pseudominor, and
B. minor) (Minyuk et al., 2014; 2017; Chelebieva et
al., 2018; Minyuk et al., 2020; Malik et al., 2022).
However, the diversity of carotenogenic microalgae
species is much greater than is commonly believed.
Advances in high-throughput whole-genome sequenc-
ing have identified orthologs of (-carotene ketolase,
the key enzyme responsible for the synthesis of KCar
from [(-carotene, across the genomes of numerous
microalgal species (Jeffers and Roth, 2021). Therefore,
further search for commercially promising producers
of KCar (astaxanthin and its metabolic precursors) and
development of methods for their industrial cultiva-
tion remains relevant (Chubchikova et al., 2009; 2012;
Minyuk et al., 2014; Chen et al., 2017; Minyuk et al.,
2017; Marchenko et al., 2019; Minyuk et al., 2019;
2020; Doppler et al., 2022; Saito et al., 2023).

An additional adaptation mechanism enhances
the survival strategy of sarcinoid microalgae, allow-
ing them to successfully withstand abrupt changes in
environmental conditions. This is the ability to produce
copious amounts of mucilage-the so-called “mucous
membranes” and “wrappers”. The main component of
mucilage is extracellular hydrophilic colloidal polysac-
charides dominated by galactose, glucose, and rham-
nose (Gollerbach and Shtina, 1969; Laroche, 2022).
The matrix performs several functions. It ensures the
attachment of cells to each other, protects them from
contamination and abrupt biotic and abiotic stresses,
smoothing out jumps in insolation, humidity, and tem-
perature, especially for cells located within the cellular
aggregate. In addition to polysaccharides, the mucus
contains low-molecular protein compounds. There is
information on the active growth of Chlorosarcinopsis
spp. on mixo- and heterotrophic media under laboratory
conditions (Cherdchukeattisak et al., 2018; Vasistha et
al., 2021), which suggests the use of mucilage during
periods of starvation as an available organic source of
carbon and nitrogen.

These features of sarcinoid microalgae suggest
that, under conditions of mass open cultivation, the
survival rate of such species will be significantly higher
than that of more sensitive planktonic species, which
may have a positive effect on the KCar and biomass
productivity.

79

The two-stage batch culture method (Boussiba,
2000; Fabregas et al., 2001; Minyuk et al., 2017) enables
comprehensive studies of strains, including optical and
scanning electron microscopy, molecular phylogeny,
and evaluation of production characteristics during
both active growth and secondary carotenogenesis.

The aim of this study was to investigate the strain
VKM Al-296 using a polyphase method in a two-stage
batch culture.

2. Material and Methods
2.1. Strain origin

The object of the study was a soil microalgal
strain VKM Al-296 isolated from arable typical cher-
nozem in the Stavropol Territory, Russian Federation
(45°07’N, 42°01’E) in 2018. Unialgae culture was
obtained as described by Temraleeva et al. (2014).
The soil suspension was transferred to BG-11 agar
plates (1.5% agar, pH 7.2) and incubated under con-
stant conditions until cell colonies appeared. The cul-
tivation regime was as follows: temperature 23-25 °C,
photoperiod 12 h light: 12 h dark, and photosynthetic
photon flux density (PPFD) 60-75 umol photons/m?2/s
provided by cool white fluorescent lamps. Individual
colonies were scraped off and repeatedly subcultured
under the same conditions until an algologically pure
culture was obtained.

The strain was initially deposited in the
Algological Collection (ACSSI) of the Institute of
Physicochemical and Biological Problems in Soil
Science, Russian Academy of Sciences (RAS), under the
number ACSSI 296. Subsequently, it was transferred to
the All-Russian Collection of Microorganisms (VKM)
of the Institute of Biochemistry and Physiology of
Microorganisms, RAS, where it was assigned the num-
ber VKM Al-296.

2.2. Morphological analysis

The morphological characteristics and life cycle of
the strain VKM Al-296 were studied using light micros-
copy (LM) with a Leica DM750 microscope (Germany).
Images were captured using a Leica Flexicam C3 color
digital camera (Germany), and observations were con-
ducted over a period ranging from two weeks to six
months.

For scanning electron microscopy (SEM), the
cells were fixed with 2% glutaraldehyde in 10-fold
diluted 66.7 mmol Na-K phosphate buffer (pH 7.34) at
4°C for 24 hours. The sample was then postfixed with a
0.005% Lugol’s iodine solution and dehydrated through
a graded series of ethanol solutions with increasing
concentrations, following the protocol described by
Chubchikova et al. (2022). SEM imaging was per-
formed using the Hitachi SU3500 scanning electron
microscope (Japan).

2.3. DNA extraction, PCR, and sequencing

Total DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen, USA) following the manufacturer’s
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instructions. The nucleotide sequences of the 18S rDNA
and ITS2 regions were amplified using the Screen
Mix-HS reagent (Evrogen, Russia). The primers and
amplification conditions were selected based on arti-
cles described by White et al. (1990) and Katana et al.
(2001), with details provided in Table 1. PCR amplifi-
cations were carried out using a Gradient T100 ther-
mal cycler (Bio-Rad, USA). The target PCR products
were visualized by electrophoresis on a 1% agarose
gel. Following electrophoresis, the PCR products were
purified using the Cleanup Mini kit (Evrogen, Russia)
according to the manufacturer’s protocol. The purified
PCR products were then sent for sequencing to Evrogen
(Russia).

2.4. Phylogenetic analysis

The obtained nucleotide sequences were depos-
ited in the GeneBank database under the follow-
ing accession numbers: MT338814 (18S rDNA) and
MT340909 (ITS2). To identify closely related sequences,
the BLASTn algorithm from NCBI was utilized. For phy-
logenetic analysis, two datasets were constructed:

1. The 18S rDNA dataset included 70 sequences
from various representatives of the order
Chlamydomonadales, including clades such
as  Arenicolinia,  Stephanosphaerinia, and
Chlorogonia. Authentic strains of the genus Gungnir
(Dunaliellinia clade) were used as the outgroup.

2. The ITS2 dataset included 66 sequences from all
representatives of the Arenicolinia clade, includ-
ing uncultured species, with authentic strains
of Chlorococcum isabeliense (Stephanosphaerinia
clade) serving as the outgroup.

Taxonomic names were standardized according
to the AlgaeBase database (Guiry and Guiry, 2025).

Multiple sequence alignment was performed
using the MAFFT online tool (https://www.ebi.ac.uk
jdispatcher/msa/mafft). The best-fitting evolutionary
model for each locus (18S rDNA and ITS2) was deter-
minated using the Akaike Information Criterion (AIC)
implemented in jModelTest version 2.1.10 (Darriba
et al., 2012). For maximum likelihood (ML) analysis,
1.000 bootstrap replicates were generated for each

Table 1. Primers and amplification conditions for PCR.

dataset using the PhyML program. Statistical support
for the branches was assessed using bootstrap proba-
bilities (BP). Bayesian inference (BI) was conducted
using the BEAST software version 1.8.4. Two runs of
108 generations were performed, with sampling every
10* generations, and the first 25% were discarded as
burn-in. Convergence of Markov chains was confirmed
by ensuring ESS (Effective Sample Size) values > 200,
and the results were visualized using the Tracer ver.
1.5 program. A consensus tree was generated using
TreeAnnotator ver. 1.8.4, with branch support mea-
sured using Bayesian posterior probabilities (PP).
Genetic distances were calculated in the MEGA 6 pro-
gram using the Kimura 2-parameter model. For ITS2
secondary structure analysis, the sequences were folded
using the RNAfold web server (https://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi), following
the principle of minimum free energy. The accuracy of
the predicted secondary structures was assessed based
on guidelines from Caisova et al. (2013). Comparison of
ITS2 secondary structures, identification of conserved
motifs, and analysis of compensatory base changes
(CBCs) were performed using the 4SALE 1.7 software
(Seibel et al., 2006). CBC approach, as proposed by
Coleman (2000; 2003; 2009), was employed to dis-
tinguish species based on ITS2 sequences. Finally, the
ITS2 secondary structures were visualized using the
PseudoViewer3 software (Byun and Han, 2009).

2.5. Cultivation condition

The strain was cultivated using a two-stage batch
culture method (Boussiba, 2000; Fabregas et al., 2001)
in BBM nutrient medium (Bischoff and Bold, 1963).
Microalgae were grown in three biological replicates
using 0.75 L plastic Tissue Culture Flasks (“Falcon”,
USA). The culture volume was 0.6 L, with initial dry
biomass (DW) content 0.3 g/L.

The first (“green”) stage lasted nine days and
was conducted under the following cultivation condi-
tions: unilateral illumination provided by cold-white
LED lamps “Feron” DL 20W T4 6400K, (Russia), photo-
synthetic photon flux density (PPFD) of 130 umol pho-
tons/m?/s (as measured at the side surface of flasks),
with a light mode of 15:9 h (light/dark), temperature

Locus Primers Sequence (5°-3’) Amplification conditions
18S rDNA F AACCTGGTTGATCCTGCCAGT 95°C, 5 min; 95°C, 1 min, 55°C, 1 min,
R TGATCCTTCTGCAGGTTCACCTACG 72°C, 2 min, 35 cycles; 72°C, 5 min
402-23F* GCTACCACATCCAAGGAAGGCA
1323-44F* CGAACGAGACCTCAGCCTGCTA
416-37R* ATTTGCGCGCCTGCTGCCTTCC
898-919R* TAAATCCAAGAATTTCACCTCT
1308-39R* CTCGTTCGTTAACGGAATTAACC
1636-57R* GGTAGGAGCGACGGGCGGTGTG
ITS2 ITS3 GCATCGATGAAGAACGCAGC 95°C, 3 min; 95°C, 30s, 52-57°C, 30 s,
ITS4 TCCTCCGCTTATTGATATGC T2 Al S el PG 10 et

Note: * internal sequencing primers.
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28 +0.5 °C, and continuous air bubbling at a rate of 0.44
L/min/L. The culture pH was maintained at 7.0 +0.05
with CO, supply from a gas cylinder during 8 h, con-
trolled by an Aqua Medic pH2001C system (Germany)
equipped with a Camozzi A7E solenoid valve (Italy).

To induce the “red” stage, the culture was trans-
ferred to bilateral 24-hour illumination with the same
PPFD on each side and a temperature of 28-29 °C. The
CO, supply remained unchanged. Additionally, a 1%
NacCl solution was added to a final concentration of 5
mmol. The “red” stage lasted 8 days.

2.6. Monitoring of the culture growth

Growth characteristics of the strain were eval-
uated by monitoring biomass dynamics. DW content
(g/L) was determined gravimetrically on nitrocellulose
membrane filters “Sartorius” (Germany) with a pore
size of 3.0 um (Vonshak, 1985). The biomass on the
filters was washed with distilled water (three or four
times, 15 mL each) to remove mucilage. The specific
growth rate (u) and productivity of cultures (P) were
calculated using the method described by Wood et al.
(2005).

u=In(DW, / DW)) / (t,-t)) 1)
P=(DW,-DW,) / (t,-t,) 2)
where P is the average productivity, g/L/day;

DW -initial DW, g/L;

DW -the final DW, g/L;

t,—t,—growth period, days;

p—specific growth rate, day 1.

2.7. Pigment assay

Pigment concentrations were determined spec-
trophotometrically (spectrophotometer SF-2000 UV/
Vis, OKB Spectr, Russia). The content of chlorophylls a
and b and total carotenoids throughout the experiment
was determined in biomass dimethylsulfoxide extacts
(Merck, ACS grade) and calculated as described by
Solovchenko et al. (2010).

The composition of carotenoids in the acetone
extracts at the end of “green” and “red” stages was inves-
tigated by thin-layer chromatography (TLC) on silica
gel (Britton, 2008). Extracts from “green” biomass were
analyzed on reversed phase TLC plates, Silica gel 60
RP-18 (Merck, Germany) in the solvent system ethylac-
etate-methanol-water (50:40:10) (Henry et al., 1983).
For the analysis of pigments from “red” biomass, nor-
mal-phase TLC Silica gel 60 plates (Merck, Germany)
and two sequential solvent systems were used: I-hex-
ane-acetone 9:1; II-hexane-benzene-acetone 5:3.75:0.8
(Minyuk and Solovchenko, 2018). Preliminary, in the
acetone extract of each tested sample, the content of
chlorophyll a (Chla), chlorophyll b (Chlb), and total Car
was calculated according to Lichtenthaler (1987).

Carotenoid fractions were identified by chemi-
cal, spectral and chromatographic tests for the presence
and number of hydroxy- and ketogroups; position of
absorption maxima in UV-VIS spectra in three solvents
(hexane, benzene and acetone); and Rf matching of
identified fractions and carotenoid standards in joint

chromatography (Rodriguez-Amaya, 2001; Britton et
al., 2004; Britton, 2008; Egeland et al., 2011; Minyuk
and Solovchenko, 2018).

2.8. Statistics

All measurements were conducted in three bio-
logical and three analytical replicates. Average values
(x) and their standard errors (SE) were calculated using
Microsoft Excel’s statistical package. Data visualiza-
tion was performed using Golden Software Grapher
(version 17.3.454).

3. Results

3.1. Identification of the strain VKM
Al-296: morphology and phylogenetic
analysis

Based on LM and SEM observations, the strain
VKM Al-296 was preliminarily identified as a member
of the genus Chlorosarcinopsis. This assumption was sup-
ported by several key morphological features: the for-
mation of cell packets, the presence of naked biflagellate
zoospores, a parietal chloroplast, and a single pyrenoid
with an interrupted starch sheath. Young vegetative
cells were spherical and developed into dyads, tetrads,
and more complex structures through desmoschisis.
Pseudofilament clusters were not observed. A distinc-
tive characteristic of the VKM Al-296 strain was small
cell size (up to 6 um) and the formation of multicellular
packages surrounded by visible extracellular mucilage
(Fig. 1).

During long-term storage of the culture (approx-
imately six months), a noticeable shift in biomass
color from green to reddish-brown was observed. This
change indicates the synthesis of secondary carot-
enoids, a common response of carotenogenic algae to
acute nutritional deficiency and desiccation.

18S rDNA analysis revealed that the strain VKM
Al-296 belongs to the well-supported Arenicolinia clade
(Fig. 2a), clustering closely with authentic strains such
as C. eremi UTEX 1186, C. arenicola UTEX 1697, and C.
variabilis UTEX 1600.

Within the Arenicolinia clade, the strain VKM
Al-296 represents an independent phylogenetic lin-
eage that does not cluster with any of the known rep-
resentatives. Genetic distances within the clade ranged

Fig.1. LM (a) and SEM (b) microscopy images of the
strain Chlorosarcinopsis sp. VKM Al-296. Black arrow indi-
cates extracellular mucilage. Scale: a-10 pm; b-3 pm.
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Fig.2. Bayesian phylogenetic trees of the strain VKM Al-296 based on the comparison of nucleotide sequences of 18S rDNA
(a) and ITS2 (b). The best-fit evolutionary model for both markers was GTR + 1+ G. Statistical support for tree nodes is indicated
by posterior probabilities (PP) and bootstrap values (BP); PP values < 0.9 and BP values < 70% are not shown. Note: The stud-
ied strain is highlighted in bold; * denotes authentic strains.
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from 0 to 1.2%. Specifically, the studied strain differed
by 0.1% from C. eremi UTEX 1186, by 0.9% from C.
arenicola UTEX 1697, and by 0.4% from C. variabilis
UTEX 1600. To enhance phylogenetic resolution, the
variable ITS2 region was analyzed in addition to the
conserved 18S rDNA (Fig. 2b). However, this did not
improve clustering within the group. The strain VKM
Al-296 grouped with algal sequences that had been
misidentified as uncultured fungi. No differences were
observed among these three sequences. The genetic dis-
tance between VKM Al-296 and C. eremi UTEX 1186
was 1.7%. The range of genetic variation within the
Arenicolinia clade spanned from 0% to 12%. Based
on the ITS2 species threshold of 10% (Hoshina and
Fujiwara, 2013; Hoshina, 2014), it can be inferred
that the clade includes several yet-to-be-described spe-
cies. Unfortunately, the ITS2 sequences for C. arenicola
UTEX 1697 and C. variabilis UTEX 1600 have not been
deposited in GenBank. Comparison of the ITS2 second-
ary structures of VKM Al-296 and C. eremi UTEX 1186
revealed only hemi-compensatory base changes in heli-
ces I, II, and IV (Fig. 3).

No compensatory base changes were identified.
Based on the morphological and genetic differences
between the studied strain and C. eremi, the strain was
classified as a Chlorosarcinopsis sp.

3.2. Growth characteristics of the strain
VKM AI-296 under two-stage cultivation

It should be noted that the active accumulation
of biomass in the culture of Chlorosarcinopsis sp. did not
stop throughout the experiment (Fig. 4a).

In the first two days, in addition to division by
aplanospores, there was reproduction by zoospores.
Numerous metabolic biflagellated zoospores were
recorded in the cultures during the morning hours.
By the mid-day, zoospores lost motility and became
rounded. Sexual reproduction was not observed. The
transfer of microalgae cultures to the “red” stage by
adding NaCl to the nutrient medium and increasing
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Fig.3. ITS2 secondary structure of Chlorosarcinopsis sp.
VKM Al-296 (a) and C. eremi UTEX 1186 (b): general struc-
ture and helices. Black arrows indicate hemi-compensatory
base changes.

illumination and temperature did not cause visually
obvious cell death, which usually occurs in planktonic
microalgae under similar stress conditions (Minyuk et
al., 2007). Instead, the predominant mode of reproduc-
tion shifted to desmoschisis, leading to the formation
of multicellular flat packets surrounded by mucilage
(Fig. 1).
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Fig.4. Dry weight dynamics (a) and specific growth rate (b) at the “green” and “red” stages and for entire experiment in

Chlorosarcinopsis sp.
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The VKM Al-296 strain culture grew faster
at the “green” stage than the related C. eremi strain
VKM Al-132 that was cultivated under natural light
(Dantsyuk et al., 2024). At the SC stage, although both
strains were subjected to the same stress, VKM Al-296
biomass accumulation was significantly slower, and,
hence, its productivity over the entire experiment (0.10
g/L/day) was slightly lower than that of C. eremi VKM
Al-132 (0.12 g/L/day) (Dantsyuk et al., 2024).

3.3. Pigment content of Chlorosarcinopsis
sp. VKM Al-296 during cultivation

The chlorophyll content in Chlorosarcinopsis sp.
changed in a manner typical for two-stage cultivation:
during the “green” stage, with sufficient biogenic ele-
ments in the culture, it increased due to active cell
division. By the end of the green stage, Chla reached
7.50+0.12 ug/mL (0.45+0.01 % DW), and Chlb -
3.34+0.05 pg/mL (0.20+0.01 % DW). After stress,
as a result of the destruction of chlorophyll molecules,
their content sharply decreased by an order of magni-
tude (Fig. 5).

In contrast, the total Car content in the culture
increased due to active biomass accumulation (Fig. 6a).
The percentage of total Car in DW decreased sharply
by the fourth day and remained relatively constant
(0.3% of dry weight) until the end of the experiment.
(Fig. 6b).

An increase in the Car/Chla ratio from 0.33 to
0.64 by the ninth day (Fig. 6¢) served as a key criterion
for assessing the culture’s readiness to transition to the
secondary carotenogenesis stage. Visually, this readi-
ness was marked by a change in the culture’s color from
green to a marsh yellow hue.

During the “red” stage, the Chla content in the
culture decreased 10-fold, while Chlb content decreased
5-fold. In contrast, the total Car content increased 1.3-
fold (Fig. 5a, c; Fig. 6a). The total carotenoid productiv-
ity calculated for the entire experiment was 0.20 = 0.01
mg/L/day, which was comparable to that of the related
strain C. eremi VKM Al-132 (Dantsyuk et al., 2024).
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3.4. Thin Layer Chromatography and
carotenoid composition

Although the total Car content in microalgal bio-
mass remained relatively constant from day 4 of the
“green” stage, the qualitative composition of carot-
enoids changed significantly throughout the subsequent
period. The application of TLC allowed for a detailed
comparison of the carotenoid profiles at the end of the
“green” and “red” stages.

In green cultures, lutein was the dominant carot-
enoid, accompanied by significant amounts of [3-car-
otene and neoxanthin (Fig. 7a, 8a). However, follow-
ing stress exposure, the culture’s primary carotenoids
characteristic of the “green” stage were replaced by
secondary carotenoids (KCar), which were synthesized
during the “red” stage (Fig. 7b, 8b). By the end of the
experiment, the content of lutein and p-carotene in
Chlorosarcinopsis sp. cells had decreased by an order of
magnitude. In red cultures, canthaxanthin, adonixan-
thin monoesters, and astaxanthin esters were the pre-
dominant carotenoids (Fig. 8a, b).

Overall, these fractions accounted for 75-80%
of the total Car (Fig. 8a, b). Notably, the fractions of
astaxanthin esters alone reached nearly 35% of the
total Car. The carotenoid profile of the studied strain
Chlorosarcinopsis sp. VKM Al-296 at the “red” stage was
similar to that of the strain C. eremi VKM Al-132, previ-
ously presented by Dantsyuk et al. (2024).

Despite the relatively low total carotenoid con-
tent (approximately 0.3% DW), the carotenoid compo-
sition of Chlorosarcinopsis sp. VKM Al-296 is notable for
its high-value KCar, including canthaxanthin, and esters
of adonixanthin, adonirubin, and astaxanthin, which
together account for ~80% of the total carotenoids.

4. Discussion

The taxonomy of Chlorosarcinopsis has a complex
and convoluted history since 1958 (Herndon, 1958).
Initially, 21 species were grouped into the genus, with
C. minor as the type species. Over time, some species
were reclassified into the genera Neochlorosarcina,
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Fig.5. Chlorophyll content in the culture (a, c) and dry biomass (b, d) of Chlorosarcinopsis sp. at the beginning of experiment
(day 0) and at the end of “green” (day 9) and “red” (day 17) stages.
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Desmotetra, and Desmochloris. Molecular studies later a b

revealed that genus Chlorosarcinopsis is polyphyletic,

with its members distributed across at least two phy- 1 1 B-carotene

logroups: Arenicolinia, including C. arenicola, C. eremi, g g::g:gsm:z

and C. variabilis, and Stephanosphaerinia, including C. 6 12 4 lutein

minor, C. aggregata, C. bastropiensis, and C. dissociata 5 anteraxanthin
(Watanabe et al., 2006; Nakada et al., 2008). Since the » " Ll S L —
holotype of C. minor forms an independent phyloge- 10 8 astaxanthin monoesters,
netic lineage within the Stephanosphaerinia clade, the 4 190 Caad“;:ﬁﬁi?;h;’;ters
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genus and should be described as new genera with a . B 12 astaxanthin diesters
Chlorosarcinopsis-like morphology. The taxonomy of 3 7

Chlorosarcinopsis remains unresolved, as some species —_— 2
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sequenced, and others lack sufficient sequence diver- 1

sity, particularly in more variable loci. A key challenge 4

is the choice of molecular markers to improve the clus-
tering of the Arenicolinia phylogroup. Species delim-
itation based on the 18S rDNA and the ITS2 regions
has proven problematic, suggesting that the rbcL gene
might be more suitable.

Fig.7. Chlorosarcinopsis sp. thin-layer chromatogram at
the end of “green” (a) and “red” (b) stages of cultivation.
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The application of the two-stage batch culture
method to sarcinoid microalgae has its own peculiar-
ities. Cell aggregation into three-dimensional clusters
does not allow evaluating the state of the culture by cell
division rate. Due to deformation of cells within aggre-
gates, cell sizes are distorted. Thus, the assessment of
the productive qualities of Chlorosarcinopsis is based
solely on the measurement of the DW content in the
culture. The presence of a mucilage matrix (mucilage)
consisting of complex polysaccharide and protein com-
ponents determines the peculiarities of DW dynamics
(Domozych and LoRicco, 2024). Vesicles of mucilage
form inside the cell within the Golgi apparatus, through
bulb-shaped pores, and mucilage is then released out-
side, enveloping Chlorosarcinopsis cells and aggregating
them (Domozych and Rogers-Domozych, 1993). The
formation of multicellular packets as a result of cell
division, as well as the shielding effect of the mucus
matrix, rapidly deteriorates light conditions, which dis-
tinguishes sarcinoid microalgae from planktonic spe-
cies. Therefore, bubbling (continuous aeration) of cul-
tures is a necessary for the cultivation of these species.

Growth characteristics of the studied strain
reflect the broad environmental tolerance typical of
soil microalgae. The observed over six-fold increase in
the DW content during the “green” stage is consistent
with the microalgae growth dynamics in nutrient-rich
culture medium. The sustained growth, even under
stress, confirms the presence of an adaptive mechanism
for managing drastic changes in critical environmental
factors (Doppler et al., 2022; Nayana et al., 2022), a
hallmark of carotenogenic microalgae.

The production characteristics of Chlorosarcinopsis
sp., adapted to laboratory cultivation conditions, were
comparable to those of previously studied extremobi-
onts. Specifically, the average biomass productivity of
Chlorosarcinopsis sp. VKM Al-296 during the “green”
stage exceeded that reported for the other strains,
such as Bracteacoccus minor, Coelastrella rubescens,
and Chromochloris zofingiensis (order Sphaeropleales),
as well as Pseudospongiococcum protococcoides (order
Chlamydomonadales), which exhibited productivities
of 0.08-0.09 g/1/day (Chubchikova and Drobetskaya,
2020).

The observed changes in the pigment compo-
sition of Chlorosarcinopsis sp. VKM Al-296 following
the transition to the “red” stage are characteristic of
carotenogenic microalgae. These changes support the
concept of secondary carotenogenesis as a survival
strategy, enabling cells to maintain viability under
stressful conditions through metabolic reorganization.

The analysis of the carotenoid composition
confirmed that a defining characteristic of the genus
Chlorosarcinopsis during the active growth (“green”)
stage is the absolute predominance of lutein, consistent
with the findings by Cherdchukeattisak et al. (2018).
The second most significant pigment was [(-carotene,
whose content in the culture at the end of the “green”
stage reached 0.7 mg/L, comparable to the 0.543 mg/L
reported by Wongsnansilp et al. (2007).

At the SC stage, the carotenoid profile was dom-
inated by canthaxanthin, mono- and diesters of astax-
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anthin, and monoesters of adonixanthin. The percent-
age of esterified astaxanthin in total Car (34.5%) was
similar to the data presented by Chekanov (2023) for
Chlainomonas rubra (32-44.5 %).

The total Car average productivity throughout
the experiment (0.20+0.01 mg/L/day) was compara-
ble to that of Chromochloris zofingiensis and Neochloris
wimmeri, which exhibited productivities of 0.21 and
0.22 mg/L/day, respectively (Orosa et al., 2000).

The astaxanthin content in DW of Chlorosarcinopsis
sp. VKM Al-296 (0.11%), was comparable to that of
Chromochloris zofingiensis (0.17%) (Del Campo et al.,
2004), Coelastrella sp. S6 (0.17-0.18%) (Corato et
al., 2022), and Halochlorella rubescens (0.12-0.18%)
(Chekanov, 2023).

The presence of astaxanthin’s metabolic precur-
sors, along with astaxanthin, in the carotenoid profile
does not reduce the biological value of red biomass and
its extracts. Additionally, the high content of lutein
(60%) in the green biomass makes the strain a promis-
ing source of this pigment.

5. Conclusion

Microscopic and molecular genetic analyses of
the 18S rDNA confirmed the taxonomic position of the
strain VKM Al-296 within the Arenicolinia clade. Using
the primary and secondary structures of ITS2, we iden-
tified the strain as Chlorosarcinopsis sp.

The growth, physiological, and biochemical
characteristics of the Chlorosarcinopsis sp. VKM Al-296
strain during two-stage batch cultivation are compa-
rable to those previously reported for carotenogenic
green microalgae of the orders Sphaeropleales and
Chlamydomonadales under similar conditions.

The carotenoid composition of “green” cells is
dominated by lutein, while “red” cells contain a mix-
ture of valuable ketocarotenoids, including canthaxan-
thin and esters of adonixanthin and astaxanthin. The
similarity of the carotenoid profile of Chlorosarcionopsis
sp. with that of other members of Sphaeropleales and
Chlamydomonadales indirectly supports the simi-
larity of astaxanthin biosynthesis pathways in these
microalgae.

The strain Chlorosarcinopsis sp. VKM Al-296 is
a potentially promising candidate for further research
aimed at optimizing cultivation conditions (tempera-
ture, light intensity, nutrient supply, and stress type)
to enhance biomass growth during the “green” stage
and ketocarotenoid biosynthesis during the “red” stage.
Successful solution of this problem could unlock oppor-
tunities for the biotechnological application of this
strain as a producer of lutein or ketocarotenoids.
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UpeHTHOMKaALMA U KOMININAEKCHAaA
XapakKrepMcTHKa HOBOro Nno4YB€HHOro
WTAaMMa KAPpOTUHOT€eHHOM
mukposoaopocau Chlorosarcinopsis sp.
VKM Al-296 (Chlorophyta)

YyoumkoBa U.H.'*, Jlanmiok H.B.!, J[poGenkas 1.B.!, TempasieeBa A.J].2

T HHcmumym 6uostoeuu 1xcHbx mopeti um. A. O. Kosartedckozo PAH, npocnekm Haxumosa, 2, Cegaacmonosts, 299011, Poccutickas
®dedepayus

2 Bcepoccutickas KosuteKyua Mukpoopearusmosd (BKM), HHcmumym 6uoxumuu U ¢puauoioeuu MukpoopeaHusmos um. I'.K.
Ckpabuna, ITywuHo, HayuHo-uccsredosamestbekuli yeHmp 6uostoeudeckux uccedogaHuti Poccutickoti akademuu Hayk, 142290
ITywunro, Poccuiickaa ®edepayus

AHHOTAIIHAA. [IpoBeneHO KOMIUJIEKCHOE HCCJIeOBaHHE HOBOIO LITaMMa 3eJIeHBIX MUKPOBOAOPOC-
Jeri VKM Al-296, BbIIeJIEHHOTO M3 MAaxXOTHOW MOYBHL. Ha OCHOBe MOJIEKYJIAPHO-(GUIOreHETHYECKOTO
aHaim3a nocjenosaTteabHocTedt 18S pIHK u ITS2, a TakXe AaHHBIX CBETOBOUM U CKAaHUPYIOIIEN 3JIeK-
TPOHHOW MHUKPOCKONMWM MTaMM uaeHTUudUuupoBaH kak Chlorosarcinopsis sp. (Chlamydomonadales,
Chlorophyta). M3yueHsl ero Mop¢hoorysi, pOCT ¥ KAPOTUHOTEHE3 B YCJIOBUAX ABYXCTAOUMHOTO HAKO-
[IMTeJIbHOTO0 KyJbTHBUPOBAaHUSA. YCTAaHOBJIEHO, YTO B JKUAKOU cpelie KJIeTKU pasMepoM 3-6 MKM Ipu-
CyTCTBOBAJIM IIOOJWHOYKE WMJIM B IIaKeTax, OKPY’KEHHbIX BHEKJIETOUYHOHN cjiM3bl0. K KOHIy «3ejieHoIi»
craauu (BereTaTHMBHBIN POCT) MpeobsadalouM MUTMeHTOM ObLT JII0TENH, cOCTaBsAomui 6osee 60%
OT 00IIero KojauyecTBa KapOTHHOWAOB. Takxe NMPUCYTCTBOBAJIM [pyryve NepBHYHbBIE KapOTHHOWIBL:
6era-kapoTuH (14,6%), HeokcaHTuH (11,1%) u anTepakcanTuH (7,1%). B KOHIle «KpacHOW» CTaguu
(BTOpUYHOTr0 KapOTUHOTeHe3a) cojiepkaHre CyXol OromMacchl B KyJIbType cocTaBisiio 1,92+ 0,04 r/m,
IIpU 3TOM KapoTuHouAsl coctabsm 0,3% oT cyxoii 6uomaccsl. B murMmeHTHOM npodusie peobsiaganu
KeTOKapOTUHOUABI: aCTaKCaHTUH (MOHO- U AW3GUPHI), KAHTAKCAHTHUH U MOHO3(HMpPHl aJOHUKCAHTHUHA
(35%, 21% 1 20% oT 00I11Iero coepXXaHus KapOTUHON/IOB, COOTBETCTBEHHO). 3a BeCh ePUOJ] KYJIbTU-
BupoBaHusd (17 cyTok) cpefHsA NPOAYKTUBHOCTH KyJIBTYpP MO 6MoMacce 1 o61jasi mpoayKTUBHOCTD IO
kapoTuHouam coctapysiiu 0,10 r//cyT u 0,2 Mr/j/cyT, COOTBeTCTBEHHO. Chlorosarcinopsis sp. mraMm
VKM Al-296 MOXeT cTaTh MEPCHEKTUBHBIM O0OBEKTOM JAJIbHEHUIINX HMCCIJIEIOBAHNIN, HAMPaBJIEHHBIX HA
ONTUMU3ALMIO YCIIOBUI KyJIbTUBHPOBAaHNA, B KauecTBe MCTOYHHUKA JIIOTEMHA Ha «3eJIeHO» CTaAuu, a
TaKXXe KaHTaKCaHTHHA 1 3(PUPOB acTaKCaHTUHA U afJOHUKCAHTHHA Ha «KPaCHOI» CTaguu.

Kimoueavie citosa: Chlorosarcinopsis sp., MOp®OJIOTHA KJIETOK, MOJIEKYIAPHO-PUITOTeHeTUIeCKUi aHaIn3,
ﬂBYXCTaﬂHﬁHOC KYyJIbTUBHUPOBaHNME€, BTOPUYHbIE KAPOTHMHOWAbI, TOHKOCJIONHAasA XpOMaTOFpa(I)I/IH

Jiia nutupoBanusa: Uyounkosa U.H., Janmok H.B., [IpoGenkas 1.B., Tempasneesa A.J]. UneHTruduKanua 1 KOMIUIEKCHas Xapak-
TEepPUCTHKA HOBOTO ITOYBEHHOI'0 IITaMMa KapOTUHOTeHHOH MUKpoBoopociu Chlorosarcinopsis sp. VKM Al-296 (Chlorophyta) //
Limnology and Freshwater Biology. 2026. - Ne 2. - C. 78-102. DOI: 10.31951/2658-3518-2026-A-2-78

1. Beeaenue [TouBa sBJIsIeTCA CpeflON OOUTAHUA AJIA MHOXe-

CTBa MHUKPOOPraHHU3MOB, BKJIIO4Yas OakTepuu, IpUOHI,
[IpocTellrie 1 MUKPOBOJOPOCIU. B oTyiiune oT miiaH-
KTOHHBIX MHUKPOBOJIOPOCJIeH, YCJIOBUSA OOUTaHUSA KOTO-
PBIX, KaK IpaBUJIo, HE3HAUUTEJIbHO MEHAIOTCSA B 3aBUCH-
MOCTU OT BpeMeHHU IoJila U BpeMeH! CyTOK, [I0UBEHHbIe
MHKPOBOZOPOCIIH, OO6UTaloilie Ha IOBEPXHOCTHU IIOYBEI
WIN B ee BepXHUX FOPU30HTAX, IOJBepralwTcA MOCTO-

Chlorosarcinopsis —  pong  MHUKPOBOJIOPOC-
Jed, oTHocsammxcsa K orpsany Chlamydomonadales
(Chlorophyta), mupoko pacrnpocTpaHEeHHHII B Ha3eM-
HBIX YCJIOBUAX, OCOOEHHO B 3aCyLIJIMBBIX U N10OJIy3acylIl-
JuBbIX nycThiHAX (Friedmann and Ocampo-Paus, 1965;
Anppeesa, 1998; Lewis and Lewis, 2005; Hall et al.,

2010; Khani-Juyabad et al., 2019).

SIHHOMY CTpeccy, BBIAEp)KMBas CyTOYHBIE U Ce30HHBIe
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KosiebaHus YCJIOBUI OKpyXalolleil cpefpl. DTO pe3Kkue
U3MeHEHUS OCBENEHHOCTH, TEMIIEPATYPhl, BJIAXXHOCTH,
JOCTYIHOCTH MUTATEJIbHBIX BEHIECTB U T. A. KiTloueBsIM
3BEHOM B CTpaTerMy BBDKUBAHWA TOYBEHHBIX BUJIOB,
BKJTIOYAss MUKpoBogopocau poaa Chlorosarcinopsis, B
YCJIOBUAX aOMOTHYECKOTO CTpecca fABJIAETCA CIOCO0-
HOCTb K BTOPUYHOMY KapoTuHoreHe3y (BKT), cBs3aH-
HasA CO CIIOCOGHOCTHIO KJIETOK OBICTPO MEPEXOAUTDH M3
COCTOSHUA aKTUBHON BereTaTUBHOMN (Pa3bl B COCTOAHUE
nokosi U Hao6opoT. KerokaporuHoups! (KKap) — ato
rpyImna MUrMeHTOB, KOTOPbIE CTPYKTYPHO M (DYHKIIH-
OHAJILHO He CBA3aHBI ¢ GOTOCHMHTETUYECKUM armapa-
ToM (Lemoine and Schoefs, 2010; Solovchenko, 2013).
YcTaHOBJIEHO, YTO X QYHKIUY BKJIIOYAIOT 3aIUTY Apa
U KJIETOYHBIX OpraHeJUI, UCIOJIb30BaHUe M30bITKA MPO-
OYKTOB (DOTOCHMHTE3a, a TAKXe «ralleHHe» AKTUBHBIX
dbopMm kucsopoAa u npeAoTBpalleHre UX 06pa3oBaHUA
(Solovchenko, 2013; Remias et al., 2016). IIpupogHbIi
KKap actakcaHTUH IIHMPOKO HCHOJb3yeTcsa B (papma-
LEeBTUKE, HYTPUIIEBTUKE, KOCMETUKE, AUETOJIOTUU U
aKBaKyJIbTYpeE, U CIIEKTP €ro MpuMeHeHHsA OBICTPO pac-
mupsierca. OH 6e3omaceH AJis ynoTpebJieHusA B MUY, B
OTJINYHE OT CBOETO CUHTETUYECKOTO aHAJIOTa, KOTOPHIH
paspellieH AJ1s MCIOJIb30BAHUA TOJIBKO B aKBAKYJIbTYPE
(Nair et al., 2023).

B cBA3M ¢ 3TUM B IMOCJIeHUE IEeCATUIETHA
OoJIbIIIOe BHUMAaHWE yAessAeTcs W3yYeHUI Mpolecca
BKI' kak KJIIOYEBOrO0 MeXaHW3Ma afalTaliu y 3KC-
TPEMOOHOHTHBIX 3€eJIEHBIX MUKPOBOJIOPOCJIel pas-
JIMYHBIX TAKCOHOMHUYECKUX U JKOJIOTUYECKUX TPYMIL
OcHoBHasg 4YacTh HMHGOPMALUM O 3aKOHOMEPHOCTSX
BKT' y OAHOKJIETOYHBIX MUKPOBOIOPOCJIEH OBLIa MOJIy-
YeHa Ha MpHMepaxX OrpaHUYEeHHOr0 YHCJIA TJIAHKTOH-
HBIX, TTOYBEHHBIX U a3PO(PUTHBIX BUJIOB U3 MOPSAIKOB
Chlamydomonadales u Sphaeropleales (Haematococcus
lacustris,  Chromochloris  zofingiensis,  Coelastrella
rubescens, Bracteacoccus pseudominor, B. minor) (Minyuk
et al., 2014; 2017; Chelebieva et al., 2018; Minyuk et
al., 2020; Malik et al., 2022). OgHako pa3HooOpasue
BUIOB KapOTHWHOTEHHBIX MHKPOBOIOPOCJIEl HaMHOI'O
6oJIbIIIEe, YeM MIPUHATO CYUTATH. JJOCTHXKEHNUA B 06JIaCTH
BBICOKOIPOM3BOAUTEJIBHOTO TOJJHOTEHOMHOI'O CEeKBe-
HUPOBAaHUA MO3BOJIMIN UAEHTUPHUIUPOBATH OPTOJIOTU
-KapoTUHKEeTOJIa3bl, KJIIOYEBOTO ¢(epMeHTa, OTBET-
cTBeHHOrO 3a cuHTe3 KKap u3 [-kapoTuHa, B reHOMax
MHOTOYVCJIEHHBIX BUJOB MHUKpoBojopocen (Jeffers
and Roth, 2021). ITo3ToMy OaJbHEUIINN MOUCK KOM-
MepUYecKH MepcreKTUBHBIX poayreHToB KKap (acrak-
CaHTMHA U €ro MeTabOJMYECKUX MpeJIIeCTBEHHUKOB)
U pa3paboTKa METOIOB WX MPOMBIILJIEHHOTO KYJIbTH-
BUPOBaHUSA OCTAITCA aKTyaJibHeIMU (UyGumkoBa 1 Ap.,
2009; 2012; Minyuk et al., 2014; Chen et al., 2017,
Minyuk et al., 2017; Marchenko et al., 2019; Minyuk et
al., 2019; 2020; Doppler et al., 2022; Saito et al., 2023).

CTpaTerus BBDKUBAHUSA CAPUUHOUAHBIX MUKPO-
BOJIOPOCJIEH YCUJIMBAeTCs JIOMOJHUTEIbHBIM ajiarnTa-
LMOHHBIM MEXaHWU3MOM, MO3BOJIAIIINM UM YCIEIIHO
MPOTUBOCTOSITh PE3KMM H3MEHEHUSM YCJIOBUHM OKpY-
Kamliei cpeibl. 3TO CIOCOOHOCTh MPOU3BOJUTE GOJIb-
I10€ KOJIMYECTBO CJIN3U — TaK Ha3bIBA€MBIX «CJIM3UCTBIX
oboJsiouek» U «06epToK» (MyIiuIaxa). OCHOBHBIM KOM-
MMOHEHTOM MYLWJIaXa ABJIAITCA BHEKJIETOYHbIE TUIPO-
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(usbHbIe KOJUIOHMIHEIE [T0JIMcaxapubl, B KOTOPBIX IIpe-
ob61a/1aloT rajakTo3a, IJIoKo3a U paMmHo3a (I'osepbax
u IlITuna, 1969; Laroche, 2022). Takoil BHEKJIETOYHBIH
MaTpUKC BHIIOJIHAET HECKOJIbKO QyHKIMil. OH obecre-
YyBaeT IpUKpelJleHHWe KJIeTOK APYr K Jpyry, 3aiiu-
maeT WX OT KOHTaMHUHAIM{ U pe3KUX OMOTHYeCcKUX U
abMOTHUYeCKUX CTPecCoB, CIylaXuBas CKAuKW HMHCOJIA-
I[MY, BJIAXHOCTH U TeMIlepaTyphl, OCOOEHHO I KJle-
TOK, PAaclOJIOXKeHHBIX BHYTPH KJIETOYHOrO arperara.
[TomuMo noJsmcaxapuioB, CJIM3b COOEPXUT HU3KOMO-
JieKyJisipHble OeJIKOBEIe coeluHeHus. FiMeloTcsa faHHble
06 akTuBHOM pocte Chlorosarcinopsis spp. Ha MHUKCO- U
reTepoTpo@HBIX cpefax B JabOpaTOpPHBIX YCJIOBUAX
(Cherdchukeattisak et al., 2018; Vasistha et al., 2021),
YTO II03BOJIAET NPENOJIOKUTD MCIIOIb30BaHKe CIIU3U B
[epyuoAbl roJIOAAHNUA KaK JOCTYHOIO OPraHWYecKOro
HCTOYHMKA yTilepoda U a3oTa.

DT OCOOEHHOCTU CapLUHOWAHBIX MHKPOBOAO-
pocyieli MO3BOJIAIOT NPEeANOJIOKUTb, YTO B YCJIOBUAX
MaccoBOr0 OTKPBHITOTO KyJIbTUBHPOBAaHMA BBDXUBae-
MOCTb TaKWX BHJOB Oy[eT 3HAYUTEJIbHO BHIIIE, YeM
y 06oJiee YyBCTBUTEJIbHBIX IUJIAHKTOHHBIX BHJOB, 4TO
MOXeT IOJIOKUTEJIbHO cKa3aTbCA Ha MPOAYKTHUBHOCTU
o 6uomacce u KKap.

MeToa ABYXCTaAWUMHON HAKOMUTEJIBHOU KYJIb-
TypHI (Boussiba, 2000; Fabregas et al., 2001; Minyuk et
al., 2017) no3BoJiAeT MPOBOAUTH KOMILJIEKCHBIE UCCJIE-
JI0BaHNA HITaMMOB, BKJII0Yas CBETOBYI0 M CKaHHPYIO-
MIyI0 3JIEKTPOHHYI0 MHUKPOCKOINUIO, MOJIEKYJIAPHO-OU-
JIOT€HeTUYeCKUN aHaJu3 U OLEeHKY IIPOAYKLMOHHBIX
XapaKTepUCTUK KaK B Iepuoj aKTUBHOI'O pOCTa, TakK U
B [Ipoliecce BTOPUYHOI'0 KApOTHHOreHe3a.

Llespio gaHHOIO HMCCaeqOBaHUA OBUIO M3yuyeHHe
mramMma VKM Al-296 ¢ ucrnoJib30BaHUEM KOMILIIEKC-
HOI'0 MeTo/ia B YCJIOBUAX ABYXCTaJAUIHON HaKONUTeJIb-
HOU KYJIBTYPBHI.

2. MaTtepuanbl M MEeTOADI
2.1. U3onauma wrtamma

OOBeKTOM HCC/IeloOBaHUA ABJIAJICA  IITaMM
MOYBEHHON MuKpoBoAopocan VKM Al-296, Brifge-
neHHeii B 2018 rogy u3 NaxoTHOTO THUIUYHOTO
yepHo3eMa B CTaBponoJsibCKOM Kpae, Poccuiickas
®epnepanus (45°07/ c.m1., 42°017 B.A4.). Anbrojioruuecku
YUCTYI0 KyJIbTypYy MOJIydYaJu MeTOAOM, OIMCAHHBIM
TempasieeBoii u coaBT. (2014). IlouBeHHyI0 CycHeH-
3HI0 BBICEBAJIM Ha NIOBEPXHOCTh IIJIOTHOM NUTATEeJIbHOMN
cpenst BG-11 (1,5% arap, pH 7,2) B uyamkax [letpu u
MHKyOHpOBaJIM B KOHTPOJIMPYEMBIX YCJIOBUAX (TeM-
nepatypa 23-25 °C, dortonepuon 12 u cera/12 u
TEMHOTEI, OCBeL[eHHOCTh 60-75 MKMOJb (POTOHOB/
M?/c, obecreurBaemMasi JIIOMUHECIIEHTHBIMU JIaMITAMU
X0JIOAHOTro 0OeJIoro cBeTa) OO IOABJIEHUA KOJIOHHWMH.
Janee oraenbHBIe KOJIOHMHM MHOT'OKpPaTHO IlepeceBasin
1 KyJIbTUBUPOBAJIM B TeX Xe YCJIOBUAX OO0 MOJIy4YeHU:A
aJIbrOJIOTHUYeCKU YUCTON KyJIbTYPHI.

[lepBoHavyasipHO mTaMM OB AENOHUPOBAaH B
ANbrosoruyeckylo KoJuieknuo MHetutyTa Gpu3nKo-xu-
MHYeCKUX M OMOJIOrMYecKUX NpobsieM [OYBOBeAeHUsA
PAH (ACSSI) mog HomepoM ACSSI 296. BnocieictBuu
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OoH Obu1 mepedaH BO Bcepocculiickylo KOJUIEKI[HIO
mukpoopranusMmoB (VKM) HucTUTyTa OUOXMMHUU U
¢usnosornn mukpoopraHusmos PAH, rae emy ObL1
nprcBoeH HoMep VKM Al-296.

2.2. MopdonornueckKkum aHanus

Mopdostoruio 1 )xu3HeHHbIHN UK mTamma VKM
Al-296 wuccrefoBasii METOAOM CBETOBOM MHUKPOCKO-
MM C KCHOJb30BaHMeM MuKpockona Leica DM750
(T'epmanusa) u uudpoBoil IBeTHON Kkamepol Leica
Flexicam C3 (T'epmanus) 4J11 JOKYMEHTUPOBAHUA U30-
O6paxeHuti. HabmoqeHus NpoBOAWIA B TedueHUe Nepu-
ofa OT ABYX HeJieJIb 0 UIeCTU MecCHAIeB.

J71a ckaHupyomell 3J1eKTPOHHON MUKPOCKONNH
(COM) knetku ¢ukcupoBanu 2% pacTBOPOM TJIyTa-
panpheruna B 10-kpaTHO pa3baByieHHOM 66,7 MMoJub
Na-K ¢ocdatHom 6ydepe (pH 7,34) npu 4°C B Teue-
Hue 24 yacoB. 3aTeM obpaser] JOMOJHUTEBHO PUKCH-
poBanu 0,005% pactBopoM Jliorosiga 1 06e3BOXHBaJIU
B rpaJyupOBaHHON CepHUU pacTBOPOB 3TaHOJIA C BO3-
pacraroiieli KoHlleHTpanueil (Uybunukosa u ap., 2022).
Jia nonydyenusa COM-usobpaxeHnii KJIEeTOK UCII0JIb30-
BaJIM CKaHUPYIOIIUK 3JIEKTPOHHBIN MuKpockon Hitachi
SU3500 (fAnonHus) Ha Gase JlabopaTopuu MHKPOCKO-
muu OUL] MHBIOM.

2.3. Boipenenue AHK, NMUP u
CeKBEeHHpOBaHHe

Cymmaphyio JJHK skcTparuposaiu ¢ HUCIOJIb30-
BaHueM Habopa DNeasy Plant Mini Kit (Qiagen, CIIIA)
B COOTBETCTBUM C HWHCTPYKLIMEH IIPOU3BOJUTEJIA.
HykseoTaHble NOCIe0BaTeIbHOCTU PEruoHoB 18S
pAHK u ITS2 ammaudunyposany ¢ UCIOJIb30BaHUEM
rotoBoii cMecu Screen Mix-HS (EBporeH, Poccus).
[Tpaiimepsl U peXuMbl aMIUTUGUKAUU OBLIA IOJO-
OpaHbl Ha OCHOBAaHUM MeETOAUK, onucaHHbx White
et al. (1990) u Katana et al. (2001), u nmpuBedeHH B
Tabmuue 1. AMmindukaluio MpoBOAUIN C MOMOIIbIO
Tepmonukiiepa T100 (Bio-Rad, CIIIA). LieneBbie mpo-
aykrtel TP Bu3yanusupoBaiu MeTOAOM 3jeKTpodo-
pe3a B 1% araposHom rese. Ilocie anekrpodopesa
aMIUIMKOHBl OYMIaJK ¢ nomorpio Hab6opa Cleanup

Ta6suna 1. ITpaiiMepsl U ycyioBUA aMILTH(DUKAIWLL.

Mini (EBporeH, Poccusi) mo mnpoToOKOJy NPOU3BOAU-
TensA. Jlanee ouniieHHble MpoAyKTHI TP GplIM Hampas-
JIeHBl JUJIA NIpOBefleHHs CeKBEHHPOBAaHUA B KOMIIAHUIO
Epporen (Poccus).

2.4. MoneKyAapHO-QUNAOTEHEeTHYECKHUH
aHanu3

[MoyiyueHHBIE HYKJIEOTUAHBIE MOCJIENOBATEJIb-
HOCTU JIeMOHUPOBaHB B 6a3ly maHHeX GenBank mopn
Homepamu: MT338814 (18S pJHK) u MT340909
(ITS2). Omna nouicka GJIU3KOPOACTBEHHBIX IMOCJIEIOBa-
TeJbHOCTeH ucrosib3oBanu anroputMm BLASTn (NCBI).
OUIIOTEeHETUYECKUH aHaAJIN3 TPOBOLWJIM HAa OCHOBE
JIBYX HE3aBHUCHUMO C(POPMHUPOBAHHBIX HAOOPOB JJAHHBIX:

1. Habop pmanubix 18S pJIHK Bxiouan 70 moce-
JIOBATEJIbHOCTEN OT Pa3JIMYHBIX MpeJICTaBUTE-
nent mopsgka Chlamydomonadales, B Tom uwncie
u3 wian Arenicolinia, Stephanosphaerinia wu
Chlorogonia. B kauecTBe BHEIIHEH I'PYIITH UCIIOJTh-
30BaJii AyTEHTHYHBIE INTaMMbI poAa Gungnir
(xsmama Dunaliellinia).

2. Ha6op naunsix ITS2 BkTioyan 66 nocjiegoBaTeIbHO-
CTeH OT Bcex MpejcTaBuTes el Kiaaapl Arenicolinia,
BKJIIOYAsi HEKYJIbTUBUpPYeMble BUOBL. B KauecTBe
BHEITHEH TPYIIbl KCIOJIb30BAJI AYTEHTUYHBIN
mraMM Chlorococcum isabeliense (= Pleurastrum
isabeliense) u3 kimaaw Stephanosphaerinia.

[Ipu ananu3ze KCIIOJIB30BAJI COBPEMEHHYIO TaK-
COHOMUYECKYI0 CHCTeMy, NPUHATYI0O B 0a3ze HaHHBIX
AlgaeBase (Guiry and Guiry, 2025).

MHoXxecTBeHHOe BBIpaBHUBaHMHE IOCJIe[JOBa-
TEJBHOCTEH BBHINIOJHAIM C TIOMOIIBI0 OHJIAMH-Cep-
Buca MAFFT (https://www.ebi.ac.uk/jdispatcher
msa/mafft). OnTUMAabHYI0 SBOJIIOLUOHHYI0 MOJeJb
nisa kaxpgoro jokyca (18S pJ[HK u ITS2) ompepe-
JIAIM C HCIOoJIb30BaHHeM UHGOPMAINOHHOTO KpH-
Tepus Akauke (AIC), peasn3oBaHHOIO B IIporpaMme
jModelTest 2.1.10 (Darriba et al., 2012). B pamkax aHa-
Ji3a MeTOJIOM MaKCHMaJIbHOTO npasjomnonobus (ML)
AJA Kaxaoro Habopa AaHHBIX OBUJIO CreHepupOBaHO
1000 pemmk OyTcTpemn-aHaanW3a C MCIOJIb30BAaHUEM
nporpaMmsl PhyML. CtatucTuyecKyo MOANepxKKY Bet-

Jlokyc ITpaiimepsl ITocnenoBarensHOCTH (5°-3°) YenoBusa amninbukanuu
185 p/IHK F AACCTGGTTGATCCTGCCAGT 95°C, 5 mum; 95°C, 1 Mu, 55°C, 1 MuH,
R TGATCCTTCTGCAGGTTCACCTACG 72°C, 2 wn, 35 qunos; 72°C, 5 MuH
402-23F* GCTACCACATCCAAGGAAGGCA
1323-44F* CGAACGAGACCTCAGCCTGCTA
416-37R* ATTTGCGCGCCTGCTGCCTTCC
898-919R* TAAATCCAAGAATTTCACCTCT
1308-39R* CTCGTTCGTTAACGGAATTAACC
1636-57R* GGTAGGAGCGACGGGCGGTGTG
ITS2 ITS3 GCATCGATGAAGAACGCAGC 95°C, 3 mux; 95°C, 30 ¢, 52-57°C, 30 c,
ITS4 TCCTCCGCTTATTGATATGC R

IIpuMeuaHue: * BHyTPeHHUE CEKBEeHHUPYIOIINe MpaiiMepHl.
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Bell OIIeHUBAJIM 110 3HaUYeHUAM BepOsATHOCTel Oy TcTperna
(BP). BattecoBckuii BeiBoa (BI) mpoBoAMIM C KUCHOJIb-
3oBaHueM nporpamMel BEAST 1.8.4. BrimosiHanu asa
HE3aBUCUMBIX TPoroHa mo 10°® mokosieHuit Kaxmbiil ¢
or6opoM Kaxable 10* mokosieHuit; nepseie 25% IMOKO-
aeHuit otopaceBasi (burn-in). CxoaumocTh Iemnei
MapkoBa noATBepxAaiy, yoequBIINCh, YTO 3HAUEeHUA
adpdexTuBHOrO pasmepa Beibopku (ESS) mpeBbimanu
200, a pe3ysbTaThl BU3yaJM3UPOBAJIW B IIporpaMmme
Tracer 1.5. KoHceHCyCHOe AepeBO CTPOMJIN C IIOMOIIbIO
nporpaMmel TreeAnnotator 1.8.4, rae mognepxka Bet-
Bell olleHMBajlach IO alOCTEPUOPHEIM BEPOATHOCTAM
Batieca (PP). 'eHeTHueckre AMCTAaHLIUU PACCUUTHIBAIIU
B nporpamMme MEGA 6 ¢ ucrnoJsib3oBaHreM AByXnapa-
MeTpuueckoi moaenu Kumypsl. [ly11 aHaiu3a BTOpUY-
HOH cTpyKTyphl ITS2 mocsieqoBaTesIbHOCTH CBOpayu-
Basu ¢ momoilpio Be6-cepBepa RNAfold (https://rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) B
COOTBETCTBUM C IPUHIMIIOM MUHUMAJIBHOU CBOOOHOMN
3Hepruu. J[oCTOBEpHOCTh NpeCcKa3aHHbIX BTOPUYHBIX
CTPYKTYp OLleHMBaJI Ha OCHOBe KpHUTEepueB, IIpefasio-
xeHHbIX Caisova et al. (2013). CpaBHeHHEe BTOPUYHBIX
ctpyktyp ITS2, wupeHTHUdUKAIUMI0 KOHCEpPBATHUBHBIX
MOTHUBOB U aHaJIM3 IIOJIHBIX KOMIIEHCATOPHBIX 3aMeH
(CBC) mnpoBoauiayd C WUCIOJIb30BAaHUEM NPOrpaMMEbL
4SALE 1.7 (Seibel et al., 2006). [y pa3rpaHUYeHUs
BUAOB IO MocjenoBaresapbHocTAM ITS2 npumeHanu
CBC-niozixo[1, pazpabdoranssiii A. Coleman (2000; 2003;
2009). Busyanuzanuioo BTOPUYHBIX CTPYyKTyp ITS2
BHIMOJIHATIK B mporpamme PseudoViewer3 (Byun and
Han, 2009).

2.5. YcnhnOoBUA KYABTUBUPOBAHUA

[IITamMM BhIpalBajid METOAOM JIBYXCTaAUNHOMN
HaKOMUTEJIbHOM KyJabTyphl (Boussiba, 2000; Fabregas
et al.,, 2001) B muraTtesibHOU cpefe BBM (Bischoff
and Bold, 1963). MukpoBOgOpOC/IU BHIPAIIUBATINA B
Tpex OMOJIOTMYeCKHUX NOBTOPHOCTAX, MCIIOJb3yA ILIa-
CTHUKOBBIE KyJIbTypaJibHble (JakoHb obbeMoM 0,75
a («Falcon», CIHA). O6beM KyJbTypsl cocTtaBysii 0,6
JI; HavaJIbHOe cofepxaHue cyxoii Ouomaccel (CB)
—0,3r/5n.

[epBas («3ejieHasm») cTagus KyJIbTUBUPOBAHUS,
JUINTEJIbHOCTBI0 9 CyTOK, IpOXOAWJa B CJIEAYIOUX
yCJIOBHUAX: OJHOCTOPOHHEe OcBellleHHe, obecreunBa-
eMoe CBeTOAMOAHBIMM JIaMIIaMH XOJIOAHOro 06esioro
cBera «Feron» DL 20W T4 6400K (Poccus), IJI0THOCTh
motoka ®AP 130 mkmosib ¢GoTOHOB/M?/C (M3MepeH-
Has Ha GOKOBOI MOBEPXHOCTHU K0JI0), CBETOBOI pexuM
15:9 u (cBer/TemHOTa), Temmeparypa 28+0,5 °C u
HelpepbiBHOe 6apOOTHpOBaHNE BO3AYXOM CO CKOpO-
cteio 0,44 s/mMuH/n. pH KyjabTyphl IOAAEpXUBAaIU
Ha yposHe 7,0+ 0,05 nosuposanHon mogaueit CO, u3
rasoporo OajiyloHa B TeueHUe 8 4acoB, KOHTPOJIUPYA
cucremoii Aqua Medic pH2001C (I'epmaHus), ocHa-
IIeHHON 3JIEKTPOMarHWTHEIM kjlanaHoMm Camozzi A7E
(UTanus).

JiA MHAYKOUM «KpacHON» CTaAud KyJIbTypy
IepeBesii Ha ABYCTOPOHHee 24-yacoBoe OCBelleHue
C TOM Xe caMOM IIOTHOCTBhI0O moToka @AP ¢ kaxgoi
CTOpOHbI U Temmneparypoit 28-29 °C. Tlomgaua CO, ocra-
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BaJiach HeM3MeHHOM. J[omoJIHUTE IbHO ObLTT BHeceH 1%
pactBop NaCl 10 KOHeUYHO! KOHIIEHTPAI[UU B KYJIbType
5 MMoub. «KpacHas» cragus Jiinsach 8 qHel.

2.6. MOHMTOPMHI POCTA KYALTYPbI

PocToBble XapaKTepUCTUKU IITaMMa OIeHU-
BaJiu o JuHamuke ouomacchl. Cogepxanue CB (r/i)
omnpeJesisiyii rpaBUMeTPUYECKUM MeTOAOM Ha HUTPO-
L[eJUTIOJIO3HBIX MeMOpaHHBIX (QuUbTpax «Sartorius»
(Tepmanus) ¢ paamepom nop 3,0 mkm (Vonshak, 1985).
buomaccy Ha ¢uIbTpax MPOMBIBAJIN AUCTUILIINPOBAH-
HOU BOZOM (TpU WJIU YeThIpe pasa Mo 15 M1 Kaxasiii)
U1 yAajieHus CJu3u. YJIeJbHYI0 CKOpPOCTh pocta (L)
U TPONYKTUBHOCTH KyJbTyp (P) paccuuThiBajiii TO
MeTony, onricanHoMy Wood et al. (2005).
u=In(CB, / CB) / (T -T,))
P=(Cb,-CB)) / (T-T)
rae P — cpeqHsaa NPOAYKTUBHOCTD I'/J1/CyT;
CB, — HavanpHas CB, 1/,
DW, — xoueunas CB, 1/,
T -T, — nepuop pocTa, CyT;
L — yaeJbpHas CKOPOCTh poCTa, CyT L.

€Y)
(2

2.7. AHaAM3 NUIMEHTOB

KoHIleHTpauy NUTMeHTOB OINpefessaiy CIIeK-
TpooTomMerpuuecku (cnekrpodoromerp CD-2000
UV/Vis, OKB Cnektp, Poccus). ComepxaHue XJIOpPO-
¢uioB a u b 1 cyMMapHBIX KapOTHHOUIOB Ha MPOTs-
XXeHUM BCEro dKCIepUMeHTa ONpeleisli B NUMETHUI-
cyJibOKCUIHBIX dKcTpakTax 6uomaccel (Merck, kiace
ACS) u paccuuthsiBasy, Kak onuicaHo y Solovchenko et
al. (2010).

CocTaB KapOTHHOUJIOB B aIleTOHOBBIX JKCTPAaK-
TaxX B KOHIIEe «3eJIeHOM» U «KpacHOW» CTaAuil hccaeo-
BaJId METOJIOM TOHKOCJOMHOU xpoMaTorpaduu (TCX)
Ha cuukarese (Britton, 2008). DKCTpaKTH U3 «3eJie-
HOI» GHoMacchl aHAIM3UPOBAJIN Ha IJIACTHHAX ¢ 06pa-
meHHOU (a3zoii Silica gel 60 RP-18 (Merck, I'epmanms)
B CHCTeMe pacTBOPUTeJIeH dTHJaleTar-MeTaHOI-BoAa
(50:40:10) (Henry et al., 1983). na aHain3a TUTMeH-
TOB U3 «KpacHOI» OMOMAacChl HCI0JIb30BAJIN TIACTUHBI
Silica gel 60 (Merck, I'epmanus) ¢ HopMaJibHOU (Ga30i
¢ IOoCJIe[JOBaTeJIbHEIM KCIIOJIb30BaHUEM OBYX CHUCTEM
pactBopuresieil: | — rekcan-anetoH 9:1; II — rekcaH-6eH-
3os-arfetoH  5:3.75:0.8 (Minyuk and Solovchenko,
2018). IlpeaBapuTesibHO B aleTOHOBOM 3KCTpaKTe
KaXxJoro uccijiefyemMoro obpasua OIpeiessiii cofep-
xkaHue xyjopobwia a (Xna), xmopopuina b (Xnb) u
cymMmapHbix Kap mo metozy Lichtenthaler (1987).

WpeHTudukanuio KapoOTHHOUAHBIX (Gpakiuil
IPOBOAWIN C IOMOIIBI0 XMMUYECKUX, CIIEKTPAJIbHBIX
1 xpoMaTorpaduyeckux TECTOB Ha HaJIMyue U KOJIU-
9eCTBO THIPOKCIJIBHBIX U KeTOTPYIII, OIpejesieHUs
MakKCHMMyMOB TorjiomeHuss B Y®/BUAUMBIX CIIEKTpax
B TpeX pacTBOpuUTessAx (rekcaHe, 6eH30Je U alleTOHe);
conoctanyieHus Rf npeHTudUIMPOBaHHBIX (GpaKIUil
Y CTaHJAapTOB KapOTUHOWIOB B COBMECTHOH XpoMa-
torpadun (Rodriguez-Amaya, 2001; Britton et al.,
2004; Britton, 2008; Egeland et al., 2011; Minyuk and
Solovchenko, 2018).


https://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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2.8. CratMcTuka

Bce n3MepeHUs IPOBOAWIN B Tpex GuoJsioruye-
CKUX U TPeX aHAJIMTHUYeCKUX HNOBTOPHOCTAX. CpemHUe
sHauenus (xX) u ux cranmaprheie ommbku (SE) pac-
CUMTHIBAJIM C IIOMOIIBI0 CTAaTUCTUYECKOTO MaKeTa
Microsoft Excel. Tpaduryeckyro BU3yaau3aiyio JaHHBIX
BHINIOJIHAJIM ¢ IoMotnbio nporpaMmel Golden Software
Grapher (Bepcus 17.3.454).

3. Pe3ynbTaTthbl
3.1. UpenTudukauua wramma VKM Al-296:
mopdonorua U GUAOreHeTUUECKUH aHaAu3

Ha ocHoBaHum HaOJsoAeHUI C NOMOIIbIO CBe-
TOBOM U CKaHUPYIOLIEN 3JIEKTPOHHOU MHKDPOCKOIUU
mramM VKM Al-296 6bL1 npeiBapyUTeIbHO OTHECEH K
pony Chlorosarcinopsis. JlaHHOe TNpeANOJIOXeHNe MOA-
TBEPKAaJIOCh HECKOJIbKMMU KJII0YeBBIMU MOp(doJIoru-
YecKUMH NpHU3HaKaMu: oOpa3oBaHKe MaKeTOB KJIETOK,
HaJIi4ue roJiblX ABYXXT'y TUKOBBIX 300CIOP, IPUCTEHHOI0
XJlopoIjlacTa ¥ OJHOIO IHMpeHOHJa C IIPepHBHUCTOMN
KpaxMaJibHOU 00BepTKOH. MoJiofbie BereTaTUBHbIE
KJleTku uMmenu cepudeckyio GopMy U B pe3yJibTaTe
aecMocxusnca GopMupoBaiv AUaabl, TeTpaasl U 6osee
CJIOXXHBIe CTPYKTyphl. ®opMupOBaHUe IICeBIOHUTEN
He HaOmomagock. OTINYUTETBHON OCOOEHHOCTHIO
mramma VKM Al-296 sBisiich Mastblil pa3mMep KJIETOK
(mo 6 MkM) 1 06pa3oBaHUEe MHOTOKJIETOUHBIX TAKETOB,
OKPY’XeHHbIX BUJAUMBIM CJIOEM BHEKJIETOYHOH CJIM3U
(Puc. 1).

[Ipu pguTeslbHOM XpaHeHUU KyJIbTyphl (0KOJIO
6 MecsneB) HaOJIO4AIM 3aMeTHOe M3MeHeHHe IBeTa
6uoMaccel C 3eJIEHOTO Ha KpaCHOBAaTO-KOPUYHEBBIN.
JlaHHOe n3MeHeHUe yKa3blBaeT Ha CHHTe3 BTOPHUYHBIX
KapOTHMHOWJOB — TUIINYHYI0 peakLHi0 KapOTHHOI'eH-
HBIX BOJOPOCJIEl Ha OCTPYI0 HeXBaTKy NUTaTeJIbHBIX
Bell[eCTB U AeruapaTaliuio.

18S p/IHK anamm3 nokasas, yto mramMm VKM
Al-296 otHocuTcA K Ki1afe Arenicolinia (Puc. 2a), dop-
MUpYy# KJlacTep ¢ ayTeHTUYHBIMU HITaMMaMU, TaKUMU
kak C. eremi UTEX 1186, C. arenicola UTEX 1697 u C.
variabilis UTEX 1600.

BuyTpu kiagel Arenicolinia mramm VKM Al-296
npejacTaBiser coboil He3aBUCUMYIO (PuioreHeTHuye-
CKY10 JINHUI0, KOTOpasA He 00beJUHseTCA B KjlacTep HU €
OJHUM U3 M3BECTHBIX IIpeAcTaBuTesiell. ['eHeTHUecKue
JAVCTAHIY BHYTPU KJj1a[bl Bapbuposaau oT 0 1o 1,2%.
B vacTHOCTH, M3yyaeMsblil mTamMM otjmvasics Ha 0,1%
ot C. eremi UTEX 1186, Ha 0,9% ot C. arenicola UTEX
1697 u Ha 0,4% ort C. variabilis UTEX 1600. {711 NOBHI-
meHus (QUIOreHeTUYecKOoro paspelleHus, IOMUMO
KoHcepBaTHUBHOrO Jiokyca 18S p/[HK, Gbli1 npoaHaIn3u-
poBaH BapuabesnbHbI perroH ITS2 (Puc. 26). OaHako
3TO He YJIyYIINJIO KJacTepyu3alyi0 BHYTPHU T'PYIIIBL
MItamm VKM Al-296 obpasoBay KjacTep € MOCJIeNO-
BaTeJIbHOCTAMM BOJOpOCJIeli, KOTOphble paHee ObLIU
OomMO0YHO HAEHTU(PUIMPOBaHBl KaK HEKyJIbTHUBUpYe-
Mble TpUOBl. Mexay sTUMU TpeMs IocJjieJoBaTesIbHO-
CTAMU Pa3IUYUi BBISABJIEHO He ObUIO. 'eHeTuveckas
auctannusa Mexay VKM Al-296 u C. eremi UTEX 1186
cocrtaBuina 1,7%. OOmMEA aUana3oH TIeHeTHUYeCKOH
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Puc.1. ®otorpaduu cBeToBo (a) U CKaHUPYIOILIEHN 3JIeK-
TpoHHOH (6) MuKpockomuu mramma Chlorosarcinopsis sp.
VKM Al-296. YepHoii cTpeskol 0603HaueHa BHEKJIETOYHAsA
caun3bp. IIkana: a — 10 MxM; 6 — 3 MKM.

M3MEHYMBOCTU BHYTPHU KJaabl Arenicolinia cocraBui
or 0 mo 12%. Ha ocHOBaHMM YCTaHOBJIEHHOTO IJIA
ITS2 mopora Bumosoro paszimmuusa B 10% (Hoshina
and Fujiwara, 2013; Hoshina, 2014) mMoXxHO chejiaTh
BBIBOJI, YTO KJIaJla BKJIIOYAaeT HECKOJIbKO ellle He ONu-
caHHBIX BuAoB. K coxasieHuio, mocsjieioBaTeJIbHOCTU
ITS2 s C. arenicola UTEX 1697 u C. variabilis UTEX
1600 He pemonupoBaHl B GenBank. CpaBHeHHe BTO-
puuHBIX cTpyKTyp ITS2 VKM Al-296 u C. eremi UTEX
1186 BBIABMIIO JIMIIL IOJYKOMIIEHCATOPHBIE 3aMEHbBI
HyKJIEOTHAHBIX nap B cnupayax I, IT u IV (Puc. 3).

[TosHBle KOMIIEHCATOPHBIE 3aMeHBl HYKJIeOTH[I-
HBIX Nap BbIABJIEHH He Obutn. Ha ocHoBaHuu mMopgo-
JIOTUYeCKUX U TeHeTHYecKUx pasinuuii Mexay VKM
Al-296 u C. eremi UTEX 1186 ucciemgyeMslil mramm
6bu1 naeHTUGUIUPOBaH Kak Chlorosarcinopsis sp.

3.2. PoctoBble XapaKTepuCTUKHM WITamMmmMma
VKM Al-296 B yCAOBHUAX ABYXCTaAMHHOIO
KYALTUBHPOBAHMA

Cnenyer OTMeTHUTh, YTO aKTHMBHOe HaKOIIeHUe
6uomaccel B KyJbType Chlorosarcinopsis sp. He npekpa-
1aJIoCh Ha MPOTsKeHUU Bcero skcnepumenTa (Puc. 4a).

B mepBble ngBa AHA, NOMUMO [ejieHus ara-
HOcriopamu, HabJIl0aloch pa3MHOXeHNe 300CIOpaMHu.
B yTpeHHume uachl B KyJIbTypax ObLIO OOHapyXeHO
MHOXEeCTBO MeTaOOJIMYHBIX [ABYXT'YTHUKOBBIX 300CIOP.
K nosiygHio 300CHOpH! Tepsyii HOJABUXHOCTb U OKpY-
rasuck. [losoBoro pasMHoOXeHUs He HabJH0aIOCh.
[lepeBoa KyJIBTYP MHMKPOBOAOPOCJIEN Ha «KpacHYI0»
craguio nyteM gobasieHus NaCl B nutaTespHYIO cpeny
1 yBeJINUeHUs OCBellleHUs 1 TeMIlepaTyphl He BHI3bIBaI
BU3yaJIbHO 3aMeTHOU rubesin KJIeTOK, KoTopas Ipo-
HCXOJUT y IJIAHKTOHHBIX MHUKPOBOJIOPOCJIEH B aHaJIo-
TMYHBIX CTPECCOBBIX ycioBuax (MuHiok u fp., 2007). B
HOBBIX YCJIOBUAX IpeobsajaioniM clioco0oM pa3MHO-
XKeHUs CTajl JeCMOCXU3, MPUBOAANINI K 06pa3oBaHUI0
MHOT'OKJIETOYHBIX [IJIOCKUX IIAaKeTOB, OKPYXKEHHBIX CJIU-
3p10 (Puc. 1).

Kynerypa mramma VKM Al-296 Ha «3ejieHOI»
cTaauu pocja OpicTpee, yeM POACTBeHHBIN mTamm C.
eremi VKM Al-132, KyJIbTUBUDYEeMBIN NIPU €CTECTBEH-
HOM ocBemeHuu (Jauumok u ap., 2024). HecmoTtps
Ha TO, 4YTo oba ITaMMa [OABeprajanuch OJUHAKOBOMY
crpeccy, Ha ctaaun BKI' HakomeHue 6uomaccel VKM
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— Chlorosarcinopsis arenicola UTEX 1697* AB218701
Chlorosarcinopsis sp. AKF-2011 ZA3-2 HQ246308
_‘: Chlorosarcinopsis sp. WITI6VFNPS 1X446412
Chlorosarcinopsis sp. AKF-2011 ZA1-10 HQ246306
Palmellopsis sp. BCP-EM1VF1 AY271673
_1 Chlorosarcinopsis sp. AKF-2011 ZA6-2 HQ246311
Chlorosarcinopsis sp. AKF-2011 ZA2-1 HQ246307
Chlorosarcinopsis sp. AKF-2011 ZA1-8 HQ246305
Chlorosarcinopsis sp. A KF-2011 ZA3-3 HQ246309
1» Chlorosarcinopsis sp. AKF-2011 ZA1-1 HQ246304
Chlorophyta sp. SL-2016 BSC-40 KX395734

a

— uncultured soil eukaryote FR987413

uncultured soil eukaryote FR984753

uncultured soil eukaryote FR986059

uncultured soil eukaryote 3885b096 FR985001

uncultured soil eukaryote FR985919

uncultured soil cukaryote FR987546

uncultured Chlamydomonadales HG996264

Eukaryota sp. be31a82ca2a5ac6d5320¢3661f3b76ba ON696689

0.94",

Chlorosarcinopsis sp. WITA6VENPY JX446415 uncultured soil eukaryote FR987219
Chlorosarcinopsis sp. YACCYB224 MH651235 uncultured soil eukaryote 170495ab FR984519
—{ Chlorosarcinopsis sp. XLD-T-2 JN086483 Eukaryota sp. 781b676b66535bc8cd4c43db996cbda8 ON696952
L Chlorosarcinopsis sp. YACCYB221 MII651232 Eukaryota sp. ce2¢7b9374d19a04¢8291b058922b5¢ ON696876
Chlorosarcinopsis sp. WITSVFNP1 1X446411 Chloruxm.'cinop sls:sp. ACSSIZMG523310
—+ Chlorosarcinopsis sp. YACCYB260 MH651263 I T()":”‘t‘:""‘s' . ‘14601"7‘1 .K_M020016 .
P800 Chlorosarcinopsis eremi ACSSI1 132 KY 086471 O'ZO ;' g;;::::::iﬁ:::::ys :)0‘:/;)]3'22: ;;\:P[\‘/‘If’gl‘tyf(;‘909
Chlorosarcinopsis sp. YACCYB213 MH651225 L 1! Uncultured fungus 3091 KX195512
ChIom,s'un’l:nu,ul:.\' sp. X.LD-T-5 IN086486 Chlorococcaceae sp. YQ-2024e FACHB-3517 PP578392
27/:[22’/:’[’;::‘: le: :)rel;l(l[],\g)lil{»\fho:;if;gs 1001954 _{— Uncultured organism ciidirl001_H02 JN660413
oo . /'/ ol éLr;N 5 1F343503 Uncultured organism ciidir1004_C02 IN660766
C:] e oPS"j ip'. ® Y/;CCYB;(; —— Chlorosarcinopsis eremi UTEX 1186* HQ246438
orosarcinopsis sp. / 0. ) rOCOCCE ac sp. Y " 0 40 ~ i 8 78 9
I Chlorosarcinopsis eremi BCP-JO1VF2 HQ246314 < ((":;(a)mja:c;‘;c;:is Zl'em(? /i(,‘2$$l l?:; ]r\flzzj;zgzps 3
- Chlorosarcinopsis sp. YACCYB220 MH651231 % Chlorosarcinopsis eremi MKA.28 MH654823
Chlorosarcinopsis eremi BCP-ITIVF80 Q246316 (e} uncultured fungus OW839387
Chlorosarcinopsis eremi UTEX 1186* AB218706 L‘z) Chlorosarcinopsis eremi BCP-JOIVF2 HQ246443
Chlorosarcinopsis eremi ACSSI 032 MH102332 E | Chlorosarcinopsis eremi BCP-JT1VF80 HQ246445
Chlorosarcinopsis eremi BCP-JTIVF8 HQ246315 < Chlorosarcinopsis sp. YACCYB260 MH651310
L 007 Chlorophycean sp. SEV2-VF1 AF516678 Chlorosarcinopsis eremi BCP-FISLVF 16 HQ246442
Chlorophycean sp. SEV3VF14 AF513371 - Chlorosarcinopsis sp. YACCYB224 MH651283
Chlorosarcinopsis sp. YACCYB258 MH651261 Chlorosarcinopsis eremi BCP-JTIVF8 HQ246444
Chlorosarcinopsis sp. YACCYB222 MH651233 Chlorosarcinopsis eremi BCP-JT1VF20 HQ246441
[1.0p96 | Chlorogonium sp. YACCYB20 KT279433 Chlorosarcinopsis sp. YACCYB220 MH651280
|| Chlorosarcinopsis eremi BCP-FISLVF16 HQ246313 l[ Chlorosarcinopsis eremi Téa OR438278
Chlorosarcinopsis eremi BCP-JT1VE20 HQ246312 Chlorosarcinopsis sp. YACCYB213 MH651274
— Chlorosarcinopsis sp. VKM-Al 296 MT338814 0196/ { Chlorosarcinopsis eremi BCP-SEV3VF14 HQ246440
Chlorosarcinopsis sp. YACCYB134 MH619574 Chlorosarcinopsis eremi BCP-SEV2VF1 HQ246439
Chiorosarcinopsis sp. WIT43VFNP28 TX446414 | Chlorococcaceae sp. YQ-2024e FACHB-3519 PP578390
Chlorosarcinopsis eremi ACSSI 142 KY 086475 Uncultured Agaricales soil 6471 MF487663
Chlorosarcinopsis eremi ACSSI 177 KY086481 Uncultured Neocallimastigales soil 2785 MF483993
Chlorosarcinopsis eremi ACSSI 175 KY086479 -\ Uncultured fungus OW839066
Chiorosarcinopsis eremi ACSSI 176 KY086480 Chlorosarcinopsis sp-ACSSI 445 OR852649
Chlorosarcinopsis eremi ACSSI 178 MH102327 T.0p/9s| t[ Chlorosarcinopsis sp. A KF-2011 BCP-EM1VF1 HQ246437
Chlorosarcinopsis eremi ACSSI 129 KY086470 Cllorosdratnopetaay. AKE 2NLLEASY HOMGES
Uncultured Dunaliellaceae Amb_18S_715 EF023381 -| Chlor.u.xiur.(:z-nop m Sp. WIT16-VENFS JN352330
L Chlorosarcinopsis eremi ACSSI 131 MH102321 Chiororarcmopsoip:ABE2UIL A5 H00134
Chlorogonium sp. YACCYB7 KT279444 Chlorosarcinopsis sp. AKF-2011 ZA1-8 HQ246430
Ch/{)ro‘;'art.'im)psi.s' eremi ACSSI 117 MH102333 T g;;or()mrcl:n()p.\'l:.\' g 1; g-igi} ;:E—T Egzzzféz
I orosarcinopsis sp. - -
1.00/100 [- ChilorosarciriopsiseréitACSSI007 MH102331 Ch[{)rr}.vtlrt‘in()f).\‘i\' Sg- AKF-2011 ZA1-1 HQ246435
] [~ IGhlorosarciniopsisivariabllis UTEX1600-AB218704 Chlorosarcinopsis sp. A KF-2011 ZA1-10 HQ246431
1,007 Z‘Z;""’J"“"i“' 5p- 1‘@°"Z‘($“ﬁfi°?$286480 L Chlorosarcinopsis sp. AKF-2011 ZA2-1 HQ246432
OrOSAICinOpSIS Bps - < Uncultured fungus OW834951
1:0058 Protosiphon botryoides UTEX B 2969 JN880459 Z v Chlorosan'im)pii.\' eremi ACSSI 142 MT340906
Chlorococcum ellipsoideum UTEX 972*% U70586 % Chlorococcaceae sp. YQ-2024¢ FACHB-3516 PP578394
Balticola capensis UTEX 1023 KC196719 § Chlorococcaceac sp. YQ-2024c FACHB-3515 PP578391
Balticola zimbabwiensis UTEX 1758 U70797 3-) { Uncultured Chlorosarcinopsis OTU_0197 OR065202
Balticola droebakensis UTEX 55 KC196721 (@] Chlorosarcinopsis eremi ACSSI 129 MH102336
Balticola buetschlii SAG 9.93 KC196720 f: 1 Uncultured Chlamydomonadales soil 2673 MF483881
] Stephanosphaera pluvialis UTEX 771 KC589697 QI_ 1.p097| | Chlorosarcinopsis eremi ACSSI 131 MG523297
Hamakko caudatus NIES-2293* AB451188 ﬁ _Iﬂ Chlorosarcinopsis eremi ACSSI 117 MT340908
Chlorogonium capillatum NIES-692 AB278611 % « 099/~ Uncultured fungus OTU677 MG207459
Chlorogonium euchlorum SAG 12-2d AJ410443 o Chlorosarcinopsis sp. YACCYB134 Mh619609
0. Chlorogonium elongatum NIES-751 AB278621 8 Chlorosarcinopsis eremi ACSSI 178 MT340907
Chlorogonium complexum NIES-2296* AB477055 & — Uncultured Chlorosarcinopsis SchF130815_fcl261 OR101615
Haematococcus lacustris NIES-144 AB360747 8 Chlorococcum isabeliense UTEX 1774* KX 147357
Rusalka fusiformis NIES-123* AB360750 (:5
DUNALIELLINIA

1.00) &|—_szgnir kasakii CCAP 12/8* AB360742
(BHCIIHSA Tpynma) .01

Gungnir neglectum NIES-439* AB360745

Puc.2. BailecoBckue ¢ruioreHeTnueckue JepeBbs mramMMma VKM Al-296, mocTpoeHHble Ha OCHOBE CPaBHEHUs HYKJIEO-
TUAHBIX nocsiefoBaresnbHocTell 18S pIHK (a) u ITS2 (6). 1A 0o60uX JIOKYCOB ONTHUMAJIBHOHN SBOJIIOIMOHHON MOJEJBI0 OKa3a-
nace GTR+I1+G. Craructuueckas mojjiepxka y3JIoB JepeBa yKa3aHa B BUJie allOCTepHOPHEBIX BeposATHOCTel (PP) u 3HaueHuit
6yctpena (BP); 3uauenus PP < 0.9 u BP < 70% He moKa3aHBI.

[IpuMeuaHue: UCCIeyEeMBbIil ITAMM BbIJeJIEH MOy XXHUPHBIM MPUGTOM, 3BE3J0UKOL (¥) OTMEeUeHbl ayTeHTUYHbIE IITAMMEL
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Al-296 mpoucxoansIo 3HAYMTEJIBHO MeJIJIEHHee, U, Kak
cJieICTBUE, ero NPOAYKTUBHOCTD Ha NMPOT)KEHNUU BCETO
skcnepuMeHTa (0,10 r/s1/cyT) Obljla HECKOJIBKO HIXKe,
yem y C. eremi VKM Al-132 (0,12 r/n/cyt) (JaHuok u
ap., 2024).

3.3. Coaep)xaHue NUrMEHTOB B
Chlorosarcinopsis sp. VKM Al-296 na
NPOTAXXEHUU KYAbTUBUPOBaHUA

Copnepxanue xjopodusioB y Chlorosarcinopsis
Sp. U3MEHSJIOCh TUNWUYHBIM [UIsl JBYXCTaJUHHOTrO
KyJbTUBHUPOBAHUA 00pa3oM: Ha «3eJIeHOU» CTaauu,
MpU JOCTATOYHOM KOJIMUeCTBe OWOTeHHBIX 3JIeMEHTOB
B KYJIbTYpe, OHO YBEJNYMBAJIOCh 32 CUeT aKTUBHOI'O
JAesieHus kiieTok. K KOHIy «3ejieHol» CTaquU cojiepxka-
Hue Xina gocturiio 7,50 +0,12 mkr/mia (0,45+0,01 %
ot CB), Xn b - 3,34+0,05 mxr/mia (0,20+0,01 % ot
CB) IMocne crpecca, B pe3yJjibTaTe paspylleHUs MoJie-
KyJ1 XJIOpoQWJIOB, UX COJiepXaHue CHU3WJIOCh Ha
nopsiaok (Puc. 5).

Hanportus, cojepxaHue CyMMapHBIX KapoTu-
HOUJOB B KYJIbTYpe YBEeJIHWYWJIOCh 3a CYET aKTUBHOI'O
HakoImuteHuss 6uomaccel (Puc. 6a). MaccoBasa noJis
CyMMapHBIX KapOTUHOHU/IOB B CyXOill 6uomacce pe3Ko
CHU3UJIACh K YeTBEPTHIM CYyTKaM U OCcTaBajach OTHOCU-
TespHO noctosHHOU (0,3% oT cyxoro Beca) 10 KOHIIA
skcnepumenTa (Puc. 66).

YBennueHue cootHouleHus Kap/Xma c¢ 0,33
no 0,64 x 9-m cytkam (Puc. 6B) MOCIyXUJIO KiIode-
BBIM KpUTEpHUEM JJIs OIleHKH TOTOBHOCTU KYJIbTYPhI
K IepexoJly Ha CTaJui0 BTOPUYHOrO KapoOTHMHOreHe3a.
BusyasibHO 5Ta rOTOBHOCTh MPOSIBUJIACh B M3MeHEHUU
LIBETA KYJIbTYPHI C 3eJIEHOT0 Ha O0JIOTHO-XKEJITHII.

B TeueHue «kpacHOI» cTaguu cofiepxxaHue XJ a
B KyJIbType cHU3mJIoch B 10 pas, a conepxanue Xi b —
B 5 pa3. B To xe BpeMs cofjepxaHue CyMMapHBIX Kapo-
TUHOU/JOB yBenumiocs B 1,3 pasa (Puc. 5a,B; Puc. 6a).
Ob61jass NpoAyKTUBHOCTh KapOTHHOUAOB, pacCUUTaH-
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Puc.3. BropuuHaa crpykrypa ITS2  mTammoB

Chlorosarcinopsis sp. VKM Al-296 (a) u C. eremi UTEX 1186
(6): obmiaa opraHusanya U croypagd. YepHbBIMH CTpeJIKaMu
MOKa3aHbl TOJIYKOMIIEHCATOPHBIE 3aMeHbl HYKJIEOTHUIHBIX
map.

Had JUIA BCero sKcrnepumeHTa, cocrasuia 0,20+0,01
MT/JI/CyT, YTO COIIOCTABUMO C IOKa3aTeJjieM pOJCTBEeH-
Horo mramma C. eremi VKM Al-132 (HdaHiiok u Ap.,
2024).
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Puc.4. [lunamuka cyxoi 6Guomacchl (a) U yaenapHas ckopocTb pocta (6) Chlorosarcinopsis sp. Ha «3eJI€HOM» U «KPAaCHOM»

CTaausX, a TaKXXe Ha IMPOTAXEHUHN BCEro SKCIIEeprMEHTa.
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Puc.5. ComepxaHnue xj10podiuioB B KyJIbType (@, B) U cyxoi 6romacce (6, r) Chlorosarcinopsis sp. B Hayaje dKCIIEpUIMeHTa
(0-e cyTkm) U B KOHIe «3eJIeHOI» (9-e CyTKU) U «KpacHou» (17-e cyTKu) cTaauil.

3.4. ToHkocnoMHaA xpomaTorpadpua u
COCTaB KapoOTUHOUAOB

XoTsA cojiepXaHHe CyMMAapHBIX KapOTUHOW/IOB
B OnoMacce MUKPOBOAOPOCJIEN, HauMHAasA C 4-X CYTOK
«3eJIEHOU» CTAa[uU, OCTABAJIOCh OTHOCUTEJIBHO IMOCTO-
STHHBIM, KQYEeCTBEHHBIF COCTAaB KAapPOTHHOWIOB 3HAYU-
TEJIbHO M3MEHWJICA B TeueHHe TOCJeyIOIero mnepu-
oma. IlpuMeHeHMe TOHKOCJOWHON XpomaTtorpadun
MO3BOJIUJI0O TIPOBECTH JleTaJIbHOEe CpaBHeHUWe Mpodu-
Jleii KapOTHHOUAOB B KOHIIE «3eJIeHOM» U «KpaCHOI»
cTajui.

B 3eJ1eHBIX KyJIBTYpaX JOMUHUPYIOIUM KapOTH-
HOUZOM ObLJI JIIOTEVH MPU 3HAYUTETIBHOM KOJIMYECTBE
B-xapotuHa u HeokcaHnTuHa (Puc. 7a, 8a). OpHako
MOCJIe CTPECCUPOBAHMSA KYJIbTYyPHl IEPBUYHBIE KAPOTH-
HOUJBI, XapaKTepPHbIE I «3eJIEHOW» CTaJiuu, CMEHU-
JMch BTOpUYHBIMU KapotuHougamu (KKap), o6pa3yro-
IMMUCSA Ha «KpacHOm» craguu (Puc. 76, 86). K koHIy
JKCIIepUMEHTa CojJiepXKaHue JII0TenHa U [3-KapoThHa B
kietkax Chlorosarcinopsis sp. yMeHBIINIOCh Ha IMOPS-

|

JOK. B KpacHBIX KyJIbTypax Ipeo6siajaloliiMy KapoTu-
HOMJaMu OBUIM KaHTAaKCAaHTUH, MOHO3(UPH aJJOHUK-
caHTuHa u 3upsl acrakcantuHa (Puc. 8a, 0).

B obmell cioxHocTu 3TU Gpakiuu OCTU-
raiu 75-80 % oT obmiero kojanudecTBa KapoOTUHOWUOB
(Puc. 8a, 6). [IpumeuatesbHO, yTO dpakuuu 3pUpoB
acTakcaHTHHa caMU o cebe cocTaBiAau nouyTtu 35 % ot
o0I1ero KoJaM4yecTBa KapoTUHOUAOB. KapoTHHOWIHEIN
npodus uccyiegyemoro mravma Chlorosarcinopsis sp.
VKM Al-296 Ha «KpacCHOI» CTaJiuM OKa3aJiCs CXOAHBIM
¢ mpodpuiem mramma C. eremi VKM Al-132, panee
npeJicTaBJeHHBIM J[aHITIOK U coaBT. (2024).

HecMoTpsA Ha OTHOCUTEJIPHO HM3KOE CoAepXKa-
HHE CYMMapHBIX KapOoTUHOHIOB (IIpUOJIN3UTEIHHO
0,3% oT cyxor OuOMacChl), KAPOTMHOUJHBIN COCTaB
Chlorosarcinopsis sp. VKM Al-296 uHTepeceH coepxa-
HueM LieHHbIX KKap, BKJIIOUasa KaHTaKCaHTHH, a TakXe
3upH aJOHUKCAHTUHA, aJOHUPYOMHA M acCTaKCaH-
THHA, KOTOpHIE B CyMMe COCTaBJIANT 0Koso 80% ot
CyMMapHBIX KapOTHUHON/IOB.

l
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Puc.6. CofepxaHue CyMMapHBIX KaPOTUHOUIOB B KyJIbType (a) u cyxoi 6uomacce (6) Chlorosarcinopsis sp., a TaKxe cOOT-
HouleHre cyMMapHbx Kap/Xia (B).

17-e CyTKU
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4. 06cyxpeHue

Takconomus pona Chlorosarcinopsis UMeeT CJIOX-
HYIO U 3allyTaHHYI0 UCTOPHIO, HavaBllylocsa B 1958 roqy
(Herndon, 1958). IlepBoHAYa/JIbHO B POJ BKJIIOYAJIA
21 Bup, ¢ C. minor B KadyecTBe TUnosoro. Co BpeMe-
HeM HeKOTOpble BHUABI ObUIH IepeKsaccudUIpOBaHbL
B poxsl Neochlorosarcina, Desmotetra u Desmochloris.
MosexyJIsIpHbIE KCCJIEJOBAHUs IO3[JHee [OKa3aJy,
yro pon Chlorosarcinopsis siBiserca mnonuduIeTHd-
HBIM: €r0 IPeJICTABUTENN pacipeeseHsl 10 MeHbIIeN
Mepe B naBe ¢uiorpymnmsl — Arenicolinia (Bxsrouas C.
arenicola, C. eremi u C. variabilis) u Stephanosphaerinia
(Brurouas C. minor, C. aggregata, C. bastropiensis u
C. dissociata) (Watanabe et al., 2006; Nakada et al.,
2008). ITockosbky royiotun C. minor GopMupyer He3a-
BUCUMYIO (UJIOTEeHETHYeCKyI0 JIMHUI BHYTPU KJIAJBI
Stephanosphaerinia, ocraspHEIe TPYIIIIBEL HE OTHOCATCS
K cobcTBeHHO pony Chlorosarcinopsis v HOJIXKHBL OBITH
OIMCaHBl KaK HOBBIE pOJbl, obagamomue MopdoJio-
ruei, cxogHou ¢ Chlorosarcinopsis. Tem He MeHee, Tak-
conomusi Chlorosarcinopsis 1o cux mop He pa3pelleHa,
ITOCKOJIBKY U151 HeKOoTOpbIX BUA0B (C. angulosa, C. caeca
u C. superba) cekBeHHMpOBaHUE ellle He NPOBEJEHO, a
JUIsL IPYTUX OTCYTCTBYeT OCTATOYHBIN YPOBEHb reHe-
TUYECKOro nojmmMopdusma, ocobeHHO 1o Gojiee Bapu-
abespbHBIM JIOKycaMm. KirroueBoil mpoOJieMol sABJIAETCA
BHIOOP MOJIEKYJIIPHBIX MAapKepOB IJIA yJIy4lIeHUs Kia-
cTepu3anuu Guorpymnmsl Arenicolinia. PasrpanuueHue
BUJI0B Ha ocHOBe pernoHoB 18S p/IHK u ITS2 okasa-
JIOCh IPOGIEMATUYHBIM, YTO YKA3bIBAET HA BO3MOXHYIO
MPUTOOHOCTD JJIA OTUX IeJIed IIacTUIHOro reHa rbcL.

[IpuMmeHeHUEe MeTOHa IBYXCTAJUHHOUN HAKOIU-
TeJIbHOHN KYJIBTYPH K CapLUUHOWJHBIM MHKPOBOJOPOC-
JIIM HMeeT CBOU OCOOEHHOCTH. Arperanus KJIETOK B
TpexMepHble KJIACTEPHl He IT03BOJIAET OIEHUTh COCTO-
SIHUE KYJIBTYPHI [0 CKOPOCTHU JeJIeHus KJIeTOK. M3-3a
nedopManuy KJIeTOK BHYTPU arperaToB pa3Mephl Kjle-
TOK HCKaXxaloTcs. TakuM o6pa3oMm, oleHKa IPOAYKTHUB-
HBIX KauecTB Chlorosarcinopsis OCHOBBIBA€TCs NCKJIIOYH-
TEeJIbHO Ha M3MEepPeHUU COJiepXaHUs CyXOul Oromacchl

7.09£0.71 Cneppl

11.121.34

14.63%0.37

60.61+16.09
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Puc.7. ToHkocsoiiHasA xpomaTorpadus Chlorosarcinopsis
Sp. B KOHIle «3eJieHOH» (a) W «KpacHou» (0) craguit
KYJIbTUBUPOBAHU.

B KyJibType. Oco6eHHOCTH AUHAMUKU CyXOH 61oMacchl
ONpeNesIAITCS HaINYueM CJIM3UCTOTO  MaTpuKca
(Myruiaxa), COCTOSAIIEro W3 CJIOXKHBIX IOJIMCaxa-
PUOHBIX M 0eJKOBbIX KOMMOHeHTOB (Domozych and
LoRicco, 2024). Besukysel MyLwiIaxa oOpa3yloTcs
BHYTPU KJIETKHM B ammapaTe I'OJIbIXH, dYepe3 MOpPH B
dopMe JIyKOBUI[BI, a 3aTeM BBEICBOOOXOAITCA HAPYXKY,
ob6BonakuBasa Kyietku Chlorosarcinopsis v BBI3BIBast UX
arperamnuio (Domozych and Rogers-Domozych, 1993).
OOpa3oBaHNe MHOT'OKJIETOYHBIX CKOIJIEHUII B pe3yJib-
TaTe JeJIeHNs KJIeTOK, a TaKXe SKpaHupyoimi apdexT
CJIM3UCTOTO MAaTpUKCA OBICTPO YXYAWAKT YCJIOBUS
OCBellleHNsA, YTO OTJIMYaeT CApLUHOWHbIE MUKPOBO-
JIOPOCJIM OT IUIAHKTOHHHBIX BUIOB. IloaToMy GapboTu-
poBaHue (HenpephiBHAsA a’palysi) KyJbTYpP SBJIsETCS
HeoOXOVMBIM YCJIOBUEM MJIS1 KyJIbTUBHUPOBAHUA dTUX
BU/JIOB.

PocTOBBIE XapAKTEPUCTUKY U3y9aeMOro mTaMMa
OTPaXAIOT MIMPOKYI) 3KOJIOTHYECKYI0 YCTONYHBOCTS,
XapaKTepHYI [JiA IOYBEHHHIX MUKPOBOJOPOCIIEN.

6
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Puc.8. CocraB kapoTuHOU 0B Chlorosarcinopsis sp. Ha «3eJieHO» (a) U «KpacHo» (6) cTagusax skcrnepuMmenTa (x +n).
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Ha6momaemoe 60Jiee 4eM LIECTUKPATHOE YBeJIMYeHUe
comepxanvss CB B mepro[ «3eJieHOM» CTaquu COOTBET-
CTByeT OUHAMUKe pocTa MUKpOBoopocjeii B 6ora-
TOH NUTaTeJIPHEIMU BellleCTBaMU IUTATeJIbHOH cpefie.
CoxpaHeHUe 3TOH TeHJEeHIINN pocTa Jaxke Iocjie BO3-
JelicTBUA cTpecca IOATBepXJaeT HaJIWyue afanTa-
I[OHHOI'0 MeXaHM3Ma, MO3BOJIAIONIEr0 CIPABJIATHCS C
pe3KUMU M3MeHEeHUAMU KpUTHYeckux GaKkTopoB OKpy-
xatomeii cpensl (Doppler et al., 2022; Nayana et al.,
2022), 4TO sBJIAETCA OTJIMUUTEJIbHON YepTON KapoTu-
HOTe€HHBIX MUKPOBOJIOPOCJIEN.

ITpoAyKIOHHBIE XapaKTepUCTUKU
Chlorosarcinopsis sp., afanTUPOBAaHHOIO K JiabopaTop-
HBIM YCJIOBUSM KyJIbTUBUPOBaHUsA, ObLJIN COMOCTABUMEL
C TAaKOBBIMU Y paHee M3y4YeHHBIX 3KCTPeMOOUOHTOB. B
YaCTHOCTH, CpelHssA HPOAYKTHUBHOCTh IO Gromacce
Chlorosarcinopsis sp. VKM Al-296 Ha «3ejieHON» cCTa-
JUY TpeBhICIJIA TOKazaTesy, 3adUKCUpOBAHHBIE [JIs
Jpyrux INTaMMOB, TaKuX Kak Bracteacoccus minor,
Coelastrella rubescens u Chromochloris zofingiensis (nops-
nok Sphaeropleales), a Takxe Pseudospongiococcum
protococcoides (mopsmoxk Chlamydomonadales), mpo-
OYKTUBHOCTh KoTOphiX coctaBuia 0,08-0,09 r/mn/cyt
(Uybuukona u JIpobGerikas, 2020).

Hab6uronaemere HM3MeHeHUsI MIUTMEHTHOTO
coctaBa Chlorosarcinopsis sp. VKM Al-296 nocJie nepe-
X0f]a Ha «KpacHYI0» CTaUI0 XapaKTepHHI AJIs KapoTH-
HOTEeHHBIX MUKPOBOAOpOCJIell. OTU H3MeHeHHA IOoAd-
TBEpPXKJAI0T KOHIIENI[MI0 BTOPUYHOI'O KapOTHMHOreHe3a
KaK CTpaTeruy BBDKMBAHUS, IO3BOJIAIOIIEN KJIeTKaM
COXPAHATH XU3HECIIOCOOHOCTD B CTPECCOBBIX YCJIOBUAX
3a cueT nepecTpoiiku Metabosmsma.

AnHanus cocraBa KapOTUHOWOB IOATBEPJIIII,
YTO XapaKTepHOH uepToil poja Chlorosarcinopsis B
MepUof akTUBHOTO pocTa («3eJIEHOM» CTafouM) SBJIA-
eTcs abCoJII0THOe TpeobJiaiaHyie JIIOTENHA, YTO COrJia-
cyercs ¢ BeiBogamu Cherdchukeattisak et al. (2018).
BTOpEIM 10 3HAYMMOCTH NUT'MEHTOM fIBJIAeTCs [B-Kapo-
THH, coJiepXKaHKe KOTOPOro B KyJIbType B KOHIIE «3eJle-
HOI» cTaguu nocturayuo 0,7 Mr/j, 4To CONOCTaBUMO C
0,543 mr/n (Wongsnansilp et al., 2007).

Ha craguu BKT' B npodusie kapOTUHOUAOB Ipe-
obJylafjajii KaHTAaKCAaHTUH, MOHO- U AUAGUPH acTak-
CaHTHHA, a TakXe MOHO3®UPHl aIoOHUKCAHTUHA. J[0J11
3CTepUUIIPOBAHHOIO acTaKCAaHTHHA B 00IIeM KOJIU-
yecTBe KapoTHHOUAOB (34,5%) coryiacyercsa c [HaH-
HbIMY, npefacraBieHHBIMU K. YekanosbiM (Chekanov,
2023) misa Chlainomonas rubra (32-44,5 %).

CpenHaAA MPOOYKTHMBHOCTh CyMMapHBIX Kap 3a
Bech skcnepumeHT (0,20 = 0,01 mMr/J1/cyTKu) okasajach
cormocTaBuMa ¢ TakoBoit y Chromochloris zofingiensis u
Neochloris wimmeri (0,21 u 0,22 Mr/j/cyT, COOTBET-
ctBeHHo) (Orosa et al., 2000).

ComepxaHue acTakCaHTUHa B CyXoH Macce
Chlorosarcinopsis sp. VKM Al-296 (0,11%) 6sU10
COMOCTAaBUMO C coAepXaHHWEeM acTaKCaHTUHa v
Chromochloris zofingiensis (0,17%) (Del Campo et al.,
2004), Coelastrella sp. S6 (0,17-0,18 %) (Corato et
al., 2022) u Halochlorella rubescens (0,12-0,18 %)
(Chekanov, 2023).

[pucyTcTBUe MeTaboIMYeCKUX Ipe/iliecTBeHHU-
KOB aCTaKCaHTUHA, HapsOy € CaMHUM acTaKCaHTHHOM,
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B KapOTUHONJHOM npoduse He CHUXaeT OuoJiormuye-
CKYI0 IIeHHOCTb KpacHOUI OHOMAacCH U ee 3KCTPAKTOB.
Kpome Toro, BbicOKOe copepxanHue JiorenHa (60%) B
3eJiIeHol O6uoMacce JiejlaeT 3TOT IITAaMM IepCHeKTUB-
HBIM HCTOYHHKOM 3TOI'0 MMTMEHTa.

5. 3akniouenue

Mukpockonuyeckuii ¥ MOJIEKYJIAPHO-TeHeTHU-
yeckuil aHanu3 18S p/IHK monarBepaua TakCOHOMMU-
yeckoe mojioxkeHue mramma VKM Al-296 B mpenenax
kianapl Arenicolinia. AHaJIU3 MEPBUYHON Y BTOPUYHOM
ctpyktyp ITS2 no3poansn naeHTUGUIIMPOBATh JaHHBIN
mraMM Kak Chlorosarcinopsis sp.

PocToBBle, pusnosiornyeckre U 6MoxuMmuiecKkre
xapakTepuctuku mramma Chlorosarcinopsis sp. VKM
Al-296 B ycCJIOBUAX ABYXCTaOUMHON HAKOMHUTEJIBHOM
KYJIbTYPHI COIIOCTaBUMEI C paHee OIMCaHHBIMU XapaKTe-
pUCTUKaMU KapOTHUHOT€HHBIX 3eJIeHbIX MUKPOBOOPOC-
Jiert nopsAakoB Sphaeropleales 1 Chlamydomonadales B
aHaJIOTUYHBIX YCJIOBUAX.

B cocraBe KapOTHMHOHIOB «3e€JIEHBIX» KJIETOK
npeoOJiafaeT JIIOTEHH, TOr[a KakK «KpacHBIe» KJIeTKHU
cofiepXaT CMech IIeHHBIX KeTOKapOTHHOWJOB, BKJIIO-
yasd KaHTaKCaHTUH U 3QUpbl aJOHUKCAaHTHHA U
acrakcaHTuHa. CXOJCTBO KapOTHMHOMJHOIO Npoduiia
Chlorosarcionopsis Sp. C TAKOBBIM y JPYTUX MpeACTaBU-
teJieti Sphaeropleales u Chlamydomonadales kocBeHHO
NOATBEPXJAeT IIPeAnoJIoXKeHre O CXOAHBIX IIyTAX O1o-
CHHTe3a acTaKCaHTUHA y 3TUX MUKPOBOJAOPOCJIEH.

MItamMm Chlorosarcinopsis sp. VKM Al-296 saBiis-
eTcs IOTeHIUAaJbHO [epCleKTUBHBEIM KaHOUAATOM
JUIA AajibHeUIINX MCcaefOoBaHUM, HalpaBjleHHBIX Ha
ONTHUMU3ALMIO YCJIOBUH KyJIbTUBHPOBaHUA (TeMIiepa-
Typa, MHTEHCHUBHOCTb CBeTa, CHabxeHHe NHuTaTesb-
HBIMU BellleCTBaMU U IPUPOJa CTpecc-areHTa) ¢ LieJjibio
MOBBIIIEHNA pocTa O0rMoMacchl Ha «3ejIeHO» CcTaguu U
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and A. tibetiana (Crustacea, Anostraca) BIOLOGY
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ABSTRACT. We studied modern morphological features of parthenogenetic and bisexual Artemia pop-
ulations from 10 different-type hypersaline lakes in the south of Western Siberia (Altai Krai). DNA bar-
coding of these populations revealed two Artemia species: Artemia parthenogenetica Barigozzi, 1974 and
A. tibetiana (Abatzopoulos et al., 1998). The studies were conducted monthly from July to September
2025. Principal component analysis indicated differences in the hydrochemical composition of brine
(water) of lakes inhabited by parthenogenetic and bisexual Artemia populations. Comparative analysis
of morphological features suggested that females of A. parthenogenetica and A. tibetiana significantly dif-
fered in mean values (14 of 16 traits). Cluster analysis of 12 plastic and 4 meristic characters of A. par-
thenogenetica females demonstrated splitting of its population into three groups with different structural
features of the furca: length (fl), number (sf), and length of setae (sl). The Spearman correlation index
establishes significant statistical correlations between the morphological features of A. parthenogenetica
and A. tibetiana and main environmental factors, i.e. salinity and water temperature.

Keywords: Altai Krai, salt lakes, branchiopods, populations, morphometric characteristics, salinity, environmental
factors, DNA barcoding
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1. Introduction Widespread distribution of Artemia in isolated

habitats characterized by varying ecological conditions
led to the existence of numerous geographically sepa-
] rated and genetically distinct populations of a single
perate climate zones (Persoone and Sorgeloos, 1980). species (Triantaphyllidis et al., 1994). In particular, the
New habitats of this crus‘Facean are @scovered annu- presence of parthenogenetic Artemia populations with
ally. However, some pr.eV1ously described popul:.cltlo.n's diploid (2n), triploid (3n), tetraploid (4n) and penta-
of crustaceans have disappeared because of signifi- ploid (5n) sets of chromosomes resulted in significant
cantly increasing/decreasing water salinity (Vanhaecke genotypic and phenotypic diversity. Some of these
et al., 1987; .Trlan.taphylhdls et al., 1994; Van Stappen, characteristics (nutritional value of cysts and nauplii)
2002). Physiological adaptations of branchiopods to are subject to inter-seasonal and inter-annual variabil-
high salinity provide an effective ecological prot'ectlon ity. Other traits (cyst diameter, growth rate, and resis-
from predators due to much better osmoregulation, as tance to high temperatures) are relatively constant,
well as the ability to synthesize respiratory pigments indicating long-term adaptation to the specific living

under low oxygen concentrations in water and to pro- conditions of Artemia (Triantaphyllidis et al., 1994; Van
duce diapausing cysts under adverse environmental Stappen, 2002).

conditions (Vanhaecke et al., 1987; Van Stappen et al.,
2024).

Artemia populations are found in natural and arti-
ficial salt waterbodies of tropical, subtropical, and tem-

Currently, the genus Artemia Leach, 1819 includes
the following species distributed in Eurasia (Pilla and
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Beardmore, 1994; Beardmore et al., 1994; Browne and
Bowen, 1991; Sainz-Escudero et al., 2021): A. salina
(Linnaeus, 1758): Lymington, England (now extinct),
the Mediterranean (formerly A. tunisiana (Bowen and
Sterling, 1978); A. urmiana (Gunther, 1990): Iran (Lake
Urmia), the Crimea; A. sinica (Cai, 1989): central and
eastern China; A. tibetiana (Abatzopoulos et al., 1998):
Lake Lagkor Ko, Tibet, China; A. sorgeloosi (Asem et al.,
2023): Haiyan Lake, Tibet, China; and Artemia amati
(Asem et al., 2023): Kazakhstan. Numerous partheno-
genetic populations of Artemia found in Europe, Africa,
Asia, and Australia are usually grouped under the spe-
cies name A. parthenogenetica (Barigozzi, 1974; Bowen
and Sterling, 1978).

The aim of the work was to study the modern
morphological and genetic characteristics of parthe-
nogenetic and bisexual populations in different-type
hypersaline lakes in the south of Western Siberia.

2. Materials and methods

The study involved 1,021 Artemia specimens
from 10 different-type hypersaline lakes in the south
of Western Siberia (Fig. 1). Sampling for morphometric
analysis was conducted monthly from July to September
2025 according to the generally accepted methods and
recommendations (Manual..., 1992). Samples were col-
lected manually using a hydrobiological net. The mate-
rial was fixed in 4% formalin. Samples were processed
in a Petri dish under an MBS-10 binocular microscope
equipped with an ocular-micrometer. A total of 720

female adult crustaceans (561 specimens of A. parthe-
nogenetica and 159 specimens of A. tibetiana), including
301 males of A. tibetiana, were measured. During sam-
pling in the lakes with parthenogenetic Artemia popula-
tions, males were recorded only sporadically, which is
insufficient for statistical analysis.

Brine temperature was measured using a hydro-
logical thermometer in the surface layer (at a depth of
at least 0.2 m), and brine salinity-by an optical device,
a portable ATAGO refractometer (Kenco Instruments
Co., USA), in the surface layer (at a depth of at least
0.2 m). Water samples for hydrochemical analysis—
anions and cations (CO,*, HCO,, CI, SO *, Ca**, Mg?*,
and Na*+K*)-were collected by standard methods
(Manual..., 2009; 2012) from the surface water layer
(1.5 L in plastic containers). Hydrochemical samples
were processed in the Laboratory of Biogeochemistry
at Institute for Water and Environmental Problems,
Siberian Branch of the Russian Academy of Sciences
(IWEP SB RAS).

Based on the analysis of images from the
“Resurs-P No. 4” and “Resurs-P No. 5” satellites, the
water surface areas of the study hypersaline lakes were
estimated for the period from April to October 2025.
Images were taken in cloudless weather (cloud level
<10%). For analysis, we employed the open-source
Roscosmos Geoportal (URL: https://gptl.ru/), while,
for depth measurements, we used a hydrological sound-
ing. Some results of measurements and chemical analy-
sis are given in Table 1.
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Fig.1. Study lakes and distribution of parthenogenetic and bisexual populations of Artemia in the south of Western Siberia.
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Table 1. Main study characteristics of hypersaline lakes in the south of Western Siberia in 2025.

Lake Geographic Area (min-max), |Maximum depth (lim),| Salinity (min-max),
coordinates km 2 m g/L
Bolshoye Shklo 52°37’53” N 3.4-3.6 1.8-2.0 65.7-91.3

79°04’02” E

Bolshoye Yarovoye 52°5209” N 73.0-74.2 7.3-10.5 140.0-160.0
78°36’53” E

Krivaya Puchina 52°26’33” N 6.2-7.4 0.4-0.5 101.2-150.0
79°21’31” E

Kuchukskoye 52°4206” N 174.6-175.7 2.4-2.9 210.9-250.0
79°46’40” E

Malinovoye 51°42’10” N 9.3-11.1 1.5-1.7 160.0-188.2
79°44’49” E

Maloye Shklo 52°34’20” N 2.1-2.5 1.1-1.3 45.9-140.0
79°02’47” E

Maloye Yarovoye 53°02’39” N 36.4-37.1 4.0-4.9 150.0-180.0
79°07’37” E

Mormyshanskoye 52°30’39” N 5.9-7.9 0.9-1.2 150.0-220.0
81°16’25” E

Thanatar III 51°39'18” N 0.8-1.0 1.6-1.9 100.0-161.6
79°47’ 39” E

Shukyrtuz 52°2206” N 5.2-5.5 0.7 -0.9 177.6-220.0
79°24’54” E

For morphometric analysis, plastic characters
were measured in adult females and males of Artemia
(Fig. 2): tl-total body length, al-abdomen length, aw-
abdomen width, de-distance between eyes, ed—eye
diameter, la—first antenna length, hw-head width, cl-
cephalothorax length, fl-length of furcal branch, sl-
length of setae on furca; in males: ml-second antenna
length, mw-second antenna width, as well as meristic
characters: sf~-number of setae on furca, ratio of ceph-
alothorax to abdomen length (cl/al), ratio of abdomen
to body length (al/tl), and ratio of furca to abdomen
length (fl/al) (Vesnina and Vasilyeva, 2019).

Speciesidentification of Artemia was implemented
through DNA barcoding. The material for DNA identifi-
cation was fixed in 96% ethyl alcohol and analyzed at

the Department of Biotechnology of the South Siberian
Botanical Garden of Altai State University. Sequencing
of 30 samples was performed in two to four replicates
for each lake. Total DNA from the sample was isolated
using the Diamond DNA Plant kit (Altaibiotech LLC,
Russia) according to the manufacturer’s protocol. For
species identification in the samples, a fragment of the
mtDNA COI gene was amplified using polymerase chain
reaction (PCR) and primer pairs—forward LCO-1490
(GGTCAACAAATCATAAAGATATTGG) and reverse
HCO-2198 (TAAACTTCAGGGTGACCAAAAAATCA)
(Folmer et al., 1994). PCR was conducted in a 50 uL
reaction mixture with the commercial BioMaster
HS-TaqPCR-Color (2x) amplification kit (Biolabmix,
Russia) in the following composition per sample: 25 pL

|
V4
st i —s

A)

B)

Fig.2. Scheme of morphometric measurements in Artemia females (A) and males (B). (Vesnina and Vasilyeva, 2019): tl-total
body length, al-abdomen length, aw-abdomen width, de-distance between eyes, ed—eye diameter, la-length of the first antenna,
hw-head width, cl-cephalothorax length, fl-length of furcal branch, sf~number of setae on furca, sl-length of setae on furca; ml-
length of the second antenna, mw-width of the second antenna.
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of ready-made PCR mixture (Biolabmix, Novosibirsk),
21 pL of ,;H,0, 1 uL of 10 uM of the corresponding
primers, 2 uL of DNA.

Amplification was carried out in a MyCycler ther-
mocycler (Bio-Rad, USA) using the following cycles: an
initial denaturation cycle at 94°C for 60 sec, followed
by 35 cycles at 94°C for 30 sec, primer annealing at
45°C for 90 sec, extension at 72°C for 60 sec, and final
extension at 72°C for 300 sec (Lobo et al., 2013).

Amplification products were separated on a 1.3%
agarose gel in a horizontal electrophoresis chamber in
TAE-buffer at 220 V using ethidium bromide, and their
visualization was performed under transmitted UV light
using the Gel Doc XR gel documentation system (Bio-
Rad, USA). To determine the length of amplified frag-
ments, we used DNA markers (Biolabmix, Novosibirsk).

MAXLIFE Magnet DNA magnetic particles (MBM-
Diagnostics, Russia) were used for purification of PCR-
products before sequencing with an ABI Prism 3130xl
automated sequencer in accordance with the manufac-
turer’s protocol. Final sequences were analyzed via the
MEGA 11 program (Tamura et al., 2021).

To visualize the similarity of the nucleotide
sequences of the mtDNA COI gene fragment in the
studied samples, we constructed a dendrogram with all
sequences of the species A. parthenogenetica and A. tibe-
tiana, which was published in the GenBank database,
NCBI (National Center for Biotechnology Information).
Duplicate haplogroups were removed from the dendro-
gram. Sequences of closely related species, A. urmiana,
served as an outgroup. Sequences were aligned by the
MUSCLE algorithm (Edgar, 2004) implemented in the
MEGA X program (Kumar et al., 2018). For selecting
the nucleotide substitution model and constructing the
dendrogram, the IQ-TREE web server with a bootstrap

parameter value of 10,000 was employed. The dendro-
gram construction strategy was Maximum Likelihood
(ML).

For statistical processing of the obtained data,
we applied MS Excel 2013 and PAST 4 (Hammer et
al., 2001) software packages, including such methods
as Kruskal-Wallis test (H), Spearman’s rank correlation
coefficient (r), cluster analysis, and linear approxima-
tion with the coefficient of determination (R?).

3. Results

3.1. Variability of morphometric traits
in females of A. parthenogenetica and
A. tibetiana in different lakes

In terms of water salinity, all studied lakes are
hypersaline water bodies. This indicator ranges from
45.9 (Maloye Shklo) to 210.9 g/L (Kuchukskoye). In
terms of predominant anions, they are classified ashydro-
carbonate (Tanatar III), sulfate (Mormishanskoye), and
chloride (Bolshoye Shklo, Bolshoye Yarovoye, Krivaya
Puchina, Kulundinskoye, Kuchukskoye, Malinovoye,
Maloye Shklo, Maloye Yarovoye, and Shukyrtuz)
(Nikonorov, 1989).

Waters in the study lakes of sulfate and chloride
types are neutral in terms of the hydrogen potential,
i.e. slightly alkaline (pH="7.5-8.8), and waters of the
bicarbonate type-alkaline (pH=9.8).

Water temperature in July fluctuated from 19.1
(Tanatar III) up to 27.0°C (Maloye Yarovoye); in August—
from 16.6 (Tanatar III) to 26.8°C (Kuchukskoye); and
in September—from 11.7 (Kuchukskoye) to 18.3°C
(Krivaya Puchina).

In 2025, DNA barcoding (Table 2) allowed
us to identify two species of Artemia in the stud-

Table 2. Results of DNA barcoding of Artemia spp. from lakes in the south of Western Siberia.

Lake GenBank No. NCBI % compliance % sequence overlap
A. parthenogenetica

Bolshoye Shklo MT791796.1 96.83-100 99
Bolshoye Yarovoye PV017298.1 99.70 94
MT791796.1 100 91
MT791710.1 99.85-100 100
Krivaya Puchina PV017298.1 99.70 100
MT791796.1 100 99
Kulundinskoye MT791796.1 100 99
MT791710.1 99.70 100
Kuchukskoye MT791796.1 99.85 99
Malinovoye MT791796.1 99.85-100 99
MT791710.1 99.85 100
Maloye Yarovoye MT791796.1 99.85 99
MT791710.1 99.70 100

Mormyshanskoye MT791796.1 99.55-100 91-99
Shukyrtuz MT791796.1 99.85-100 99

A. tibetiana

Maloye Shklo MT 791825.1 98.94-99.25 99-100

Thanatar III MT 791825.1 99.40-99.70 99
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ied hypersaline lakes in the south of Western Siberia
(Fig. 3): A. parthenogenetica (Bolshoye Shklo, Bolshoye
Yarovoye, Krivaya Puchina, Kuchukskoye, Malinovoye,
Maloye Yarovoye, Mormyshanskoye, and Shukyrtuz)
and A. tibetiana (Maloye Shklo, and Tanatar III). A. tibe-
tiana was previously determined as Artemia sp. (Vesnina
et al., 2025).

The dendrogram of samples’ similarity was con-
structed through the UPGMA method: unweighted pair
group method using arithmetic averages with a boot-
strap parameter value of 10,000 (Fig. 3). The dendro-
gram presents a combination of the studied samples
from lakes Bolshoye Shklo, Bolshoye Yarovoye, Krivaya
Puchina, Kulundinskoye, Kuchukskoye, Malinovoye,
Maloye Yarovoye, Mormyshanskoye, and Shukyrtuz
with A. parthenogenetica samples. Specimens from lakes

Maloye Shklo and Tanatar III are combined in a sepa-
rate clade with A. tibetiana.

Previous research suggests that A. tibetiana is a
polyphyletic group (Maccari et al., 2013; Eimanifar et
al., 2014; Asem et al., 2020). The studied populations
from lakes in the south of Western Siberia belong to the
western lineage (Pang et al., 2024). Sequences of the
bisexual species, A. sorgeloosi, form a clearly differenti-
ated clade, thereby confirming its species status (Asem
et al., 2023). Chinese A. sinica and American A. francis-
cana occupy a terminal position, also forming separate
clusters.

According to our data, A. parthenogenetica was
found in seven chloride lakes and in one sulfate lake,
while A. tibetiana was detected in one chloride lake and
one hydrocarbonate lake.
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Fig.3. Dendrogram of the studied Artemia spp. populations and genetically similar samples from NCBI based on the COI gene
fragment. Populations from lakes in the south of Western Siberia studied in 2025 are highlighted in red.

107



Bezmaternykh D.M. et al. / Limnology and Freshwater Biology 2026 (2): 103-129

In 2025, the most variable indicators of furcal
characters in A. parthenogenetica were identified in
Lake Kuchukskoye: furca length (f1)-40.94%, number
of setae on furcae (sf)-31.15%, and length of setae on
furcae (s)-34.24%.

The A. parthenogenetica crustaceans from Lake
Bolshoye Yarovoye have the highest average values
of morphometric parameters (7 out of 14 traits): total
body length (tl), cephalothorax length (cl), abdomen
width (aw), distance between eyes (de), eye diameter
(ed), length of the first antenna (la), and head width
(hw) (Table 3, Fig. 4). The lowest average values of
morphometric parameters (12 out of 14) were recorded
in lakes Bolshoye Shklo, Kuchukskoye, and Shukyrtuz:
total body length (tl), abdomen length (al), cephalotho-
rax length (cl), ratio of cephalothorax length to abdo-
men length (cl/al), ratio of abdomen length to body
length (al/tl), distance between eyes (de), length of the
first antenna (la), head width (hw), furcae length (fl),
number of setae on furcae (sf), length of setae on fur-
cae (sl), and ratio of furcae length to abdomen length
(fi/aD).

Crustaceans of Tanatar III demonstrate the high-
est average values of morphometric features in A. tibe-
tiana (12 out of 14 signs); the smallest—in crustaceans
of Lake Maloye Shklo: total body length (t]), cephalo-

thorax length (cl), abdomen length (al), abdomen width
(aw), distance between eyes (de), eye diameter (ed),
length of first antenna (la), head width (hw), furcae
length (fl), number of setae on furcae (sf), length of
setae on furcae (sl), and ratio of furcae length to abdo-
men length (fl/al).

3.2. Variability of morphometric features
in males of A. tibetiana in different lakes

The results of a comparison of plastic and mer-
istic characters of A. tibetiana mature males reveal
that the specimens from Lake Tanatar III are taller
than those from Lake Maloye Shklo in body length
(t: H=95.14, p<0.01), cephalothorax (cl: H=89.28,
p<0.01), length (al: H=56.28, p<0.01) and width
(aw: H=73.21, p<0.01) of abdomen, length of the sec-
ond antenna (ml: H=103.50, p<0.01), maximum (mw
(max): H=91.26, p<0.01) and minimum length of the
second antenna (mw (min): H=388.09, p<0.01), dis-
tance between eyes (de: H=95.85, p<0.01), eye diam-
eter (ed: H=92.91, p<0.01), length of the first antenna
(la: H=92.02, p<0.01), head width (hw: H=103.50,
p<0.01), length of furcae (i H=92.70, p<0.01),
length of setae on furcae (sl: H=52.77, p<0.01), num-
ber of setae on furcae (sf: H=66.08, p<0.01), and ratio

Table 3. Morphometric features of females of A. parthenogenetica and A. tibetiana in hypersaline lakes in the south of Western

Siberia.
Character A. parthenogenetica A. tibetiana
(Fig. 2) Max, M +SE Min, M +SE Max, M +SE Min, M +SE
tl, mm 11.51+0.17 8.27+0.10 10.01 £0.17 8.24+0.08
(Maloye Yarovoye) (Bolshoye Shklo) (Tanatar III) (Maloye Shklo)
al, mm 7.11+0.09 4.13+0.07 5.38+0.14 4.35+0.06
(Shukyrtuz) (Bolshoye Shklo) (Tanatar III) (Maloye Shklo)
cl, mm 4.95+0.08 3.84+0.04 4.38+0.06 3.68+0.04
(Bolshoye Yarovoye) (Mormishanskoye) (Tanatar III) (Maloye Shklo)
aw, mm 0.56 +0.01 0.37 +£0.00 0.47 £0.01 0.40x0.01
(Bolshoye Yarovoye) (Mormishanskoye) (Tanatar III) (Maloye Shklo)
cl/al 0.95+0.01 0.56+0.01 0.86+0.01 0.84+0.02
(Bolshoye Shklo) (Shukyrtuz) (Maloye Shklo) (Tanatar III)
al/tl 0.695+0.021 0.498 +£0.003 0.53+0.01 0.53+0.00
(Kuchukskoye) (Bolshoye Shklo) (Tanatar III) (Maloye Shklo)
de, mm 1.64+0.03 1.16+0.01 1.50+0.02 1.15+0.02
(Bolshoye Yarovoye) (Shukyrtuz) (Tanatar III) (Maloye Shklo)
ed, mm 0.30+0.01 0.23+0.00 0.29+0.00 0.22+0.00
(Bolshoye Yarovoye) (Mormishanskoye) (Tanatar III) (Maloye Shklo)
la, mm 1.05+0.03 0.71x0.01 1.05+£0.02 0.75%+0.02
(Bolshoye Yarovoye) (Shukyrtuz) (Tanatar III) (Maloye Shklo)
hw, mm 0.78+0.01 0.62+0.01 0.88+0.01 0.69+0.01
(Bolshoye Yarovoye) (Shukyrtuz) (Tanatar III) (Maloye Shklo)
[, mm 0.28 £0.01 0.05+=0.00 0.32+0.01 0.22+0.01
(Krivaya Puchina) (Kuchukskoye) (Thanatar III) (Maloye Shklo)
sf, pcs. 9.98 +0.43 0.48+0.06 10.26 +0.35 6.53+0.26
(Krivaya Puchina) (Kuchukskoye) (Tanatar III) (Maloye Shklo)
sl, mm 0.67 +£0.02 0.23+0.01 0.69+0.02 0.58+0.02
(Bolshoye Shklo) (Kuchukskoye) (Tanatar III) (Maloye Shklo)
flzal 0.070=0.002 0.008 =0.001 0.061 =0.002 0.052+0.001
(Bolshoye Shklo) (Kuchukskoye) (Tanatar III) (Maloye Shklo)
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Fig.4. Morphometric features of mature females of A. parthenogenetica (pink) and A. tibetiana (blue) in the study lakes
(2025): 1-Bolshoye Shklo, 2-Bolshoye Yarovoye, 3—-Krivaya Puchina, 4-Kuchukskoye, 5-Malinovoye, 6-Maloye Shklo, 7-Maloye
Yarovoye, 8-Mormyshanskoye, 9-Tanatar III, and 10-Shukyrtuz; Mean-average value; and SE-standard error.

of furca length to abdomen length (fi/al: H=128.50,
p<0.01). Based on 13 plastic and 2 meristic characters,
males of A. tibetiana from Lake Thanatar III have larger
body proportions compared to those from Lake Maloye
Shklo (Fig. 5).

The meristic character of A. tibetiana males from
Lake Maloye Shklo is higher than that for males from
Lake Tanatar III by the ratio of abdomen length to body
length (al/tl: H=4.31, p<0.05). The ratio of cepha-
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lothorax length to abdomen length (cl/al: H=0.93,
p>0.05) in males of A. tibetiana does not differ. Thus,
based on one meristic character, males of A. tibetiana
from Lake Maloye Shklo have a larger body size com-
pared to those from Lake Tanatar III. Equivalence of
meristic characters (ratio of cephalothorax length to
abdomen length (cl/al)) morphologically unites males
of bisexual species.
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Fig.5. Morphometric features of A. tibetiana mature males in the study lakes (2025): 1-Maloye Shklo; 2-Tanatar III; Mean—
average value; and SE-standard error.
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3.3. Comparative analysis of
morphological features of females
and males of A. parthenogenetica and
A. tibetiana

Comparative analysis of the variability of mor-
phometric features in different species of mature females
of A. parthenogenetica and A. tibetiana spp. enables us to
identify the features of individual body parts (Fig. 6).
Plastic and meristic characters of A. parthenogenetica

females are higher than of A. tibetiana ones in terms
of body length (tl: H=69.28, p<0.01), cephalothorax
(c H=21.22, p<0.01), length (al: H=86.79, p<0.01)
and width (aw: H=14.78, p<0.01) of abdomen, dis-
tance between eyes (de: H=13.28, p<0.01), eye diam-
eter (ed: H=11.35, p<0.05), and ratio of abdomen
length to body length (al/tl: H=79.75, p<0.01). Based
on six plastic and one meristic characters, females of
A. parthenogenetica have a larger body proportions than
females of A. tibetiana.
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Fig.6. Morphometric features of mature females and males of A. parhenogenetica and A. tibetiana in the study lakes (2025):
1-females of A. parthenogenetica; 2-females of A. tibetiana; 3—-males of A. tibetiana; Mean—-average value; and SE-standard error.
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However, plastic and meristic characters of
A. tibetiana females are higher than for A. parthenogenet-
ica females by furcae length (fl: H=113.80, p<0.01),
length of setae on furcae (sl: H=43.12, p<0.01), num-
ber of setae on furcae (sf: H=154.90, p<0.01), ratio
of cephalothorax to abdomen length (cl/al: H=58.20,
p<0.01), and ratio of furcae to abdomen length (fi/
al: H=158.80, p<0.01). In females, length of the first
antenna (laz: H=0.05, p>0.05) and head width (hw:
H=0.01, p>0.05) do not differ significantly. Thus,
based on two plastic and three meristic signs, females
of A. tibetiana have a larger body size than females of
A. parthenogenetica. Equivalence of plastic characters
(length of the first antenna (la) and head width (hw))
morphologically unites parthenogenetic and bisexual
species.

Comparison of plastic and meristic indices of
mature females and males of A. tibetiana indicates that
females of A. tibetiana have a larger body length than
males of A. tibetiana (tl: H=52.31, p<0.01), cephalo-
thorax (c H=31.31, p<0.01), length (al: H=69.36,
p<0.01) and width (aw: H=55.97, p<0.01) of abdo-
men, length of the first antenna (la: H=4.51, p<0.05),
head width (hw: H=6.95, p<0.01), and ratio of abdo-
men length to body length (al/tl: H=39.44, p<0.01).
According to six plastic characters and one meristic
character, females of A. tibetiana are distinguished by
larger body proportions than males of A. tibetiana.

At the same time, plastic and meristic charac-
ters of A. tibetiana males are greater than in A. tibe-
tiana females in terms of distance between eyes (de:
H=10.31, p<0.01), eye diameter (ed: H=93.32,
p<0.01), number of setae on furcae (sf: H=19.66,
p<0.01), ratio of cephalothorax length to abdomen
length (cl/al: H=36.47, p<0.01), and furca length
to abdomen length (fi/al: H=35.44, p<0.01). Furcae
length (flt H=0.74, p>0.05) and length of setae on
furcae (sl H=1.21, p>0.05) of A. tibetiana males and
females do not differ. Based on two plastic and three
meristic characters, A. tibetiana males have a larger

body size than A. tibetiana females. Equivalence of plas-
tic characters (furca length (fl) and furca setae length
(sD) morphologically unites females and males of bisex-
ual species.

In our opinion, water salinity, varying from 45.9
(Lake Maloye Shklo) to 210.9 g/1 (Lake Kuchukskoye),
mainly affects the studied plastic and meristic charac-
ters of A. parthenogenetica and A. tibetiana. Changes in
water salinity affect body proportions.

4. Discussion

Obviously, studies of Artemia morphometric
traits must take into account such factors as brine salin-
ity and temperature. Based on the relationship between
plastic/meristic characters and the mentioned factors,
there are some general conclusions for populations of
the A. parthenogenetica crustaceans (at a significance
level of p<0.05) (Table 4):
when salinity increases, setae on the furca (sf)
reduce along with their length (sl) and the length
of the furca itself (f1);

abdomen length (al) and ratio of abdomen length
to body length (al/tl) proportionally increase with
salinity;

ratio of cephalothorax length to abdomen length
(cl/al), furca length to abdomen length (fi/al),
abdomen width (aw), length of the first antenna
(la), and head width (hw) negatively correlate with
salinity.

With the rise in brine temperature, cephalotho-
rax length (cl) and distance between eyes (de) in the
A. parthenogenetica populations reduce.

Owing to a small sample size because of the
detection of A. tibetiana populations only in two lakes,
we applied other methods for statistical analysis. Based
on the Kruskal-Wallis criterion (H), the compared data
on the average brine salinity in Lake Maloye Shklo

Table 4. Correlation analysis of plastic and meristic characters of A. parthenogenetica based on abiotic factors

Character r | R? | Dependency equation
Brine salinity, g/L

Abdomen length (al) 0.41 0.24 y=0.0094x + 4.3428

Abdomen width (aw) -0.67 0.35 y=-0.0008x + 0.5901

Length of the first antenna (la) -0.43 0.11 y=-0.0007x + 0.9885

Head width (hw) -0.53 0.22 y=-0.001x + 0.9262

Length of furrows (f1) -0.82 0.59 y=-0.0011x + 0.3492

Length of setae on furcae (sI) -0.59 0.30 y=-0.0018x + 0.7715

Number of setae on furcae (sf) -0.75 0.44 y=-0.0401x + 10.31

Ratio of cephalothorax length to abdomen length (cl/al) -0.70 0.46 y=-0.0013x + 0.9627

Ratio of abdomen length to body length (al/tl) 0.86 0.63 y=0.001x + 0.431
Ratio of furcae length to abdomen length (fi/al) -0.87 0.63 y=-0.0003x + 0.077
Brine temperature, °C

Cephalothorax length (cI) -0.42 0.18 y=-0.0435x + 5.1284

Distance between eyes (de) -0.39 0.15 y=-0.0156x + 1.7005

Note: r is the Spearman correlation coefficient, and R?is the approximation coefficient.

112



Bezmaternykh D.M. et al. / Limnology and Freshwater Biology 2026 (2): 103-129

(45.9 = 13.8 g/1) and Lake Tanatar III (161.6 = 48.5
g/1) demonstrate a reliable difference (p<0.05). Brine
temperatures in the study lakes (Lake Maloye Shklo:
21.4 + 1.4°C; Lake Tanatar III: 16.0 + 1.2°C) also dif-
fer significantly (p <0.05).
Thus, with an increase in brine salinity by 115.7
g/L and a decrease in its temperature by 5.4°C, the
morphometric characteristics of females and males of
A. tibetiana change:
+ body parameters of females and males increase:
body length (t), abdomen length (al), abdomen
width (aw), and cephalothorax length (c);

» size characteristics of the head in females and
males increase: distance between eyes (de), eye
diameter (ed), length of the first antenna (la), and
head width (hw);

« furca parameters in females and males increase:
furca length (fl), number of setae on furcae (sf),
and length of setae on furcae (sl);

+ ratio of abdomen length to body length (al/tl) in
males decreases;

- size of the second antenna in males increases:
length of the second antenna (ml), maximum and
minimum width of the second antenna (mw (max)
and mw (min)).

Cluster analysis of 12 plastic and 4 meristic char-
acters of A. parthenogenetica females, based on the aver-
age seasonal values, demonstrates that populations are
split into three groups with different brine salinity and
furcal indicators (Fig. 7).

A separate group is formed by the Artemia popu-
lation from lakes Bolshoye Shklo and Krivaya Puchina,
crustaceans of which are characterized by the highest
furcal indices in contrast to other water bodies (furcae
length (fl), number of setae on furcae (sf), and length
of setae on furcae (sl)) (see Fig. 4). The average salinity
of brine in the first group of lakes is 109.9 = 7.1 g/L.
The second group combines the Artemia populations
from lakes Kuchukskoye and Mormyshanskoye. The
length of setae on the furcae (sl) of crustaceans of this
group is the shortest in comparison with other lakes.
The average salinity of this group reaches 219.1 = 8.0
g/L. The third group involves the populations of lakes
Bolshoye Yarovoye, Maloye Yarovoye, Malinovoye,
and Shukyrtuz, crustaceans of which are characterized
by similar setae lengths on furcae (sl) and differ sig-
nificantly from those in other lake groups. The average
salinity of brine in this group is 170.2+2.8 g/L.

As shown above, we have studied the hypersaline
lakes (in the south of Western Siberia) characterized
by various abiotic factors affecting the vital activity
of aquatic organisms. Fluctuations in temperature and
salinity of lake brine influence the dynamics of quanti-
tative indicators and differences in morphometric traits
of Artemia, as shown in previous studies (Vesnina et
al., 2023; Vesnina and Bezmaternykh, 2023; Litvinenko
et al., 2024). Excessively high or low salinity of brine
is manifested as inhibition of growth, development,
and reproduction of Artemia (Vesnina et al., 2011).
When brine salinity alters, not only morphology but
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Fig.7. Dendrogram of similarity of morphometric param-
eters in A. parthenogenetica females of the studied populations
from hypersaline lakes in the south of Western Siberia (single
linkage method): 1-Bolshoye Shklo; 2-Bolshoye Yarovoye; 3—
Krivaya Puchina; 4-Kuchukskoye; 5-Malinovoye; 7-Maloye
Yarovoye; 8—-Mormyshanskoye; and 10-Shukyrtuz.

also reproductive characteristics and sex ratio change
(Vesnina et al., 2012; Syomik et al., 2024).

Artemia is distinguished by high ecological plas-
ticity: the species can change its size and shape depend-
ing on external factors, among which a salt concentra-
tion in water is essential (Nobile et al., 2020; Forneck et
al., 2021; Van Stappen et al., 2020; Thirunavukkarasu
et al., 2024). At the same time, the morphometric char-
acters of Artemia are studied worldwide for differen-
tiation and identification of species (Naganawa and
Mura, 2017; Asem et al., 2020; Sainz-Escudero et al.,
2021). Furthermore, the morphometric differences
between individuals or populations of the same species
may be due to genotypic variation (Thirunavukkarasu
et al., 2021). Our data fully confirm these findings. We
have revealed distinct changes in morphometric fea-
tures of both studied Artemia species across a gradient
of key environmental factors, as well as interspecific
and interpopulation differences that significantly com-
plicate taxonomic diagnosis based on morphological
features.

Similar patterns were stated in previous studies.
They demonstrated the differences in morphological
features in some populations found in different geo-
graphic areas, particularly in the coastal areas of India,
China, Europe, and Africa (Thirunavukkarasu et al.,
2022; Thirunavukkarasu et al., 2021; Ruebhart et al.,
2008). Scientists from India and Taiwan discovered six
morphotypes of Artemia based on their morphometric
characters (Maniatsi et al., 2009). Similar to our case,
differences in morphometric parameters were revealed
between females and males of Artemia from North
America and the Caribbean coast of Colombia (Van
Stappen et al., 2024). Obviously, our investigations
and previous studies of morphological and size-weight
characteristics of Artemia in different-type lakes in the
south of Western Siberia are not sufficient for reliable
differentiation of Artemia populations of various spe-
cies (Litvinenko et al., 2024; Vesnina et al., 2025).
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The analysis of plastic and meristic characters of
mature Artemia specimens from different-type hyper-
saline lakes in Altai Krai confirms that furcal indices
are the most variable characteristics in Artemia females
(Vesnina et al., 2025).

5. Conclusions

We studied modern morphological features of
parthenogenetic and bisexual populations of Artemia in
10 different hyperhaline lakes in the south of Western
Siberia. DNA barcoding allowed us to identify two
species of Artemia in the studied hyperhaline lakes of
Altai Krai: A. parthenogenetica and A. tibetiana. A. par-
thenogenetica was found in chloride (Bolshoye Shklo,
Bolshoye Yarovoye, Krivaya Puchina, Kuchukskoye,
Malinovoye, Maloye Yarovoye, and Shukyrtuz) and
sulfate (Mormishanskoye) lakes, while A. tibetiana—in
the chloride (Maloye Shklo) and hydrocarbonate lakes
(Tanatar III).

The comparative analysis of morphological fea-
tures demonstrated that females of A. parthenogenetica
and A. tibetiana have significant differences in the aver-
age values (14 out of 16 traits studied): body length,
abdomen length, ratio of abdomen length to body
length, abdomen width, distance between eyes, eye
diameter, cephalothorax length, ratio of cephalothorax
length to abdomen length, furcal branch length, num-
ber of setae on furca, length of setae on furca, and ratio
of furca length to abdomen length.

The analysis of 12 plastic and 4 meristic charac-
ters in A. parthenogenetica females revealed the split-
ting of its populations into three groups, which differ
in the furca structure: length, number of setae, and
setae length. The Spearman correlation index demon-
strated strong statistical relationships between the mor-
phological traits of A. parthenogenetica and A. tibetiana
and main environmental factors, i.e. brine salinity and
temperature.
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OpuruHanbHan craTbf

Mopdonornueckue u reue'ru_qecl(ue [ IMNOLOGY
ocobenHocTH paukoB Artemia FRESHTWATER
parthenogenetica u A. tibetiana BIOLOGY
(Crustacea, Anostraca) B pa3sHOTMNHBIX - —
runepranMHHbIX o3epax ora 3anapHoM

Cubupm

beamatepnsix JI.M.*", Becauna JI.B.", Jlacceiii M.B.”, Becuun 10.A.", Pa6osa K.K.

HHcmumym 800HbIX u 5KoJt0cudeckux npobstem Cubupckozo omoesieHuA Poccutickoii akademuu Hayk, ysi. MoodexcHas, 1,
BapHuaysn, 656038, Poccusa

AHHOTAIIHAA. M3yuyeHsl coBpeMeHHble MOP()OJI0ruyecKre XapakTepUuCTUKN MapTeHOreHEeTUYeCKNX U
ABYTOJIBIX MOMyANUN apreMuu B 10 pa3HOTUIIHBIX TMIIEpPraJMHHBIX O3epax fora 3amafgHoil Cubupu
(Anratickuii kpaii). JJHK-6apkoAUHT 3TUX MOIYJIALUN O3BOJIMJI BEIABUTH ABA BUJA apTeMuu: Artemia
parthenogenetica Barigozzi, 1974 u A. tibetiana (Abatzopoulos et al., 1998). HccyienoBaHus MPOBOUIN
exXeMeCcsYHO, C UioJiA 1o ceHTsAOps 2025 r. C moMoIpl0 MeTo/ja IJIaBHBIX KOMIIOHEHT IMOKa3aHbI pas-
JINYWA THAPOXMMUYECKOr0 cocTaBa pambl 03ep, B KOTOPHIX 0OMTAIOT MapTeHoreHeTUdeckue U ABYIO-
Jible MoNyJIAnuY apreMun. CpaBHUTEIbHBIN aHaIN3 MOPHOJIOTMYeCKUX IPU3HAKOB [T0KA3aJl, YTO CAMKU
A. parthenogenetica u A. tibetiana UMeIOT 3HaYUMBbIE OTJINYMSA CPEAHUX BEJIUYMH — 14 13 16 mMpHU3HAKOB.
KrnacrepHbii aHam3 12 miacTUYeCKuX U 4 MEPHUCTUYECKUX TPU3HAKOB caMOK A. parthenogenetica moka-
3aJI, YTO e€ MONyJIANMY pas3AesAlTCA Ha 3 IPYMNIbl, KOTOPhE pa3jnyalTcs 0COOEHHOCTAMU CTPOEHUA
dypxu: mymmHOH (fl), KOJTUYECTBOM IETUHOK (Sf), AJTMHOM MEeTHHOK (sl). MHaekc koppesisanuy CiupMeHa
BBISIBIJI 3HAUMMEBIE CTAaTHCTHUYECKHe 3aBUCUMOCTH MOpGdOoJIornieckux nNpu3HakoB A. parthenogenetica u
A. tibetiana OT OCHOBHBIX 9KOJIOTYECKHX (PaKTOPOB — MUHEPAJIU3ALUK 1 TEMIIEPATYPHI PArIbl.

Kriouegeie citoga: Anraiickuii Kpai, cojieHble 03epa, XabpOoHorre payky, MONyJiANUY, MopdoMeTpruJyecKre
[IpU3HaKU, MUHepau3anus, skojorudeckue pakropsl, JHK-6apkogunr

Jlia nutupoBaHusa: beamartepHsix [I.M., Becauna JI.B., JIacceiii M.B., BecauH 10.A., Pa6osa K.K. Mopdosiornueckue u reHeTrude-
cKkre 0co0eHHOCTU paukoB Artemia parthenogenetica u A. tibetiana (Crustacea, Anostraca) B pa3HOTHITHBIX THIIEPTaJINHHBIX 03epax
tora 3anaaHor Cubupu // Limnology and Freshwater Biology. 2026. - Ne 2. - C. 103-129. DOIL: 10.31951/2658-3518-2026-A-2-103

1. Beepenne 6os1ee 3(PhHEKTUBHON OCMOPETYJIAIHEN; CIOCOOHOCTHIO

CUHTE3UPOBATh [IbIXaTeJIbHble MUTMEHTHI P HU3KOM
coJiepXKaHUK KHUCJIOPOAa B parie; COoCOGHOCTHIO IPO-

CTBEHHBIX, TaK U B UCKYCCTBEHHBIX COJIEHBIX BOAOEMAaX M3BOJNTH [MANAY3UPYIOMIHe LHCTH MPH HEraTHBHBIX
TPONNYECKNX, CyOTPONIMYECKNX 1 YMEPEHHBIX KJINMaTH- ycioBuAx cpeasl obutanus (Vanhaecke et al., 1987;
yeckux 30H (Persoone and Sorgeloos, 1980). ExeromHo Van Stappen et al., 2024)

. .

BBIABJIAIOTCS HOBBIE MeCTa OOUTAHUA 3TOTO pavka. [Ipu
3TOM HEKOTOPhIE paHee OMMCAHHbIE TIOMYJIAIUN PAYKOB
VICYE3JIM M3-3a 3HAYUTEJIBHOTO TOBBIIIEHUS WJIN TIOHU-
xeHusA MuUHepanusanuu pansl (Vanhaecke et al., 1987;
Triantaphyllidis et al., 1994; Van Stappen, 2002).
®u3noJIorhuYecKrie afanTanun kabpoHOr0B K BEICOKOH
coJleHOoCTH obecrnieunBaiOT 3GPEKTUBHYI0 5KOJIOrHYe-
CKYIO 3alUTY OT XUIIIHUKOB, MMOCKOJIBKY OHU O0JIaAaoT

[MomynAnuu apreMuu oOHapyXeHbl Kak B ecTe-

[ITupokoe pacnpocTpaHeHWe apTeMUHU B H30-
JINPOBAaHHBIX MECTOOOUTAHUAKX, XaPaKTePU3YIOUIUXCSA
PAa3JIMYHBIMY SKOJIOTUYECKUMHU YCJIOBUSMU, IPUBEJIO
K CYIIeCTBOBAaHUIO MHOTOYHUCJIEHHBIX reorpaduyecKu
pa3fesieHHBIX U TeHEeTUYeCKU Pa3JINYalomINXCs IOIy-
st omHoro Buja (Triantaphyllidis et al., 1994). B
YaCTHOCTH, Ha/INYMe MapTeHOTeHEeTUYECKUX IOMmyJii-
UM apTeMUU C OU-, TPU-, TeTpa- U MEHTAIJIONNEN

*ABTOp [U1A nepenucky. Anpec e-mail: bezmater@iwep.ru (.M. Be3amaTepHBbIX)
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MPUBEJIO K OOJIBIIOMY T€HOTUITHYECKOMY U (HEHOTUIIH-
YeckoMy pasHooOpasuio. HekoTopsle U3 3TUX XapakTe-
pucTuk (nuiieBas I[eHHOCTh LIUCT U HAYILINI) noABep-
J)K€HBl MEXCE30HHOM M MeXIOJOBOM H3MEHYHBOCTH.
Jpyrue npusHakud (AuaMeTp IMCT, CKOPOCTh POCTa,
YCTOMYHUBOCTH K BBICOKOI TeMIepaTtype) OTHOCUTEJIbHO
MMOCTOSTHHBI U SIBJIAIOTCA TPOSBJIEHUEM J[OJITOBPEMEH-
HOI aJjanTanyy K O0COOBIM YCJIOBUSAM OOUTAHUA apTe-
muu (Triantaphyllidis et al., 1994; Van Stappen, 2002).

B Hacrosmee Bpemsa pojn Artemia Leach, 1819
BKJTIOYAET CJIEAYIOIME BUBI, PaCIpOCTPAHEHHHBIE B
EBpasuu (Pilla and Beardmore, 1994; Beardmore et al.,
1994; Browne and Bowen, 1991; Sainz-Escudero et al.,
2021): A. salina (Linnaeus, 1758): JINMUHITOH, AHIJIASA
(upiHe BBIMepminii), CpenuzeMHOMOpPbe (B MPOILIOM
HasbBaJsiach A. tunisiana (Bowen and Sterling, 1978);
A. urmiana (Gunther, 1990): Hpan (o3epo Ypmus),
Kpeim; A. sinica (Cai, 1989): 1ieHTpaJibHBII U BOCTOY-
Hblil Kuraii; A. tibetiana (Abatzopoulos et al., 1998):
o3epo Jlarkop Ko, TubGet, Kuraii; A. sorgeloosi (Asem et
al., 2023): o3epo Xaiisan, Tuber, Kuraii; Artemia amati
(Asem et al., 2023): KazaxcTaH. MHOTOYMCJIEHHbIE MTAp-
TeHOreHeTHYecKre TMOMyJIAUA apTeEMUM, BCTpevalo-
muecsa B EBporne, Appuke, A3un 1 ABcTpasny, 0OBIYHO
o0beIUHAITCA O Ha3BaHUeM Bua A. parthenogenetica
(Barigozzi, 1974; Bowen and Sterling, 1978).

Llenpio paboTH OBUIO M3yYeHHE COBPEMEHHBIX
MOP(OJIOTUYECKUX ¥ TEHETUYECKUX XapAKTEPHUCTUK

[IapTeHOreHeTUYeCKUX U JIBYIOJIBIX MOMyJIALUKI B pas-
HOTUIHBIX TUMEprajJuHHBIX o3epax lora 3amnagHou
Cubupu.

2. MaTtepuanbl U MEeTOADI

Ob6bekTOM wucciiefoBaHua mnociayxuin 1021
9K3eMIULAp kabpoHororo pauka Artemia ¢ 10 pa3Ho-
TUMHBIX FUIIeprajvHHBIX 03ep lora 3anagHoi Cubupu
(Puc. 1). OT6op npobd Ha MoppoMeTpHUUYECKUIl aHAIN3
pauka apTeMuu IIPOBOJWIN €XeMeCAYHO B IepuoA C
110J151 o ceHTAOpDb 2025 1. o O0IIEeNnpPUHATHIM MEeTOIU-
KaMm U pekoMeHanuaM (PykoBocTBo..., 1992). [Ipo6st
0TOUpasy BpyYHyIO C IOMOIIbI0 THAPOONOI0rNYeCcKOro
cauka. Marepuan ¢ukcupoBanu 4%-HeIM ¢GopManu-
HoM. [TpoGs1 obpabaTeiBasiu B yaiike [leTpu non 6mHO-
KyJsipoM MBC-10, o60opyi0BaHHEIM OKYJIIp-MUKpOMe-
TpoM. Bcero 6vu10 mpomMepeHo 720 camMOK B3pOCJIOTO
pauka, B ToM uncye 561 sk3emmuisap A. parthenogenetica
u 159 sk3emmuiApoB A. tibetiana, a taxxke 301 camers
A. tibetiana. TTpu oT6ope npob B 03epax ¢ mapTeHOTreHe-
TUYECKUMH MOMYJIANMAMY apTeMUM caMIlbl PerucTpu-
poBaJjiach € AMHUYHO, YTO HEJOCTATOYHO AJIA CTaTUCTH-
94ecKOro aHajusa.

Temneparypa panbel u3Mepsjach C IIOMOIIBIO
TUJPOJIOTUYECKOr0 TepMOMeTpa B IOBEPXHOCTHOM
cisioe (Ha riiy6uHe He MeHee (0,2 M); MUHepaIU3aUUA
pamsbl — ¢ IOMOIIBI0 OIITUYECKOro Ipubopa — NopTaTuB-
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Horo pedppaktoMmerpa ATAGO (Kenco Instruments Co.,
USA) B noBepxXHOCTHOM cJioe (Ha rjiyOMHe He MeHee
0,2 m). ITpoGul BoAB! AJIA THAPOXUMUYECKOTr0 aHaIu3a
- aHuoHOB U kaTtuoHos (CO,*, HCO,, CI, SO,*, Ca**,
Mg2?*, Na*+K7'), orOupasu CcTaHAApPTHBIMHU METO-
namu (PykoBogctBo..., 2009; 2012) u3 npumnoBepx-
HOCTHOTO €J1051 BoAH (110 1,5 j1 B IJIaCTUKOBYIO Tapy).
KamepanpHasa o60paboTka THAPOXUMHUYECKUX MpoO
BeIoJTHeHa B JlabopaTopuu 6uoreoxumuu UBIII CO
PAH.

Ha ocHoBe aHanu3a KOCMOCHMMKOB, IOJIy4YeH-
HBIX ciyTHUKamMu «Pecypc-IT» No4 u «Pecype-IT» No5,
OLleHeHbl IUUTOI[aJX BOJHOM IIOBEPXHOCTU MCCIIeqy-
eMBbIX T'HMIeprajuHHBIX O03ep B IIepuoA C ampesd IO
OoKkTAOph 2025 r. Hcrnosib30BaHbBl CHUMKH, CAEJIaHHbIE
B Oe3o00s1auHyi0 norofy (ypoBeHb 00JIaUHOCTH MeHee
10%). AHanmu3 MPOBOAUJICA Yepe3 OTKPBITHII HCTOY-
Huk T'eomoptana Pockocmoca (URL: https://gptl.ru/).
H3mepeHue riyOMHBI HCCJIeAyeMbIX 03€p OCYyIeCTBJIA-
JIOCh € IMOMOIIBI0 FUApoJIorudeckoro Jjiota. Hekotopeie
pe3yJIbTaThl U3MepeHN U XUMHUYeCcKOro aHaIn3a Ipef-
crapjieHbl B Tabmure 1.

Jia MopdoMeTpuuecKoro aHaau3a y B3pOCJIBIX
CaMOK M CcaMIIOB payka apTeMUM H3Mepsd IJIacTH-
yeckue npusHaku (Puc. 2): tl — oburywo AIUHY Tena,
al — gyuHy abpoMeHa, aw — MUpUHY abaoMeHa, de —
paccrosHue MexAy riasamu, ed — auamerp riasa, la
— JUIMHY [1epBOH aHTEHHHI, hw — MUPUHY T'OJIOBEL, cl —
JUnHy nedasoTopakca, fl — qiumuHy @ypKasbHON BeTBU,
sl — nyuHy meTUHOK Ha QypKe; y camIioB: ml — JJIUHY
BTOpPOIl aHTEeHHBEl, MW — LIHUPHHY BTOPOM aHTEHHBHI, U
MepucTHYeCKHe NPU3HAKY: Sf — KOJIMYECTBO LETUHOK
Ha ¢Qypke, OTHOIIeHUe AJIMHEI ledajoTopakca K AJIMHe
abnomena (cl/al), oTHomleHue OJIUHBI abgoMeHa K
nnuHe tena (al/tl), oTHoeHue AIMHB GYPKU K JJIMHE
a6momena (fl/al) (Becuuna u BacusbeBa, 2019).

BupoBylo wugeHTHGUKALMIO payka apTeMuu
nposoawau ¢ nomoue JHK-6apkoauHra. MaTtepuan
s AHK-ugentudukanuu QukcupoBaiu 96%-HbeIM
STWJIOBHIM CIHUPTOM. AHanu3 npoBoAunu B Othdesie
6uorexHosioruii l0xHO-Cubupckoro 60TaHUYECKOTO
cafa AnTalickoro rocyapCTBEHHOIO YHHBepCHUTeTa.
J7iA Kaxaoro osepa CeKBeHHPOBAHUE BBINOJIHAIM B
JByX-4eThIpeX IIOBTOPHOCTAX, oOllee YHCJIO HCCIIe-
noBaHHBIX oOpasioB cocraBuio 30. ToransHyio JHK
U3 npoObl BBHOEJAIM C HCIOJIb30BaHMEM Habopa
Diamond DNA Plantkit (000 “Anraiibuorex”,
Poccus) no nporokosly (GuUpMBI-U3roToBUTENA. J[71d
BUAOBOM uAeHTUOUKAIUK 00pasloB aMILTUGULIN-
poBanu ¢parmeHT reHa COI MTAHK ¢ nomolgso
nosiiMepasHoil LenHoi peakuuu (IIIP) u wucnoss-
30BaHMeM map mnpaiiMepoB - npamoii LCO-1490
(GGTCAACAAATCATAAAGATATTGG) u obGpaTHBIHI
HCO-2198 (TAAACTTCAGGGTGACCAAAAAATCA)
(Folmer et al., 1994). IILIP npoBoauiu B 50 MKJI peak-
I[MOHHOM CcMecH C IpUMeHeHHeM KOMMep4YecKoro
Habopa A ammmmpukanuu buoMactep HS-TaqIILIP-
Color (2x) (Buosabmukc, Poccus) B cieqymoliem
cocTaBe Ha oiuH obpaszerl: 25 MkJ1 roToBoit PCR—-cMmecu
(OO0 “Buosabmukc”, HoBocubupck), 21 Mk ,H,0,
mo 1 Mk 10 MKM COOTBeTCTBYOIIUX MpaliMepoB, 2
mka JHK.

Avnnbukanuo OpoBOOWIN Ha amIuiMduka-
tope MyCycler (Bio-Rad, USA) mo cjefymolei mnpo-
rpaMMme: HauajibHas JeHatypauusa npu 94°C — 60 c; 35
I[UKJIOB C AeHaTypanueii npu 94°C — 30 ¢, oTXur npaii-
MepoB nipu 45°C — 90 ¢, anonranusa npu 72°C — 60 c;
dunanpHaA 3monranuA mpu 72°C — 300 ¢ (Lobo et al.,
2013).

[Ipoaykthl amnudukanuu pasaeisnu B 1.3%-
HOM arapo3HoM rejie B TOPH30HTaJIbHON 3JIeKTpO-
dopesnoii kamepe B TAE-Oydepe mpu 220V c npu-

Ta6smmna 1. OCHOBHbIE XapaKTepHCTHKY HCCJIeJOBAHHBIX TUIIePraJMHHBIX 03ep fora 3anagHoi Cubupu B 2025 T.

O3epo T'eorpadpuueckue ITnomaas MaxcumasibHas MuHepanuzanus
KOOPJUHATLI (min-max), km? riryouHa (lim), m (min-max), r/xa
Bosbmoe k10 52°37'53” N 3,4-3,6 1,8-2,0 65,7-91,3

79°04°02” E

Bonpmoe fAposoe 52°52’09” N 73,0-74,2 7,3-10,5 140,0-160,0
78°36’53” E

Kpusas [Tyuuna 52°26’33” N 6,2-7,4 0,4-0,5 101,2-150,0
79°21’31” E

Kydykckoe 52°42'06” N 174,6-175,7 2,4-2,9 210,9-250,0
79°46’40” E

MaynmmmHoBoe 51°42’10” N 9,3-11,1 1,5-1,7 160,0-188,2
79°44’49” E

Masnoe k0 52°34'20” N 2,1-2,5 1,1-1,3 45,9-140,0
79°02’47” E

Masoe Aposoe 53°02’39” N 36,4-37,1 4,0-4,9 150,0-180,0
79°07'37” E

MopMBIIIaHCKOe 52°30’39” N 5,9-7,9 0,9-1,2 150,0-220,0
81°16’25” E

Tanarap III 51°39'18” N 0,8-1,0 1,6-1,9 100,0-161,6
79°47’39” E

lykeipTy3 52°22’06” N 5,2-5,5 0,7-0,9 177,6-220,0
79°24'54” E
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Puc.2. Cxema mopdomeTpuieckux usMepenuil camok (A) u camros (B) pauka Artemia spp. (BecHuna u BacunbeBa, 2019):
tl - obmas gvHa Tena, al — nnHa abaoMeHa, aw — mUpuHa aboMeHa, de — pacCTOSHUE MeXy Ty1azaMu, ed — JUaMeTp rjiasa,
la — nyuHa MepBo aHTEHHBI, hw — HIMpPUHA T'OJIOBH, ¢l — JynHa edaioTopakca, fl — arHa GypKajbHOHM BETBY, Sf — KOJIUYECTBO
HIETUHOK Ha ypKe, sl — AyiMHA MEeTUHOK Ha Gypke; ml — [JIMHA BTOPOI aHTEHHBI, MW — IIUPUHA BTOPOU AaHTEHHHI.

MeHeHHeM OpomucTtoro aTuauA. Busyanusanuio
MIPOAYKTOB aMIIN(UKaAIY IPOBOAUIIN B IIPOXOJALIEM
VY®-u3nyyeHU € IOMOIIbI0 CHUCTEMBI IeJib-JOKyMeH-
tupoBaHusa Gel Doc XR (Bio-Rad, USA). [lyia ompe-
JejleHds [UIMHBL aMIUIMOUIMPOBAaHHBIX (parMeHTOB
ucnoss3zoaniu JJHK-mapkepsr (OOO «BuosabMukc»,
HoBocubupck).

Ouuctky I[IP-npogykTa mneped CeKBEHUPOBA-
HYeM IIPOBOAWIM C IIOMOIIbI0 MAarHUTHBIX YacCTHIL
MAXLIFE Magnet DNA (MBM-/lnarHoctuk, Poccus)
[0 IIPOTOKOJIy (UPMBI-U3rOTOBUTENA. [1A CeKBEeHU-
pOBaHMe MCIO0JIb30BAJIM aBTOMAaTHYeCKUl CeKBEeHaTOp
ABI Prism 3130x]. ITosydyeHHBIE TTOCJIEAOBATEIBHOCTU
a”HaIM3upoBaiu ¢ nomoup nporpamMmmel MEGA 11
(Tamura et al., 2021).

Ja  BU3yanu3alluM  CXOXeCTH HYKJIeOTUA-
HBIX TOcJiefjoBartesibHOCTell ¢parMeHTa reHa COI
MT/JHK n3yvaembix o0pasnoB Oblla IOCTpOeHa MAeH-
JporpamMMa, BKJIIOUAIOIas BCe II0CJIe[A0BaTeJIbHOCTU
BUAOB A. parthenogenetica u A. tibetiana, omyGJIMKOBaH-
Hble B 6asze gaHHbeIXx GenBank NCBI (National Center
for Biotechnology Information). IToBTOpsAMOUIMECA
rarIorpyninsl yaajsaau U3 JeHAporpaMMElL. B kauecTse
BHeIIIHel I'PYIIIBl UCIOJIb30BaJIM II0C/Ie0BaTeIbHOCTU
6JIM3KOPOJICTBEHHOr0 Bra A. urmiana. BelpaBHUBaHue
y4yacTKa IpoBOAWIU ¢ moMoibio aaropurma MUSCLE
(Edgar, 2004), peanu3oBanHoro B nmporpamMme MEGA X
(Kumar et al., 2018). [{ia moa6opa Momesid HYKJIEO-
TUAHBIX 3aMeH U IOCTPOeHUs JeHApOrpaMMEbl UCIIOJIb-
3oBasiu BeO-cepBep IQ-TREE co 3HaueHueMm napamMmerpa
oyrctpana 10000. CrpaTeruss moCcTpoeHUs OeHIpo-
rpammMbl — Maximum Likelihood (ML).

Cratuctuueckas oOpaboTka MNOJIyYEeHHBIX [daH-
HBIX IPOBOAMJIACH C IOMOIIBIO IAKETOB KOMIIbIOTEPHBIX
nporpamm MS Excel — 2013 u PAST - 4 (Hammer et al.,
2001). Hcnosp30BaHbl caeylomlie MeTObl: KpUTepuit
Kpackena-Yonnuca (H), ko3pduiieHT paHTOBOIl KOp-
pensanuu CrnupmeHa (r), KJacTepHbIM aHaIW3, JUHEN-
HasA annpokcuManua ¢ KodpoUIMeHTOM AeTepMUHa-
muu (R?).
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3. Pe3ynbTarthbl

3.1. UameHunBOCTL MOpdoMeTPUUEeCcKUX
npuU3HaKoB y camMmokK A. parthenogenetica n
A. tibetiana B pa3AnuHbIX 03epax

Bce usyueHHble o3epa II0 BeJIMUYUHE COJIEHOCTU
BOABl OTHOCWJIMCh K THUIleprajJuHHBIM. BesnumHa ux
cojieHOCTH KoJjiebamachk oT 45,9 (03. Masoe IIIkj0) go
210,9 /71 (03. Kyuykckoe). [To npeobJiafjaonMm aHu-
OHaM TUIleprajliHHble O3epa OTHOCWJINCH K 3 THUIIaM
(HukoHopos, 1989): ruapoxapboHarnsie (Tanarap
II), cynbdaTtHbie (MOpPMBIIAHCKOE) U XJIOPUIHBIE
(Bompmmoe IMkio, Bomemmoe flpoBoe, Kpusas Ilyuuna,
Kynynaunckoe, Kyuykckoe, ManuHoBoe, Manoe ko,
Masoe fIpoBoe, LIykeIpTy3).

Bopa uccieayemsix o3ep cyabhaTHOTO U XJIOpUI-
HOI'O THUIIOB IO BeJIMYMHE BOAOPOLHOrO IMOTeHUuasa
ObUIa HeUTpabHOU — ciabomenouHou (pH=7,5-8,8),
a rugpokapboHaTHOro Tumna — mejioyHou (pH=29,8).

TemnepaTrypa BOAB B HI0JIe H3MeHsIach OT
19,1 (03. Tanarap III) go 27,0°C (03. Masnoe fIpoBoe);
B aBrycre — ot 16,6 (03. Tanarap III) go 26,8°C (03.
Kyuykckoe); B cenTsa6pe — ot 11,7 (03. Kyuykckoe) no
18,3°C (03. Kpusas Ilyuuna).

B 2025 r. ucnosnb3oBanue JIHK-GapkomuHra
(Tabsmia 2) TO3BOJIMJIO OIpeNeUTh B U3YYEHHBIX
rumneprajvHHBIX o3epax lora 3amagHoil Cubupu ABa
Buaa apremuu (Puc. 3): A. parthenogenetica (Bosbiioe
[Ixno, Bonbmoe ApoBoe, Kpusas [lyunHa, Kyudykckoe,
MannHoBoe, Masnoe  fApoBoe, MOpMBIIIAHCKOE,
IykeipTy3) U A. tibetiana (Manoe ko, TanaTtap III).
A. tibetiana paHee HaMM OTpeesAiach KaK K Artemia
sp. (Vesnina et al., 2025).

Hengporpamma cxoncTtBa oOpasloB Oblia
noctpoeHa MetogoM UPGMA: HeB3BellleHHOH Iomap-
HOU TPYNIMPOBKU C ycpeqHeHweM (unweighted pair
group method using arithmetic averages) co 3Ha-
yeHueM Napamerpa Oyrtcrpana 10000 (Puc. 3). Ha
JeHAporpaMMe IIpocJiexuBaeTcsa oObequHeHHe u3y-
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Ta6suna 2. PesysnbsraTtsel JJHK-6apkonunra Artemia spp. 13 o3ep fora 3anajaHoii Cubupu.

O3epo No GenBank NCBI % cOOTBETCTBUA | % ImepeKphIBaHMA MOCJIe0BAaTEJIbHOCTEMH
A. parthenogenetica

Bosbiioe IIkii0 MT791796.1 96,83-100 99
Bosbiioe fIpoBoe PV017298.1 99,70 94
MT791796.1 100 91
MT791710.1 99,85-100 100
Kpusas [TyunHa PV017298.1 99,70 100
MT791796.1 100 99
KynysnuHckoe MT791796.1 100 99
MT791710.1 99,70 100
Kyuykckoe MT791796.1 99,85 99
MaJsuHoBoe MT791796.1 99,85-100 99
MT791710.1 99,85 100
Mautoe fAposoe MT791796.1 99,85 99
MT791710.1 99,70 100

MopMbIlIaHCKoe MT791796.1 99,55-100 91-99
IykeIpTY3 MT791796.1 99,85-100 99

A. tibetiana

Mautoe ITkJ10 MT791825.1 98,94-99,25 99-100

Tanarap III MT791825.1 99,40-99,70 99

yeHHBIX 00pa3noB u3 o3ep bospmoe IIkno, Bosbuioe
fAposoe, Kpusas Ilyunna, Kysaynaunckoe, Kyuykckoe,
MasuHoBoe, Masioe  fposBoe, MOpPMBIILIAHCKOE,
[MIykeipTy3 ¢ obpasuamu A. parthenogenetica. TIpoGei
n3 ozep Manoe [Ikno u Tanartap III oObeguHeHBH! B
OTAeJIbHOM KJi1ajze ¢ A. tibetiana.

Kak mnokasanu mnpeapAylyie HccJieOBaHNs,
A. tibetiana sBnsieTca MOIU(PUIIETUYECKON TPYIITON
(Maccari et al., 2013; Eimanifar et al., 2014; Asem et
al., 2020). M3y4eHHbIe TOMYJIAUN 03€ep I0ra 3anagHoHN
Cubupu npuHajiexar K 3anagHoii juHum (Pang et
al., 2024). TlocyienoBaTEIbHOCTH JBYIOJIOTO BHAA
A. sorgeloosi 06pa3yT ueTko aubdepeHIPOBaHHYIO
KJIa[y, YTO TIOATBEPXKIAET ero BUI0BOU cTaryc (Asem
et al., 2023). Kurafickas A. sinica 1 aMepuKaHCKas
A. franciscana 3aHUMAaT TEPMHHAJIBHOE TIOJIOXKEHHUE,
TakXxe o0pasys OT[JieJIbHbIe KjlaCTepHl.

[lo HamuM AaHHBIM A. parthenogenetica BbISB-
JleHa B ceMM O3epax XJIOpWJHOro Tula MHHepasu3a-
U1 U B OAHOM o3epe cyJibdaTHOro TUna, B TO Bpems
kKak A. tibetiana BcTpeueHa B OJTHOM XJIOPUAHOM U B
OAHOM ruapokapboHaTHOM O3epe.

B 2025 r. camble BapualOesibHBIE IOKa3aTesn
mo GypKajbHBIM MpU3HaKam A. parthenogenetica 6pLTU
BhIsABJIEHH B 03. Kyuykckoe: anuHa dypku (fl) — 40,94
%, KOJIMYeCTBO WIETHHOK Ha ¢ypkax (sf) — 31,15 %,
JUIMHA METUHOK Ha ¢ypkax (s)) — 34,24 %.

HauGonpmiymMy cpegHMMM 3HaueHUAMU MOp-
domeTpuueckux TmoKasaTeseir A. parthenogenetica
obsiajaloT pavyku u3 osepa bompmoe fAposoe — mo 7
npu3Hakam u3 14: obiedt qyuHe Tena (tl), navHe reda-
notopakca (cl), mupuHe a6aoMeHa (aw), pacCTOSHUIO
Mex 1y riasavu (de), muametpy riasa (ed), AuHe mep-
Boii aHTeHHH! (la), mupuHe roJioBbl (hw) (Tabauna 3,
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Puc. 4). Haumensuine cpefnue 3HaueHUsaA Mopdowme-
TpUUecKux nokazateseil (12 mpusHakoB u3 14) 3ape-
rucTpupoBaHsl B o3epax boasmoe ko, Kyuykckoe,
IykeipTy3 10 061l AnuHe Tena (tl), nuHe abmoMeHa
(aD, nmune medanoropakca (cl), OTHOIIEHUIO IJTUHBI
redamoTopakca k guHe abmomeHa (cl/al), oTHore-
HUIO JJIMHBL abjoMeHa K aymHe Tena (al/tl), paccTos-
HUIO MeXy Ty1azamu (de), AjvHe epBo aHTeHHH (la),
mupuHe rosoBel (hw), miuHe dypok (fl), KoJm4ecTBy
METUHOK Ha Pypkax (sf), IJIMHe METUHOK Ha Pypkax
(sD), oTHOIIEHHIO AyIMHBL PypKU K AyiuHe abaomena (fl/
al).

HaubonpmnMu cpefHUMU 3HaY€HUAMU MOpPPo-
MeTpHUYeCKUX mokasatesieil A. tibetiana (12 mpu3HaKoB
u3 14) obiaparnt pauku o3epa Tanatap III, HaMeHb-
MMy — padku o3epa Majoe [IIki10: obmasn aavHa Tesia
(tD), nuHa nedaniotopakca (cl), aauHa a6gomena (al),
mupuHa abgomeHa (aw), paccTosTHUE MeX[y IJa3amu
(de), nmameTp riasa (ed), nvHa nepBoi aHTeHHH (la),
mupuHa rojoBsl (hw), mmuHa ¢ypok (fI), KosmuecTBO
MEeTUHOK Ha dypkax (sf), AJMHa METUHOK Ha Pypkax
(sD), oTHOMIEeHMe AMHBL GYypKU K AjauHe abaoMena (fl/
al).

3.2. U3meHuUuBOCTb MOPPOMETPHUECKHUX
NpPpU3HaKoB y camuosg A. tibetiana B
Pa3AMYHbIX 03epax

Pe3ynbpTaThl CpaBHEHHUS IJIAaCTUYECKUX U Mepu-
CTUYEeCKUX T[IOKa3aTejiel  IOJIOBO3PEJIbIX  CaMIIOB
A. tibetiana moka3ajiu, 4To camiisl 03. TaHaTap III Bbiie
TaKOBBIX cammoB 03. Maoe Illkyio no miuHe tesa (t:
H=95,14, p<0,01), nedanoropakca (cl. H=89,28,
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Puc.3. lenaporpaMMa U3y4eHHBIX MOMYyJIALUEN Artemia spp. U reHeTHYecKu cXoxux obpasuoB u3 NCBI Ha ocHoBe ¢par-
MeHTa reda COL. ITomyisanuu u3 usydeHHbIX B 2025 1. 03ep 1ora 3anagHoii Cubupu BeIeSIeHbl KPACHBIM.

namu 03. Majoe IIIkjio Ha ocHOBaHMU 13 mjacTuue-
CKUX U 2 MepucTrhuyeckux npusHakos (Puc. 5).
OmgHako, MepUCTUYECKHWH TMpPU3HAK CaMIIOB
A. tibetiana 03. Masioe IIIKJI0 BhIllle TAKOBBIX § CaMIIOB
n3 o3. Tanarap IIl mo oTHOmEHHNI0 OJIMHBL abgoMeHa

p<0,01), nnune (al: H=56,28, p<0,01) u mupuHe
(aw: H=73,21, p<0,01) abgomeHa, aJIMHE BTOPOU
a"ntenusl (ml: H=103,50, p<0,01), mMakcuMaIbHOM
(mw (max): H=91,26, p<0,01) u MuUHUMAaJILHOU AJTUHE
BTOpO# aHTeHHH (mw (min): H=288,09, p<0,01), pac-

CcTOSHUI0O Mexnay riazamu (de: H=95,85, p<0,01),
muameTrpy Tiasza (ed: H=92,91, p<0,01), anunHe
nepBoii aHTeHHH (la: H=92,02, p<0,01), mmupuHe
rojioBel (hw: H=103,50, p<0,01), mnmune dypox (fl:
H=92,70, p<0,01), nnuHe meTUHOK Ha ¢ypkax (sL
H=52,77, p<0,01), KoinuecTBy IeTUHOK Ha pypKax
(sf: H=66,08, p<0,01) u OTHOWmIEHUIO OJIUHBI GYPKU K
nnuHe a6nomena (fl/al: H=128,50, p<0,01). Takum
obpasom, camilel A. tibetiana o3. TanaTtap III umeloT
60J1ee KpyIIHbIe IPONOPIMH TeJIa II0 CPABHEHUIO C CaM-
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k giuHe Tena (al/tl: H=4,31, p<0,05). OTHOIIEHUE
JUHBL 1edasoTopakca kK pAjuHe abmomeHa (cl/al:
H=0,93, p>0,05) mexny camiamu A. tibetiana He
umMmesio otyinuus. Takum oGpaszom, camifsl A. tibetiana
03. Majsoe IlIki10 nMmewT Oojiee KpyINHBIE NPONOPIUAU
TeJla 10 cpaBHeHUIo ¢ camuamu o3. Tanarap III Ha ocHO-
BaHMU 1 MEPUCTUYECKOTO MpH3HaKa. PABHO3HAYHOCTh
MEPUCTUYECKOTO Tpu3Haka (OTHOIIeHue AJIMHH Ieda-
JloTopakca K JjuHe abmomeHa (cl/al)) o6benuHser
MOpP(}OJIOrUYECKH CaMI[OB JBYTOJIBIX BH/IOB.



BbesmamepHbix [.M. u dp. / Limnology and Freshwater Biology 2026 (2): 103-129

OnuHa Tena (t), Mm

OnuHa abgomena (al), Mm

npuHa abgomera (aw), Mm

12.0 75 g-gg g
11.5 B B 7.0 - = 0’54
B
1.0 6.5 0.52
B - | 0.50 = B
= = =%
™ E - - 0.42
9.0 45 = 0.40 =
85 40 = 0.38 = =
: = = : 0.36; B
805772 1 5108 # 6 § °° B 72 1 3708 4889 w75 151086 4 6 9
[nuHa uedanoTopakca (cl), MM Or AnvHe! Ued pakca K AnuHe (cVal)  OTHoleHMe ANnHbI aGaomeHa K AnuHe Tena (al/tl)
5.2 1.00 8';‘2‘
2.0 B 8'23 - 0.70 H
48 . 0.68
46 B 0.85 = B g |oes
) 0.80 0.64] =
4.4 B8 = = 0.62
ol =] 0.75| = 086
¥ = B 0.70 = = 0.58 8 =
4.0 = 0.65 0.56; = =
38 & " = 0.60 084 = = B
36 0.55 - 0.50, =
A g7 2 1 5108 4 68 937 1 305 460 9 g yeq 3085 450
PaccTtosHue mexay rnasamu (de), Mm [vnametp rnas (ed), Mm [OnuHa nepBoli aHTeHHbI (/a), MM
1.7 H 0.31 1.10
0.30
i B 1.05 B 8
0.29
g |1.00
1.5 3 B 8;223 B 0.95 g -
14 B 0.26 = = - B -
B B 0.25 B8 0.85 g B
13 =] 0.24 =] = 0.80
0.75 =]
12 0.23
= = 0.22 B8 = 0.70 -
W55 7 57086 4 698 235537 357085 469 0B g v 2T 57085 469
WupwHa ronossbl (hw), mm LnuHa dypok (), mm KonuuecTBo wetuHok Ha dypkax (sf), wr
1.00 0.35 12
0.95 8 0.30 e T E B B
0.90
B |o25
0.85 = - = 8
B8 0.20 =
0.80 = = . = _ 5
0.75 0.15f =
0.70} ) Gile 4 = = =
0.65 - 5 =
0.60 = S = -
090 —%—7 3 1 2105 4« 66 >0 % 72 1 51086 4 69 % 8§ 72 1 5105 4 6 9
Anuna wetntHok Ha dypxkax (s/), Mm OTHoLweH1e AnuHbl dYpoK K AnuHe abaomena (fl/al)
0.8 0.08
0.7 a = = 0.07 =
=]
0.6 - g-gg =] =
0.5 = Z
= B8 B 0.04 -
041 003 = _ —
0.3 0.02
0.2 = i 0.01 - -
— ean
O~ 72 7 5106 & 6 & 0O SE 00—+ T 5705 4 6 ¢

Puc.4. MopbomMeTprieckre MpU3HAKU MMOJIOBO3pEJIBIX caMok A. parthenogenetica (po3oBeiii 1BeT) u A. tibetiana (roJty6oii
LIBET) B MCCJIEJOBAHHBIX 03epaX, 2025 r.: 1 — Bosbmoe IIkio, 2 — Boseinoe fApoBoe, 3 — Kpusas IlyunHa, 4 — Kyuykckoe, 5 —
MasnuHoBoe, 6 — Masoe IIkio0, 7- Masoe ApoBoe, 8 — MopMeimanckoe, 9 — Tanarap III, 10 — [IIykeipTy3; Mean — cpefiHee 3Ha-
yeHnue; SE — craHgapTHasA omuoOKa.
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AnuvHa Tena (), mm

[nuHa abaomena (al), MM

Wupura abgomeHa (aw), Mm

9.0 4.5 0.44
8.8 4.4
8.6 E 4.3 E e EI
8.4 4.2 0.40
8.2 4.1
8.0 4.0 0.38
7.8 3.9
7.6 3.8 0.36
7.4 3.7 E 0.34
7.2 — 3.6 =
7.0 7 5 3.5 i 3 0.32 7 5
[Anuna yedanotopakca (cl), MM [} AnUHBL Led p K ANHe (cl/al) OTHoweHWe AnNvHbI aGAOMeHa k AnuHe Tena (al/tl)
4.2 0.955 0.512
4.1 0.950 0.510
4.0 E 0.945 0.508
3.9 0.940 0.506
3.8 0.935 0.504
3.7 0.930 0.502
3.6 0.925 0.500
3.5 0.920 0.498
3.4 0.915 0.496
3.3 = 0.910 0.494
3.2 3 5 0.905 7 5 0.492 7 5
MuHUManbHas WupuHa BTOPOIl aHTeHHs! (mw (min)), v MakcuManbHas WUpUHa BTOPOI aHTEeHHb! (Mw (max)), Mm [AnuHa BTOpOI aHTeHHb! (Ml), MM
0.64 1.8 3.2
0.62
as = G = = =
0.58 1.6 2.8
0.56
0.54 13 26
0.52 1.4
2.4
0:50 1.3
0.48 252
0.46 1:2
0.44 1.1 2.0
0.42
1.8
o4 — 1.0 == =
0.38 i 5 0.9 i 5 1.6 i 3
UHa NepBOit aHTeHHbI (/a), MM
PaccTosHue mexgy rnasamv (de), Mm Duamerp rnas (ed), Mm 4.45 An P (a)
1.70 0.38 e
1.65 E 1.10 EI
1.60 — 0:86 1.06
1.55 0.34 1.00
1.50 Biok
1:45 0.32
1.40 i 0.90
1.35 0.30 0.85
1.30
0.80
1.25 0.28 =
1.20 = = 0:78
1.15 i 5 0.26 i 5 0.70 7 5
LLnpuHa ronosbl (hw), MM Anuna dypok (fl), Mm KonuuecTso weTnHok Ha dypkax (sf), wr
0.88 0.36 13
0.86
s — 0.34 — " —
0.82 0.32
0.80 11
0.78 0.30
0.76
X 10
0.74 0:28
0.72 0.26
0.70 g
0.68 0.24
0.66 8
0.64 = ega = =
0.62 - 5 0.20 - 5 z 1 2

Puc.5. MopdomeTpuyeckue IpU3HAKU MOJIOBO3PEJIBIX caMIOB A. tibetiana B mccjiefoBaHHBIX o3epaX, 2025 r.: 1 — MaJsoe

OTHoLWeHne AnuHbI OYPOK K AnuHe abaomena (fl/al)

0.084
0.082
0.080
0.078
0.076
0.074
0.072
0.070
0.068
0.066
0.064
0.062
0.060
0.058
0.056

[nuHa WeTUHOK Ha dypkax (s/), MM

0.76

—

—

0.74
0.72
0.70
0.68
0.66
0.64
0.62
0.60
0.58

0.56
— Mean

=

—

1

2

0OSE 0.54

1

[lxsio; 2 — Tanarap III; Mean — cpengHee 3HaueHue; SE — crangapTHas omuoka.
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Ta6smna 3. MopdomeTrpuueckre npru3Haku caMok A. parthenogenetica u A. tibetiana B TUIeprajJuHHBIX 03epax ora 3anagHou

Cubupu.
IIpusHak A. parthenogenetica A. tibetiana
(puc. 2) Max, M+ SE Min, M+ SE Max, M+ SE Min, M +SE
tl, MM 11,51+0,17 8,27 +0,10 10,01 +0,17 8,24+0,08
(Masoe fIpoBoe) (Bosibioe IIkJ10) (Tanarap III) (Mautoe IIIkJ10)
al, Mmm 7,11 £0,09 4,13x0,07 5,38+0,14 4,35+0,06
(IIykbIpTy3) (Bosibinoe IIk10) (Tanarap III) (Mautoe IIIkJ10)
cl, Mmm 4,95+0,08 3,84+0,04 4,38+0,06 3,68 +0,04
(Bonpmoe fApoBoe) (MopwmsIaHcKoe) (Tanarap III) (MaJtoe IIIkJ10)
aw, MM 0,56+0,01 0,37 +£0,00 0,47 +£0,01 0,40+0,01
(Bonbmoe AApoBoe) (MopwsliaHcKoe) (Tanarap III) (MaJtoe IIIki10)
cl/al 0,95+0,01 0,56+0,01 0,86+0,01 0,84+0,02
(Bosbinoe 1Ikj10) (IIyxeipTy3) (Mautoe IlIk10) (Tanarap III)
al/t 0,695 +0,021 0,498 +0,003 0,53+0,01 0,53+0,00
(Kyuykckoe) (Bosbiioe I1Ik10) (Tanarap III) (MaJjtoe IIIkJ10)
de, MM 1,64 +0,03 1,16 =0,01 1,50+0,02 1,15+0,02
(Bonsmoe ApoBoe) (IIIyxeipTy3) (Tanarap III) (Maujtoe IIIkJ0)
ed, MM 0,30+0,01 0,23+0,00 0,29+0,00 0,22 +0,00
(Bonbmioe ApoBoe) (MopwmeliaHcKoe) (Tanarap III) (Maujtoe IIIkJ10)
la, MM 1,05+0,03 0,71+0,01 1,05+0,02 0,75+0,02
(Bonbmoe Aposoe) (IIIyxeIpTy3) (Tanarap IIT) (Mautoe IlIkJi0)
hw, MM 0,78 +0,01 0,62+0,01 0,88+0,01 0,69+0,01
(Bonpmoe ApoBoe) (IITyxeIpTy3) (Tanarap IIT) (Mautoe IIIki0)
fl, Mmm 0,28 +0,01 0,05+0,00 0,32+0,01 0,22+0,01
(Kpusas Ilyuuna) (Kyuykckoe) (Tanarap IIT) (Mauoe IlIkj10)
sf, mt, 9,98+0,43 0,48 +0,06 10,26 +0,35 6,53+0,26
(Kpusas ITyunHa) (Kyuykckoe) (Tanarap III) (Maujtoe IlIkJ10)
sl, MM 0,67 £0,02 0,23+0,01 0,69+0,02 0,58+0,02
(Bouipmioe ITkJ10) (Kyuykckoe) (Tanarap III) (Masoe ITIkJ10)
fl/al 0,070+0,002 0,008 +0,001 0,061 +0,002 0,052 +0,001
(Bouibmioe ITkJ10) (Kyuyxkckoe) (Tanarap III) (Masoe ITIkJ10)

3.3. CpaBHMTeAbHbIH aHAAU3
Mop(dOoNOrHuYEeCKHX NPU3HAKOB CAMOK H
camuos A. parthenogenetica u A. tibetiana

CpaBHUTEJIbHBIN aHAJINU3 U3MEHYUBOCTU MOp(do-
MeTPHYeCKUX NMPU3HAKOB y pa3HbIX BHJOB II0JI0BO3pe-
JIBIX caMoOK A. parthenogenetica v A. tibetiana 03BOJTAIT
BBIABUTH OCOOEHHOCTHU OTIEeJIbHBIX yacTel Tesia (Puc. 6).
[MnacTuyeckue M MepUCTHYECKHe IPHU3HAKHA CaMOK
A. parthenogenetica Bbillle TAKOBBIX Yy caMoOK A. tibetiana
o unHe Tena (tl: H= 69,28, p<0,01), nedanoropakca
(cl. H=21,22, p<0,01), gimuse (al: H=386,79, p<0,01)
u mupuHe (aw: H=14,78, p<0,01) abnomeHa, paccrto-
AHU Mexay rirazamu (de: H=13,28, p<0,01), nuame-
Tpy r7a3 (ed: H=11,35, p<0,05) 1 OTHOUIEHUIO AJIUHBI
abgomeHa k mymHe Tena (al/t. H=79,75, p<0,01).
Takum obpasom, camku A. parthenogenetica MMeOT
0oJiee KpyNHBIe IPOIIOPLMH TeJia 10 CPAaBHEHHIO C CaM-
kamu A. tibetiana Ha OCHOBaHWM 6 IUTACTUYECKUX U 1
MEpPUCTUYECKOT0 [IpU3HaKa.

OpaHako IJlacTA4YecKue M MepUCThYecKue Ipu-
3HaKu camok A. tibetiana BbIIIe TaKOBHIX y CaMOK
A. parthenogenetica mo mynmHe dypok (. H=113,80,
p<0,01), nqmuHe mWeTUHOK Ha Qypkax (sl H=43,12,
p<0,01), kojuvecTBy INeTWHOK Ha dypkax (sf:
H=154,90, p<0,01), oTHOWeHUI0O JJIUHH LedaroTo-
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pakca k anuHe abmomena (cl/al: H=58,20, p<0,01)
U aiuHbl Gypku K giuHe abgomena (fl/al: H=158,80,
p<0,01). Odnuua mnepBoii aHTeHHsl (la: H=0,05,
p>0,05) u mwupuHa rososu (hw: H=0,01, p>0,05)
MeXOy caMKaMM He WMeJIM 3HAauyWuTeJIbHOr'O0 OTJINYMS.
Takum ob6pasom, camku A. tibetiana mMeroT O6oJiee
KpPYIIHbIe TIPOIMOPIMHU TeJjla MO CPaBHEHUIO C caMKaMU
A. parthenogenetica Ha OCHOBaHMHU 2 IUIACTUYECKUX U
3 MepHCTUYECKHX IpU3HAKOB. PaBHO3HAYHOCTH ILIA-
CTUYECKUX NPU3HAKOB ([JIMHA NEepBOM aHTeHHH (la) u
MmUprHa rojosel (hw)) 06beIUHAIOT MOP()OJIOTYEeCKU
MapTeHOreHeTUYeCKUX U ABYIIOJIBIX BHIOB.

Pe3ysbpTaThl cCpaBHEHHA IJIACTUYECKUX U MepH-
CTUYECKUX I[IOKa3aTejiell II0JIOBO3PEJIBIX CaMOK U
camioB A. tibetiana moxasaju, 4To caMKu A. tibetiana
Gosibime camioB A. tibetiana mo pauHe Tema (tl:
H=52,31, p<0,01), medanoropakca (cl. H=31,31,
p<0,01), npmuue (al: H=69,36, p<0,01) u mupuHe
(aw: H=55,97, p<0,01) abgoMmeHa, [JMHE TIepBOHI
a"TeHHH (la: H=4,51, p<0,05), mupuHe rosossl (hw:
H=6,95, p<0,01) u oTHomeHu0 AIUHB abgoMeHa K
mymHe Tena (al/tl: H=39,44, p<0,01). Takum ob6pa-
30M, caMku A. tibetiana uMerT 6ojiee KpyIHBIE IMPO-
NOpIMY TeJjla 10 CpaBHeHUI0 ¢ camuamu A. tibetiana
Ha OCHOBAaHMHU 6 IJIacTUYeCKUX M 1 MepucThYecKoro
IpU3HaKa.
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AnuHa Tena (t), Mm

[OnuHa abaomena (al), MM

LnpuHa abgomeHa (aw), MM

10.4 6.0 0.46
10.2] = 5.8 =
10.0 : 0.45 =
9.8 5.6 0.44
9.6 5.4 0.43
9.4 52 =
9.2 & 0.42
9.0 [ : 41
s 2 = ot
8.6 4.6 g
8.4 4.4 0.39
g‘g 42 0.38
78 = 40 = 0.37 —
e 1 3 3 28 i 5 % 0.36 ; 5 "

[AnuHa uedanoTopakca (cf), MM

OTHoLWeHe AnuHbI LedanoTopakca K AnvHe abaomena (cl/al)

OTHolWeHue AnuHbl abgomeHa K AnuHe Tena (alil)

43 0.96 0.59
= 0.94 0.58 =
= 0.92 — 0.57
4.1 0.90
i 0.88 0:56
’ E 0.86 = 0.55
3.9 0.84 0.54
3.8 0:62 0.53 =
oeen 0.52
3.7 E 0.78 0.51
356 0.0 = 6 =
0.74 E
3.5 7 5 3 0.72 1 5 3 0.49 i 5 3
PaccTosHue mexay rnasamu (de), Mm DvameTp rnas (ed), MM [nuHa aHTeHHs! (/a), MM
1.44 0.33 0.96
1.42 0.32 E 0.95
1.40 0.31 0.94
1.38 E 0.30 0.93
1.36 0.29 ng
1.34 0.28 0‘90
1.32 0.27 0.89
1.20 E] 0:26 = 0.88 E
1.28 0.25 E} 0.87
1.26 i 5 3 0.24 i 5 3 0.86 1 3 3
LUnpuHa ronosb! (hw), MM LnuHa chypok (), Mm KonnyecTso WeTUHoK Ha dypkax (sf), Wt
0.79 0.30 1"
0.78 0.28 = 10 =
— e
0.77 0.26
8| =l
0.76 E 0.24 !
0.76 0.22 6
0.74 0.20 5
0.73 0.18 4 (=]
=
3
0572 1 2 3 018 1 2 3 1 2 3
OTHoLleHue AnuHbl ypoK K AnuHe abaomena (fl/al) [nuHa LWeTUHOK Ha dbypkax (sl), MM
0.075 0.68
0:070 = 0.66
0:065 0.64 H
0:060 0.62 H
0.055 = 0.60
0.050 0.58
0.045 0.56
0.040 0.54
0.035 0.52
0.030 = 0.50 —
0.025 — Mean Gids
: 1 2 3 OSE ? 1 2 3

Puc.6. MopdomeTpruueckrie MPU3HAKY TOJIOBO3PEJIBIX CAMOK U caMI[OB pauka A. parhenogenetica u A. tibetiana B uccjeno-
BaHHBIX 03epaX, 2025 r.: 1 — camku A. parthenogenetica; 2 — camku A. tibetiana; 3 — camupl A. tibetiana; Mean — cpeJjHee 3HaU€HUE;

SE — crangapTHas omuobka.

OjHaKko IUIacTHYecKre M MepuCTHYecKHe Ipu-
3HaKu camIioB A. tibetiana Bblllle TaKOBBIX CaMOK
A. tibetiana mo paccroAaHMI0 MexAy riasamu (de:
H=10,31, p<0,01), nuamerpy rina3 (ed: H=93,32,
p<0,01), kojuvecTBy INeTWHOK Ha dypkax (sf:
H=19,66, p<0,01), oTHomeHNI0 AJIUHBI LedasoTo-
pakca kK anuHe abgomena (cl/al: H=36,47, p<0,01),
aavHblL Gypku k anuHe abnomena (fl/al: H= 35,44,
p<0,01). Anuna dypok (fl: H=0,74, p>0,05) u qiuHa
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meTHHOK Ha dypkax (s H=1,21, p>0,05) camok u
camroB A. tibetiana He uMesu oTaM4MA. Takum obpa-
30M, caMifsl A. tibetiana uMeloT GoJjiee KpyIHBIE IIPO-
IOpIIMY TeJIa 10 CpaBHEHUIo ¢ caMkaMu A. tibetiana Ha
OCHOBAaHMUM 2 IJIACTHUYEeCKUX U 3 MepuCTHUYeCKUX Ipu-
3HaKOB. PaBHO3HAYHOCTb IIJIACTUYECKUX IIPH3HAKOB
(npmuHa dypku (fl) u anauHA mEeTUHOK Ha dypkax (sl))
00beAUHAIT MOPGOJIOrNYecKy CaMOK M CaMIIOB JBY-
IIOJIBIX BUIOB.
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[To HamleMy MHEHMIO, N3y4YeHHbIe HaMU IJIaCTU-
YecKyie 1 MepUCTHYeCKYe TpU3HaKku A. parthenogenetica
u A. tibetiana B OCHOBHOM M3MEHSJIMCH IIOJ BO3AEM-
CTBMEM MUHepaau3aliy panbl B UCCJIeOyeMBIX O3e-
pax, KkoTtopas MeHsnach ot 45,9 (03. Manoe ko) go
210,9 r/n (03. Kyuykckoe). OTMeUeHO, 4YTO U3MeHeHNA
COJIEHOCTU BOABI CKa3bIBAIOTCA HA IPONOPLUAX TeJa.

4. 06cyxpeHue

OueBUIHO, YTO AJIS1 MOHUMAHUA OCOOEeHHOCTeH
¢popmupoBaHusa MoppoMeTprUUecKUX MPU3HAKOB apTe-
MHU, HeoOXOJJUMO paccMaTpuBaTh ee pa3BUTHE BO
B3aMMOCBA3U € (paKkTopaMy MHHepaJM3aliu U TeMile-
paTyphl pansl. XapakTep CBs3ell IJIaCTUYeCKUX U Mepu-
CTUYeCKUX NMPU3HAKOB C 3TUMU (paKTOpaMu MO3BOJIsIET
clenaTh psAn OOIUX BHIBOAOB JJISA MOMYJIALMN paydka
A. parthenogenetica (mpu ypoBHe 3Hauumoct#l p <0,05)
(Tabsmna 4):

NpU yBeJIMYeHUU MUHepaIu3aluu MPOUCXOAUT
PeOyKIUA IIEeTHHOK Ha Gypke (sf) ¢ yMmeHblie-
HUEM UX JUIUHH (s) 1 yMeHblIeHe OJIMHBI CaMOM

bypxu (f);

nnvHa a6nomena (al) v oTHolleHMe JIMHB abmo-
MeHa K gijuHe Tesa (al/tl) yBeuuuBawTCA MPO-
MMOPIMOHAJIBHO COJIEHOCTH;

OTHOIIeHNe JJIMHHI Ife¢asioTopakca K JJjirHe abao-
MeHa (cl/al), nyuHbl GypoK K JyiMHe abAoMeHa
(fl/al), mmpuna abaomeHa (aw), IJIMHA TEpPBOM
aHTeHHbl (la) w mmpuHa roJsioBel (hw) oTpuia-
TEJIbHO KOPPEJIMPYIOT ¢ MUHEpAJIU3aIe.

[Ipu yBesMYeHWHN TeMIlepaTyphbl parbl B Hccie-
JIOBAaHHBI MEPUOJ MPOUCXOOUT YMEHBIIEHUEe IJIHNHBI
nedasnoropakca (cl) u paccTossHUA MeXIy r1asamu (de)
B MOMYJIANUAX pauka A. parthenogenetica.

IMockosibky momynAnuu A. tibetiana oTMeuyeHBI
TOJIbKO B JBYX O3epax, K3-3a MaJjioil BBHIOOPKU MJiA

CTaTUCTUYECKOT0 aHayy3a ObIM HCIIOJIb30BaHHL [Ipy-
rue Mmerodnl. CpaBHeHHe CpeJHUX NaHHBIX MHHepa-
Jquzanuu pansl 03. Manoe Illkno (45,9 *+13,8 r/n)
u o3. Tanarap III (161,6 = 48,5 r/m1) MO0 KpUTEpPUIO
Kpackena-Yosuuca (H) nokasajio JOCTOBepHOe pasJiu-
ynre (p<0,05). TemnepaTypa pansl paccMaTpHUBaeMbIX
o3ep (03. Maroe [Ikno: 21,4 + 1,4 °C; o3. Tanarap III:
16,0 = 1,2 °C) Takxe 3HaYUMO oTJin4asach (p <0,05).
Taxum ob6pa3oM, Ipu yBeJIndeHU MUHepasn3a-
nuu panel Ha 115,7 r/n1 U yMeHBIIeHUU ee TeMIiepa-
TypH Ha 5,4 °C nu3MeHuWIMCch MopdomeTpuieckue npu-
3HaKM CaMOK U caMmIloB pauka A. tibetiana:
*  YBeJMYWJINCh [TapaMeTpHl TeJjla CaMOK M CaMIIOB:
anvHa Tena (tl), mmHa abmomena (al), mmpuHa
abmomeHa (aw), mmHa Hedasnotopakca (cl);

YBEJIUYMUJINCh Pa3MepHBIE XapaKTePUCTUKU T'OJIOBHI
CaMOK Y CaMI[OB: pacCTOsIHUE MeXay riiasamu (de),
auametp ria3a (ed), nyivHa mepBod aHTeHHH (la),
IIMpUHA TOJIOBH (hw);

YBeJIMUMJINCH IToKa3aTesiu GypoK caMOK U CaMI[OB:
nnvHa ¢ypku (fl), KoJM4ecTBO METUHOK Ha Gyp-
Kax (sf), AMHa MEeTUHOK Ha ¢ypkax (sl);

VMEHBIIJIOCh OTHOIIeHWe IJIMHB abJoMeHa K
nnuHe Tena (al/tl) camiios;

YBEJIMUNJIMCh pa3MeEpPhl BTOpOfI AdHTEHHBI CaMIIOB:
JUIMHA BTOpOI aHTeHHBI (ml), MakcuMaJibHas u
MHUHHMAaJIbHas1 MHUPHHA BTOpOﬁ AHTEHHbI (mw
(max), mw (min)).

Knacrepublii ananu3 12 miacTudeckux u 4
MepUCTUYECKUX NPU3HAKOB caMoK A. parthenogenetica
II0 CpeJHECe30HHbHIM 3HA4YeHWAM IIOKa3aJl MpUHAA-
JIEXKHOCTh HOMyJIALMH K 3 rpynmnaM, pasjinyanmuMcs
10 MUHepasu3alyiy palbl, a Takxke 110 0COOEHHOCTAM
dypkanpHBIX nokasateseii (Puc. 7).

OtnenpHass rpynmna obpa3oBaHa MMOMyJALUeEN
apremuu u3 o3ep bosbmoe ko u Kpusasa IlyunHa.

Ta6smmna 4. KoppeaAiuoHHBIN aHaNU3 MJIaCTUYECKUX M MEPUCTUYECKUX MPU3HAKOB A. parthenogenetica mo aGMOTUYECKUM

daxkTopam.
IIpusnak | r | R? |YpaBHeHne 3aBHCHMOCTH
MuHepanu3sanysa pamnsl, I/
JnuHa abnomena (al) 0,41 0,24 y=0,0094x + 4,3428
MIupuHa abgomenHa (aw) -0,67 0,35 y=-0,0008x + 0,5901
JlnuHa nepBoii aHTeHHBI (la) -0,43 0,11 y=-0,0007x + 0,9885
[Mupuna rosioss (hw) -0,53 0,22 y=-0,001x + 0,9262
Jmuna dypok (f) -0,82 0,59 y=-0,0011x + 0,3492
JnuHa meTuHok Ha dypkax (sl) -0,59 0,30 y=-0,0018x + 0,7715
KoJinuecTBO IETMHOK Ha pypkax (sf) -0,75 0,44 y=-0,0401x + 10,31
OTHouleHue OUH edasoTopakca K JyinHe abgomena (cl/al) -0,70 0,46 y=-0,0013x + 0,9627
OTHollleHre QJINHBI abqomMeHa K aymHe Tea (al/tl) 0,86 0,63 y=0,001x + 0,431
OTHouleHne OUHBL ypok K giuHe abnoMena (fl/al) -0,87 0,63 y=-0,0003x + 0,077
Temnepartypa pamsl, °C
JnuHa nedasoropakca (cl) -0,42 0,18 y=-0,0435x + 5,1284
PaccrosHue Mexay ryiazamu (de) -0,39 0,15 y=-0,0156x + 1,7005

IIpumeuanue: r — kodbdunyeHT Koppessnuu CnupMeHa, R? — koadouIeHT anmnpoKcuMaIyu.
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Pauku, obuTarmue B 3TUX O3epaX, XapaKTepusylTcA
Hau6oJiee BRICOKUMHU QypKaJIbHBIMU II0Ka3aTeIAMU 110
CPaBHEHUIO C OCTAJIBHBIMU 03epaMi (yinHa Gypoxk (fl),
KOJINYECTBO LIEeTHHOK Ha dypkax (sf), JjIMHA METUHOK
Ha ¢ypkax (sl)) (cMm. Puc. 4). CpeHsaA MUHepaIU3aIA
parmnsl nepBoii rpynnsl o3ep cocrasiisier 109.9+7.1 r/mn.
BTopas rpynna o6beiuHMIIA IONMYJIALMNA apTeMUN 03ep
Kyuykckoe u MopwmbimaHckoe. [[yiMHa IIETMHOK Ha
dypkax (s]) paukoB 3TOM TpymHmIBl camas KOPOTKAas IO
CpPaBHEHMUIO C OCTaJIbHBIMU 03epaMu. CpedHsAs MUHepa-
JIM3anusa 3TOU rpymnsl o3ep coctapsaet 219,1 +8,0 r/n.
Tpetbs rpynna obpa3zoBaHa MOMyJIANNAMY apTeMHUHU U3
o3ep bosbioe fposoe, Majsioe fAposoe, MajiuHOBOE,
MlykeipTy3. Pauky aTUX 03ep XapaKTepu3ylTCA CXO-
Xel MeXxAy cOOOHM AJMHON IIeTMHOK Ha dypkax (sl),
KOTOpas 3HAUUTEJIbHO OTJINYAeTCA OT TAaKOBHIX OCTaJIb-
HBIX rpynn o3ep. CpeAHAsS MUHepaau3anusa panbl 3TOH
rpynmsl o3ep cocrasuiaa 170,2+2,8 r/n.

Kak Opu10 mOKasaHO BhIle, M3y4YyeHHble Hamu
rumneprajgvHHBe o3epa lora 3anagHoi Cubupu xapak-
TepusyloTCca Ppas3jnyHBIMU abuoTudeckuMu (axTo-
paMu, KOTOpBle OKa3bIBalOT BO3JeliCTBHE Ha XHU3He[e-
ATEJIBHOCTh I'MApOOHOHTOB. V3MeHeHUne TeMnepaTyphl
Y1 MUHepaJu3alliy panbl B 03epaxX OKa3blBaeT BO3JeH-
CTBUE Ha JUHAMUKY YMCJICHHBIX [TI0Ka3aTeJsiell, a Takke
pasnnuuii MOopGOoMeTpHUYeCKUX IPHU3HAKOB apTeMHHU,
4yTO OBLJIO OTMEUYEHO B paHee IIPOBeJIeHHBIX NCccjieqoBa-
Husx (BecamHa u ap., 2023; Vesnina and Bezmaternykh,
2023; JlutBuHeHKO U Ap., 2024). CIUIIKOM BBICOKaA
WIM HM3Kasg MUHepaJu3allsa panbl IposBJIAeTCA B
yTHETEeHUU poCTa, pa3BUTHUA U Pa3MHOXEHHs apTeMuu
(Becauna u gp., 2011). [Ipu u3MeHeHUM MUHepaJIU-
3aIuy pamnbl MeHseTcsA He TOJIbKO Mop(oJorus, HO U
0COOEHHOCTH pa3MHOXeHHs M COOTHOIIeHue I0JIOB
(Becnuna u ap., 2012; Cémuxk u ap., 2024).

Kak m3BecTHO, apTeMus xapakTepu3yeTcs BEICO-
KOH 3KOJIOTHYeCKOH IIaCTUYHOCTBI0O U MOXKeT MEHAThb
CBOM pas3Mepsl U (GopMy B 3aBHCHMOCTH OT BHEIIHUX
($akTOpOB, OCHOBHBIM U3 KOTOPHIX MHOTHE HCCJIeI0Ba-
TeJIM CYMTAIOT KOHIeHTpaIuio cosiel B BoAe (Nobile et
al., 2020; Forneck et al., 2021; Van Stappen et al., 2020;
Thirunavukkarasu et al., 2024). IIpu 3Tom Mopdome-
TpUYecKre MpU3HAKU apTeMUU H3ydaloTcs BO BCeM
mupe i qubdepeHnan 1 uaeHTuurKany BUA0B
(Naganawa and Mura, 2017; Asem et al., 2020; Sainz-
Escudero et al., 2021). Kpome Toro, 3t1 MopdomeTpu-
Yyeckye pasjinuusa MexAy OCOoO0AMH WM MOMyJIANUAAMU
OJHOTO0 U TOT'0 e B1JJa MOI'YT OBITh O0YCJIOBJIEHEI F€HO-
Tunudeckoit namenunsocthio (Thirunavukkarasu et al.,
2021). Hamu fgaHHbIe MOJIHOCTBIO MOATBEPXKAAIOT 3TU
BBIBOJBI. BrIfABIeHH Kak sBHbIE M3MeHeHusA Mopdome-
TPUYECKUX IIPU3HAKOB O0OMX M3yYeHHBIX BUAOB apTe-
MMU IO IpaAueHTy BaXXHEeNNINX 3K0JI0rnYecKkux paKTo-
POB, TaK MeXBUAOBBIE 1 MEXIIOITyJIAIMIOHHbIE OTJINYNA,
KOTOpBIE CYLIeCTBEHHO OCJIOKHAIOT TAKCOHOMHYECKYIO
JAUarHoCTUKY 10 MOpQ0JIOrHYecKUM IIpHU3HaKaM.

[Tomo6HBIEe 3aKOHOMEPHOCTH OTMeuYeHHl B paHee
MIPOBEJEHHBIX HCCJIeIOBAaHUAX, KOTOpble IOoKa3asu
pasnnurs MopdOoJIOrMYecKrux IPHU3HAKOB psAfa IOIy-
JAui, OOHapyXeHHBIX B pasHBIX reorpaduieckux
palioHax, ocobeHHO B IpUOpeXHBIX palioHax MHauu,
Kuras, EBponsl u Adpuku (Thirunavukkarasu et al.,
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Puc.7. [lengporpamMma CXOACTBa KOMILIekca MopdoMe-
TpUYeCKUX IoKa3aTesiell caMOK KCCJIeJOBAaHHBIX MOMYyJIALUN
A. parthenogenetica 13 runeprajuHHBIX 0o3ep lora 3anaaHoi
Cubupu (MeTon oauHOYHON cBsA3u): 1 — Bombmoe I[Ikiio;
2 — bosbmoe Aposoe; 3 — Kpusasa Ilyunna; 4 — Kyuykckoe;
5 — ManuHoBoe; 7 — Majsoe fIpoBoe; 8 — MopMbIIIaHCKOE;
10 - IIyxsIpTY3.

2022; Thirunavukkarasu et al., 2021; Ruebhart et al.,
2008). ABTops! 13 Uuauu u TaliBaHs Ha OCHOBe U3yye-
HUSA UX MopdoMeTpHiecKrX IPU3HAKOB OOHAPYXIIU 6
MopdoTtunos apremun (Maniatsi et al., 2009). ITo mop-
dbomMeTpryeckuM MMoOKasaTesIAM TaK e, KaK U B Hallem
ciy4yae, OBLJIM BBIABJIEHB OTJIMYMA CaMOK U CaMI[OB
apremuu CeBepHoll AMmepuku u Kapubckoro mobepe-
xbs1 Komym6um (Van Stappen et al., 2024). OueBuaHO,
HallUX U paHee IpOBEIeHHBIX MCCJIeJOBAaHUI MOp-
dosorryeckux M pasMepHO-BECOBBIX XapaKTEPUCTUK
apTeMUU U3 pasHOTUIHEIX 03ep fora 3anaaHoi Cubupu
[IoKa HeJOCTAaTOYHO JIs IOoCTOBepHOH auddepeHiya-
IV MOMYJIANUI apTeMUU pa3HbIX BUIOB (JINTBUHEHKO
u 1p., 2024; Vesnina et al., 2025).

BhIITOJTHEHHBINT aHaJM3 IUIACTHYeCKUX U Mepu-
CTUYeCKUX IIPU3HAKOB [I0JIOBO3PEJIBIX 0cobell apTeMUun
M3 Pa3HOTUIIHBIX T'HIEpPrajiiHHBIX 03ep AJITalicKoro
Kpas NoATBepAWsI, 4To Haubosiee BapuabenbHBIMU
IpU3HaKaMU y caMOK payka apTeMUU ABJIATCA Gyp-
KasbHble TokasaTenu (Vesnina et al., 2025).

5. BoiBOABI

H3yueHbl coBpeMeHHBle Mop@oJioruieckue
XapaKTepUCTUKU MapTeHOreHeTUYeCKUX M JIBYIOJIBIX
NOMyJIALMKI apTeMuy B 10 pasHOTHUIIHBIX TUIleprajvH-
HBIX o3epax lora 3amaaHoil Cubupu. Hcnosbp3oBaHue
JHK-0apkoauHra mO3BOJIMJIO ONpee/JIUTh B U3Yy4eH-
HBIX TUNEpPrajJMHHBIX O3epax AJITaliCKOro Kpasd ABa
Buga apremun: A. parthenogenetica w A. tibetiana.
B xmopunnsix (Bosbmoe IIkiio, Bosbinoe flposoe,
KpuBasa Ilyuuna, Kyuykckoe, ManuHoBoe, Masoe
fposoe, llykeipTy3) U cysbdatHoM (MopMbIIaHCKOEe)
o3epax BbIsBJIeHa A. parthenogenetica, a B XJIOpUTHOM
(Manoe [xyo) u B ruapokapboHatHoM (Tauarap III)
— A. tibetiana.

CpaBHUTEJbHBI aHaau3 MOp(OJIOrHYecKux
IPU3HAKOB IOKa3aJl, 4TO caMKu A. parthenogenetica u
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A. tibetiana UMeIOT 3HAYMMBbIe OTJINYUS CPEeIHUX BeJid-
yrvH — 14 13 16 n3y4yeHHBIX NIPU3HAKOB: AJIMHA TeJja,
JUuIMHa abAoMeHa, OTHOIIeHHWe AJIMHBI abgoMeHa K
JUIMHe Tejla, MKUpHHA abJOMeHa, pacCTOsAHHE MEeXIy
rjasaMy, AuaMeTp rIJasa, [JMHa IedasoTopakca,
OTHOILIEHWe [JIMHH IedpasioTopakca K [AjnHe abmo-
MeHa, JJiMHa (PypKaJbHON BeTBU, KOJINYECTBO IIEeTH-
HOK Ha QypKe, JJIMHA [eTUHOK Ha QypKe, OTHOLIEHNE
JUIMHBL QYypKU K AJInHe abaoMeHa.

Ananu3 12 niacthyeckux U 4 MepUCTUYECKUX
MIPU3HAKOB caMoOK A. parthenogenetica mokasaj, 4TO
eé MOMyJIAMN pa3fesAlTcA Ha 3 TpyNIbl, pasjinya-
fomyecss OCOOEHHOCTAMMU CTpoeHHs (ypKu: AJIMHOH,
KOJIN4eCTBOM IIeTHHOK, AJIMHON IleTHHOK. HHAekc
koppeJianuu CrvpMeHa BBIABUJI 3HAUMMBble CTAaTUCTH-
Yyeckye 3aBUCUMOCTH MOpP(]OJIOrHYecKUx IPU3HAKOB
A. parthenogenetica n A. tibetiana 0T OCHOBHBIX 3KOJIO-
ru4yeckrux GakTopoB — MUHepaIu3aly U TeMIepaTyphbl
parmsl.
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Seasonal dynamics of rotifer community LIMNOLOGY
in relation to water quality at Pravara- FRESHWATER
Godavari river confluence (Ahmednagar, BIOLOGY

MS, India) -

Zaware R.V.*, Harkal A.D.

Department of Zoology and Research Centre, New Arts Commerce and Science College, Ahmednagar-414001, Maharashtra, Affiliated
with Savitribai Phule Pune University, Pune, Maharashtra, India

ABSTRACT. This study reports the diversity, abundance, and seasonal dynamics of the rotifer commu-
nity in the Pravara-Godavari river confluence, Ahmednagar, throughout a year, from November 2024
to October 2025. Seasonal sampling was conducted to assess rotifer species composition and density,
and to measure key physicochemical water parameters, including temperature, pH, dissolved oxygen,
turbidity, alkalinity, hardness, and chloride. A total of 19 rotifer species, representing 4 genera and 3
families, were recorded in the study area. Strong temporal variation in population structure was indi-
cated by the rotifer community’s noticeable seasonal variations in both species richness and density. The
summer period recorded the highest rotifer diversity and abundance. At the same time, the monsoon
season had the lowest values, perhaps due to a dilution effect, increased water turbulence, and altered
habitat stability. Furthermore, correlation analysis showed that important physicochemical parameters
such as pH, water temperature, turbidity, alkalinity, total hardness, chloride concentration, and dis-
solved oxygen had a significant impact on rotifer species richness. These results demonstrate that even
small changes in water quality can significantly impact the composition of rotifer communities. Overall,
the study highlights rotifers’ sensitivity to environmental factors and underscores their value as reliable
bioindicators for evaluating freshwater ecosystems.
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1. Introduction regions such as India, seasonal variations, including the

Monsoon, Post-Monsoon, Winter, and Summer, play a
pivotal role in shaping aquatic environments. The pres-
ent study aims to investigate seasonal variation in roti-
fer diversity and abundance at the Pravara-Godavari
river confluence in Ahmednagar (Ahilyanagar) district,
Maharashtra, India. We also analyze the influence of
key physicochemical parameters on their distribution.
River confluences create dynamic environmental gra-
dients that strongly influence the distribution, diver-
sity, and metabolic activity of microorganisms, making
these zones critical for understanding microbial ecology
and river health (Hui et al., 2022). By examining these
interactions across different seasons, the study provides
important baseline data. It enhances our understanding
of how environmental variability shapes zooplankton
communities in freshwater ecosystems.

Rotifers (Phylum Rotifera) are among the oldest
metazoan groups (Barnes, 1993) and dominate zoo-
plankton assemblages in freshwater ecosystems. They
exhibit distinct seasonal dynamics closely regulated
by physicochemical parameters, confirming their eco-
logical sensitivity and reliability as bioindicators for
assessing freshwater quality and environmental change
(Arora and Mehra, 2003). A rotifer taxon of consider-
able diversity is frequently found in various types of
stabilization ponds, polluted rivers, and lentic ecosys-
tems such as village ponds (Sladecek, 1983). Rotifer
species composition and abundance are suggested to
be strongly associated with ecosystem health status,
and individual species may reflect the level of eutro-
phication (Rogozin, 2021). In tropical and subtropical
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The study of the Godavari River at Kaygaon Toka
and Kopargaon revealed significant seasonal and spa-
tial variations in water quality, with several parameters
at Kopargaon exceeding drinking water standards, indi-
cating localized pollution impacts (Rathod and Shinde,
2011). The study by Thitame et al. (2010) examines
seasonal variations in physicochemical parameters and
irrigation suitability of water from the Pravara River
at Sangamner, Ahmednagar district. Overall, research
on the seasonal dynamics of rotifer communities, par-
ticularly at the Pravara-Godavari river confluence, is
limited. Most available studies are either broader zoo-
plankton surveys, general diversity assessments, or sea-
sonal studies in other freshwater bodies and water qual-
ity contexts. The Pravara—Godavari river confluence is
an ecologically significant zone where seasonal runoff,
hydrological mixing, and watershed activities influence
water quality and biological communities. Despite its
importance, detailed studies on rotifer dynamics remain
limited. Assessing seasonal variations of rotifers in rela-
tion to physicochemical parameters provides essential
baseline data for understanding community responses,
evaluating water quality, and supporting sustainable
management under increasing anthropogenic pressure.

Ahmednagar (Ahilyanagar) is the largest dis-
trict in terms of area. It is situated in the middle of
western Maharashtra, India. The district has a total
area of 17196 sq. km, making it the largest district in
Maharashtra. The Pravara-Godavari river confluence
is located at Pravaranagar in Ahmednagar district,
Maharashtra, where the Pravara and Godavari rivers
meet. The Pravara River is about 200-208 km long in
Ahmednagar, flowing eastward and gathering tributar-
ies such as the Mula and Mahalungi before meeting the
Godavari at Pravara Sangam. The region falls within
the semi-arid zone and experiences a tropical mon-
soon climate, characterized by three major seasons:
the Monsoon (July to November) Winter (December to
February) and Summer (March to June).

2. Materials and Methods
2.1. Study area

The study was conducted at the Pravara-Godavari
river confluence in Ahmednagar (Ahilyanagar) district,
Maharashtra, India. Two sampling sites were selected at
the confluence zone: site 1 (latitude 19.621814° N; lon-
gitude 75.018419° E) and site 2 (latitude 19.622778°
N; longitude 75.015309° E). The geographic locations
were recorded using GPS, and a site map was prepared
to depict the sampling stations.

2.2. Sample collection and analysis

Rotifer samples were collected seasonally from
both sites. Sampling was carried out using a standard
plankton net with a 40 um mesh size over the period
of one year (October 2024 to September 2025). The
plankton net was pulled horizontally at ~1 m below
the water surface and towed for a distance of 10 m. The
collected samples were transferred to clean polyethene
bottles and preserved in 4% formalin for laboratory
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analysis. Physicochemical parameters were analysed
according to standard methods. Water temperature and
pH were measured on-site using portable field instru-
ments. Dissolved oxygen (DO) was measured in situ
and later determined in the laboratory using Winkler’s
method. Turbidity was measured using a Secchi disc.
Other chemical parameters, such as alkalinity, hard-
ness, and chloride, were analysed using standard titri-
metric and laboratory procedures.

All zooplankton were left to settle at the
bottom. The concentrated sample was examined
using a LABOMED Lx 300 binocular microscope.
Microphotographs were taken using a digital camera
attached to the microscope. A micrometre was used to
measure the organism’s size. All rotifers were identified
based on external morphological characters. The latest
standard taxonomic keys and relevant literature were
used for identification, including Sharma (1987; 2005),
Dhanapathi (2000), Koste (1987), and Segers (2007).
For quantitative estimation, counting was performed
using the Sedgwick-Rafter method. Rotifer commu-
nity structure was evaluated using standard ecological
indices such as the Shannon-Wiener Diversity Index
(H’), Simpson’s Diversity Index (D), and Evenness
Index (E). Statistical analysis was performed using
Microsoft Excel. The association between physicochem-
ical parameters and rotifer abundance was evaluated
through direct seasonal comparison of measured val-
ues, and the relationships were interpreted based on
concurrent fluctuations.

3. Resulits

In 2024-2025, a total of 19 rotifer species from
four genera and three families were identified in the
present research from the Pravara-Godavari river con-
fluence. With nine species, Brachionidae was the most
prevalent family. Lecanidae and Trichocercidae fol-
lowed with four and two species, respectively. About
the genus-wise seasonal distribution, Brachionus had
the most significant number of species in every season
(six in the Monsoon, eight in the Winter, and six in
the Summer). In contrast, Keratella had between one
and two species, Lecane had between one and four spe-
cies, and Trichocerca was only found in the Winter and
Summer. The number of species increased from nine
during the Monsoon to thirteen during the Summer
(Table 1).

Summer had the highest diversity, followed by
Monsoon and Winter, according to the Shannon-Wiener
diversity index (H’) values. At the same time, Pielou’s
Evenness (E) was highest in Summer, indicating a more
uniform distribution of species, and lowest in Winter.
Simpson’s index (D) revealed the lowest dominance in
Summer and higher dominance in Monsoon and Winter
(Table 2).

Rotifer population density also varied season-
ally in the water sample analysis. Summer showed the
highest abundance (1760 ind./L), followed by Winter
(1520 ind./L) and Monsoon (1120 ind./L) (Fig. 1).

The pH value ranged from 7.5 to 7.9, the water
temperature peaked in the Summer (29°C), the turbidity
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Table 1. Rotifer species recorded from the water samples of the Pravara-Godavari river confluence (November 2024-October

2025).

No. Family Species Monsoon| Winter | Summer
1. Brachionidae Brachionus diversicornis Daday, 1883 + + +
2. Brachionus plicatilis plicatilis Miiller, 1786 + - -
3. Brachionus quadridentatus melhemi Barrois & Daday, 1894 - + +
4. Brachionus calyciflorus Pallas, 1766 + + +
5. Brachionus falcatus Zacharias, 1898 + + +
6. Brachionus variabilis Hempel, 1896 - + -
7. Brachionus forficula Wierzejski, 1891 + - -
8. Brachionus caudatus Barrois & Daday, 1894 + + +
9. Brachionus angularis Gosse, 1851 - + +
10. Keratella tropica Apstein, 1907 - + +
11. Keratella valga Ehrenberg, 1834 - + -
12. Keratella procurva Thorpe, 1891 - + -
13. Keratella cochlearis Gosse, 1851 - - +
14. Lecane physalis Wulfert, 1939 - - +
15. Lecanidae Lecane leontina Turner, 1892 + - +
16. Lecane lunaris Ehrenberg, 1832 + - +
17. Lecane bulla bulla Gosse, 1851 - + +
18. | Trichocercidae Trichocerca siamensis Segers & Pholpunthin, 1997 - - +
19. Trichocerca tigris Miiller, 1786 - + -

ranged from 1.5 to 1.8 NTU, and the dissolved oxygen
slightly dropped in the Summer (7.3 mg/L) compared
to the Monsoon (8.8 mg/L). These physicochemical
parameters showed minor seasonal variations. Higher
rotifer abundance was associated with increases in
hardness, alkalinity, and chloride concentrations from
Monsoon to Summer (Table 3, Fig. 2).

4. Discussion

At the Pravara-Godavari river confluence, sea-
sonal variation had a significant impact on rotifer diver-
sity and abundance. The Summer period recorded the
highest levels of species richness, diversity, and even-
ness. At the same time, the Monsoon season showed
the lowest levels. Increased temperature also improved
feeding efficiency and nutrient assimilation, leading to
rapid population turnover. In addition, relatively sta-
ble hydrological conditions during Summer increased
water residence time, allowing plankton communities
to establish and proliferate. The Monsoon season exhib-
ited reduced diversity and abundance due to hydrolog-
ical disturbance. Heavy rainfall increased turbidity and
reduced light penetration, thereby indirectly limiting
phytoplankton availability. Monsoonal runoff also
diluted nutrients. These combined stressors explain the
observed decline in richness and community stability.
A lower Simpson’s dominance in the Summer further
indicated a more uniform distribution of species.

Perhaps as a result of lower temperatures and
different dissolved oxygen levels, Winter supported
moderate diversity but lower evenness, indicating

Table 2. Diversity indices of rotifer abundance at the
Pravara-Godavari river confluence.

No.| Season |[Shannon H’| Simpson D | Evenness E
1. | Monsoon 0.932 0.444 0.673
2. Winter 0.918 0.439 0.662
3. | Summer 1.190 0.282 0.859

® Monsoon

= Winter

® Summer

Fig.1. Seasonal percent contribution of rotifer density
(ind./L) in the Pravara-Godavari river confluence.
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Fig.2. a) B. diversicornis; b) B. plicatilis plicatilis; c) Trichocerca tigris; d) B. quadridentatus melhemi; €) B. calyciflorus; f) K. trop-
ica; g) K. procurva; h) B. falcatus; i) B. variabilis; j) B. forficula; k) K. valga; 1) B. caudatus, 1894; m) B. angularis; n) L. physalis; o)
L. leontina; p) K. cochlearis; q) Trichocerca siamensis; r) L. lunaris; and s) L. bulla bulla.

dominance by fewer genera. Perennial dominance
of Brachionus species demonstrates their ecological
adaptability across a range of physicochemical con-
ditions. The ecological success of Brachionus in semi-
arid freshwater ecosystems is attributed to its high
reproductive rate, broad tolerance to environmental
variations, and ability to utilize nutrient-rich con-
ditions. Many species thrive in alkaline, moderately
eutrophic waters, which are common in reservoirs
and river systems in Maharashtra. Consequently, the
consistent dominance of Brachionus indicates its role
as a bioindicator of productive and nutrient-enriched
freshwater habitats. The seasonal pattern observed in
the Pravara-Godavari river confluence, where rotifer
diversity and abundance peaked during Summer and
declined during the Monsoon, is consistent with obser-
vations from other freshwater bodies of Maharashtra,
such as Shanoor Dam (Gadhikar and Sawale, 2016),
Dnyaneshwar Sagar (Kawade and Pandarkar, 2014),
and Visapur Dam (Bhalsing and Pokale, 2023). Thus,
the similarity between the present findings and previ-
ous studies indicates that seasonal hydrological dynam-
ics play a crucial role in structuring rotifer communi-
ties in freshwater ecosystems of Maharashtra. Rotifers

are sensitive to environmental changes, as indicated by
correlations between rotifer community structure and
physicochemical parameters such as temperature, dis-
solved oxygen, turbidity, alkalinity, hardness, and chlo-
ride. These results support the application of rotifers
as useful bioindicators of ecological status and water
quality in semi-arid freshwater ecosystems.

5. Conclusion

According to the study, rotifer diversity in the
Pravara-Godavari river confluence is seasonal, with the
highest levels of species richness, diversity, and even-
ness occurring in the Summer. The dominant family,
Brachionidae, demonstrates the ecological adaptability
of certain rotifers to changing environmental condi-
tions. Continuous monitoring of rotifer populations and
water quality assessments may contribute to ecologi-
cal management and provide essential baseline data
for research on freshwater biodiversity. These findings
contribute to our understanding of the dynamics of
planktonic communities in the freshwater ecosystems
of Ahmednagar, Maharashtra. They can serve as a
guide for future ecological and conservation research.

Table 3. Physicochemical profile of the Pravara-Godavari river confluence.

No. Season pH |Water Temp| Turbidity DO Hardness Alkalinity | Chloride
(°C) (NTU) (mg/L) | (mg/L as CaCO,) | (mg/L) (mg/L)
1. Monsoon 7.5 27 1.8 8.8 204 124 84.57
Winter 7.7 25 1.5 8.4 255 135 95.32
Summer 7.9 29 1.6 7.3 276 168 102.84
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