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ABSTRACT. This study was conducted as part of a project to establish a bioresource collection of
carotenogenic microalgae from the Crimean region with the aim of identifying promising strains
adapted to the climatic conditions of southern Russia. A large-scale sampling campaign was carried
out in extreme habitats of the western and south-eastern parts of the peninsula, resulting in the isola-
tion and characterization of five novel strains of green algae. Taxonomic identification was performed
using an integrative approach that combined analysis of life cycle traits, morphological characterization
by light and scanning electron microscopy, and phylogenetic analysis of the nuclear ribosomal DNA
region (ITS1-5.8S-ITS2). The strains were assigned to four genera within the classes Chlorophyceae
(Coelastrella thermophila 1BSS-98, Tetradesmus obliquus IBSS-164, Desmodesmus multivariabilis IBSS-167
and IBSS-171) and Trebouxiophyceae (Dictyosphaerium ehrenbergianum IBSS-163). All strains represent
species new to the IBSS collection and were obtained in pure culture from the Crimean algal flora for
the first time. The broad range of biotechnological applications for these strains — from environmental
remediation to production of high-value compounds for the pharmaceutical, cosmetic, and food indus-
tries, as well as biofuels — highlights the importance of further research and supports the potential for
regional economic development.
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1. Introduction

Microalgae biotechnology offers significant potential for
implementing the concept of a circular economy (Santos et
al., 2025), which provides a harmonious balance between
environmental and economic priorities. It allows for the cre-
ation of zero-waste industrial systems, minimizing anthropo-
genic impact, and reducing greenhouse gas emissions across
various economic sectors (Dvoretsky et al., 2022; Ende and
Abomohra, 2024).

Taxonomically, microalgae are a polyphyletic group of
eukaryotes that, through parallel evolution via single or mul-
tiple endosymbiosis, acquired the capacity for photosynthesis
(Glibert, 2024). The phylogenetic divergence of microalgal
lineages began early in the evolution of autotrophic eukary-
otes, resulting in the exceptional diversity of metabolic net-
works among their modern representatives (Hildebrand et al.,
2013).

Microalgae cells are able to accumulate significant
amounts of proteins, carbohydrates, polar and neutral lipids
with a rich set of fatty acids, and synthesize a wide range
of biologically active compounds, including pigments (carot-
enoids, chlorophyll), vitamins, phytohormones, and antibiot-
ics (Elsayed et al., 2024). This determines scientific interest
in studying their biotechnological potential, stimulating the
search for new valuable metabolites and the identification of
promising producer strains for the industrial production of
targeted compounds. Technological progress opens up oppor-
tunities for using microalgae biomass in several key areas: as
a renewable fuel source (Jaremko et al., 2023), as a feedstock
for the environmentally friendly production of bioplastics and
biopolymers, and for restoring disturbed aquatic and terres-
trial biotopes (Kim et al., 2022; Silva et al., 2025).

Screening the natural diversity of microalgae in extreme
biotopes is a key approach for identifying strains with high
biotechnological potential. Adaptation to extreme condi-
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tions is associated with a shift in intracellular metabolism
towards the biosynthesis of secondary metabolite compounds
that often exhibit high biological activity (Solovchenko and
Minyuk, 2021; Debnath et al., 2024). The deposition of strains
in living culture collections is a critical step in the develop-
ment of biotechnological research. It ensures the confirmed
taxonomic status of the object, its storage under strictly con-
trolled conditions, and the maintenance of the purity and via-
bility of the culture (Temraleeva and Sinetova, 2023). Such
collection funds provide a reliable basis for employing refer-
ence strains in both fundamental research and industrial bio-
technological development. Legislative recognition of their
importance for biodiversity conservation (Federal Law of the
Russian Federation of November 27, 2024 “On Bioresource
Centers...”) emphasizes the strategic importance of these col-
lections for national biotechnology infrastructure.

The collection of live cultures of carotenogenic microal-
gae at the A.O. Kovalevsky Institute of Biology of the Southern
Seas of RAS (IBSS, registration no. 1201 in the World Data
Centre for Microorganisms, WDCM) (Dantsyuk et al., 2021)
was established in 2002 as part of the general collection
of live cultures of microalgae at the Institute of Biology of
the Southern Seas. Since 2017, it has been included in the
Noah’s Ark National Depository of Living Systems (a project
of Lomonosov Moscow State University) under the identifier
IBSS-ALGAE. The collection is replenished through targeted
intercollection exchange and the isolation of new strains from
the natural environment.

Due to the climatic conditions in the Russian Federation,
mass cultivation of microalgae is only possible in a limited
number of regions. Therefore, the search for new strains
promising for industrial cultivation in the southern regions
is a pressing issue for scaling up biotechnological processes.
As part of the development of the IBSS collection, screen-
ing of Crimean algal flora began in 2024, aiming to identify
microalgal strains adapted to local conditions. To date, 37
strains of Chlorophyta have been isolated from extreme hab-
itats in the western and southeastern parts of the peninsula
and belong to various ecological groups — aquatic, aerophilic,
soil species, and lichen phycobionts.

The aim of this study was to describe five new Crimean
microalgal strains deposited in the IBSS collection and iden-
tified through research of their life cycle, morphological fine
structure, and molecular genetic analysis. Based on literary
sources, the prospects for the practical use of new collection
strains in biotechnological processes are discussed.

2. Materials and methods
2.1. Sampling areas

Sampling was conducted in four locations in

the steppe region of Western Crimea and in the foot-
hills of the southeastern and southwestern parts of

Table 1. Field sample collection areas.

the Peninsula during the spring and summer (Fig. 1.,
Table 1).

Sampling point 1 — the innermost part of Lake Donuzlav
near the village of Krasnoyarskoye (north side of the bridge,
5-10 m from a freshwater well). A 3-4 m deep section is sepa-
rated by a dam, creating freshwater conditions (Ryabushko et
al., 2021). Salinity in the main body of water is 17.5-18.2%so.

Sampling point 2 — the eastern part of the Lake Kyzyl-Yar
(a former hypersaline water body off the western coast of
Crimea). The lake has been subjected to eutrophication and
desalinization due to waters from the Mezhgornoye Reservoir
(Shadrin et al., 2018). Sampling took place in the furthest
part from the sea, with brackish water (2%o).

Sampling point 3 — an open plastic container with fresh
water within the urban area of Sevastopol.

Sampling point 4 - rock baths on the slope of Mount
Legener (Karadag volcanic massif). Rounded depressions in
the rock (radius ~1 m, depth 0.5 m) are arranged in a cascade
every 2-3 meters. Sampling was carried out in August, when
there was no hydrological connection between the basins (the
waters were stagnant). Samples were collected separately
from different sites.

2.2. Material collection

Water samples from rock baths and natural water bod-
ies were collected at the surface layer (0-0.1 m) using sterile
Falcon polypropylene tubes. Salinity was measured with an
ATAGO PAL-06S portable refractometer (Japan). Scrapings
of wet deposit from a container with fresh water were taken
with cotton swabs and sealed in polyethylene bags. Each
sample was labeled with its number, collection date, precise
GPS coordinates, and the collector’s name. The samples were
stored in laboratory conditions at temperatures and lighting
levels as close as possible to in situ conditions until analysis.

Fig.1. Sampling map: 1 — Lake Donuzlav, corner part; 2 —
Lake Kyzyl-Yar, eastern part; 3 — Sevastopol, Nakhimov Ave.,
2; 4 — Karadag Nature Reserve, Mount Legener.

No Sampling area and points Coordinates | Altitude | Salinity Biotop Date
1 | Western Crimea, Chernomorsky district, 45.500180, 0m 2%o0 Water body |[27.08.2024
steppe region Krasnoyarskoye village, the corner | 33.264876
part of Donuzlav Lake
2 Saki district, Lake Kyzyl-Yar (eastern-| 45.066459, 1m 2%o Water body [27.08.2024
most part, remote from the sea) 33.648638
3 | Southwestern Sevastopol, Nakhimov Avenue, 2 44.616969, 16 m 0%o |Plastic container| 05.2024
Crimea, foothills 33.522144 with water
4 Southeastern Karadag Nature Reserve, Kara-Dag | 44.941943, | 300 m 0%o Water body |[20.08.2024
Crimea, foothills volcanic massif, Mt. Legener. 35.202785
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2.3. Isolation and cultivation of algal
strains

Water samples were concentrated by centrifugation at
low speed (70-130 g, 2-3 min). The supernatant was removed,
and an artificial nutrient medium diluted 2-3 times with dis-
tilled water was added to the cell pellet. Bold’s standard min-
eral medium (BBM) for green microalgae was used in this
study (Bischoff and Bold, 1963). Biomaterial scrapings on cot-
ton swabs were placed in glass vials containing diluted BBM,
sealed with cotton-gauze stoppers, and incubated at room
temperature for several days. To obtain algologically pure
cultures, a method of multiple serial dilutions and inoculation
of individual cells with a micropipette was used (Temraleeva
et al.,, 2014). The final stage included inoculation on 1.5%
BBM-agar in Petri dishes using the depletion streak method
(Temraleeva et al., 2014).

Germination and formation of the first colonies were
observed on an average after 2 weeks. To obtain an actively
vegetating batch culture, individual microalgae colonies were
inoculated with a microbiological loop into glass test tubes
with a small volume (0.3 ml) of liquid BBM, sealed with cot-
ton-gauze stoppers and incubated at room temperature and
illumination of 35 pmol photonsm?s?!. Cell viability was
monitored under a light microscope. For antibacterial treat-
ment, a cocktail of broad-spectrum antibiotics was used (Kan
and Pan, 2010): ampicillin (500 pg:ml?) and cefotaxime (100
pg'ml?). Fungicidal treatment was performed with a solution
of fundazole (40 pg'ml?) (Mokrosnop and Zolotareva, 2012).
For long-term storage, algologically pure microalgae cultures
on 1.5% BBM-agar were placed in duplicate under controlled
conditions. Samples were placed in a modified Snaige refrig-
erator display case equipped with Feron DL 20W T4 6400K
LED lamps (Russia) and two additional thermostats (type
F/2000, manufacturer FTWOF PRODIGY). The temperature
was maintained at 14-16°C, with a light intensity of 20-26
umol photons'm%s? and a photoperiod of 15 h light: 9 h dark.

Five green microalgae strains were isolated and assigned
numbers: IBSS-98, IBSS-164, IBSS-167, IBSS-171, and
IBSS-163.

2.4. Light microscopy (LM)

Morphometric parameters of cell isolates were deter-
mined using a Nikon Eclipse Ts2R inverted light microscope.
Linear dimensions were measured on micrographs obtained
using a Lumenera Infinity 3 digital camera and processed
using ImageJ Software (National Institute of Health, USA). A
sample of 100 cells was taken for cell population size analy-
sis. Live cultures were used for taxonomic identification. The
algal life cycle was observed for 1-4 weeks.

2.5. Scanning electron microscopy (SEM)

To obtain cell surface images, samples were fixed with
a glutaraldehyde solution at a final concentration of 1% in
phosphate buffer (Chubchikova et al., 2022). Samples were
dehydrated in a series of increasing concentrations of ethanol
or ethanol and acetone (Rylkova et al., 2023). Critical point
drying of the samples was performed in a Leica EM CPD300
system (Germany) for 2.5 hours in soft mode. Sputtering with
an Au/Pd alloy (0.5-1.0 min) was performed in a Leica EM
ACE200 system (Germany). SEM images of the cells were
obtained using a Hitachi SU3500 scanning electron micro-
scope (Japan) at the Microscopy Laboratory of the IBSS.
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2.6. Molecular genetic analysis

Total DNA was extracted from concentrated microal-
gae cultures using the DNA-Extran-3 kit (Synthol, Russia)
according to the manufacturer’s protocol. The nuclear ribo-
somal gene cluster, including the ITS1, 5.8S rDNA, and
ITS2 regions, was amplified by polymerase chain reaction
(PCR) using the EncycloPlus PCR kit (Eurogen, Russia) with
primers ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4
(5’-TCCTCCGCTTATTGATATGC-3’) (White et al., 1990). The
amplification protocol included: initial denaturation at 94°C
for 3 min; 34 cycles (denaturation — 30 s at 94°C, primer
annealing — 30 s at 60°C, elongation — 60 s at 72°C); and final
elongation — 10 min at 72°C. The quality of the amplicons
was assessed by electrophoresis in a 1.5% agarose gel stained
with ethidium bromide at a concentration of 0.2 pgml?.
PCR products were purified using the ColGen kit (Synthol,
Russia) and sequenced using the GenSeq kit (Synthol, Russia)
on a Nanophore 05 genetic analyzer (Institute for Advanced
Studies, SevSU, Russia). Sequence editing and assembly were
performed by manually comparing the forward and reverse
chromatograms using 4Peaks (http://nucleobytes.com/index.
php/4peaks).

Primary analysis of nucleotide sequences was performed
using the BLASTn algorithm (Zhang et al., 2000; Morgulis et
al., 2008). The obtained sequences for each strain were used
as queries for an NCBI search (http://blast.ncbi.nlm.nih.gov
Blast.cgi). The best matches were selected for further recon-
struction based on sequence coverage, E-value, and percent
identity, with a primary focus on sequences from authentic
strains.

Multiple sequence alignment was performed using MAFFT
v.7.48 (Katoh and Toh, 2010) with the L-INS-I algorithm, fol-
lowed by removal of ambiguously aligned regions at the 5’
and 3’ ends. The length of the resulting matrix was 890 bp
for IBSS-98, IBSS-164, IBSS-167, and IBSS-171 and 4989 bp
for IBSS-163. Phylogenetic reconstructions were performed
using the maximum likelihood (ML) method in the program
IQ-TREE 3.0.0 (Trifinopoulos et al., 2016). The GTR +1+ G4
and TIM2+F+I+R2 nucleotide substitution models was
automatically selected using ModelFinder using the Bayesian
information criterion (BIC). The level of statistical support for
the phylogenetic tree topology was assessed using three ratios:
SH-like approximate likelihood ratio test (SH-aLRT, 10000
replications), “ultrafast” bootstrap (“ultrafast bootstrap”,
10000 pseudoreplications), and aBayes method (number of
failed iterations 1000). A Bayesian phylogenetic analysis was
performed using BEAST v.10.5.0 (Suchard et al., 2018) for
the concatenation matrix under the GTR + 1+ G4 substitution
model and the Yule process of speciation. We calculated the
Kimura two-parameter (K2P) distances using the MEGA 11
software (Kimura, 1980; Tamura et al., 2021). Visualization
and editing of phylogenetic trees were performed using the
philo.io online service (https://phylo.io/index.html).

Preliminary taxonomic identification based on mor-
phological features was performed using identification keys
(Komarek and Fott, 1983; Tsarenko, 1990; Andreeva, 1998).
Algal taxonomy is specified according to AlgaeBase (Guiry
and Guiry, 2026).

3. Results
3.1. Strain identification using molecular

phylogeny

For five new strains isolated in pure culture and
deposited in the IBSS collection, nucleotide sequences
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of the rDNA marker region, including ITS1-5.8S-ITS2
(partially), were obtained. The total sequence length
was 597 bp for strains IBSS-171 and IBSS-167, 620 bp for
IBSS-98, 693 bp for IBSS-164, and 706 bp for IBSS-163.
Initial analysis revealed that the sequences cluster within
two chlorophyte families: Scenedesmaceae (IBSS-98,
IBSS-164, IBSS-167, and IBSS-171) and Chlorellaceae
(IBSS-163). A separate phylogenetic reconstruction was
performed for each family. Multiple sequence align-

in Supplementary files S1 and S2, for Scenedesmaceae
and Chlorellaceae, respectively (available via https://
doi.org/10.6084/m9.figshare.32731128).

ments supporting these reconstructions are provided
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On the phylogenetic tree of the Scenedesmaceae
family (Fig. 2), the obtained sequences are distributed
among three closely related clades formed by repre-
sentatives of the genera Desmodesmus (IBSS-171 and
IBSS-167), Tetradesmus/Acutodesmus (IBSS-164), and
Coelastrella (IBSS-98).
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Fig.2. Position of the new strains IBSS-98, IBSS-164, IBSS-167, and IBSS-171 on the phylogenetic tree of the Scenedesmaceae,
reconstructed by maximum likelihood (ML) from the ITS rDNA region. Support values are indicated as BS/PP (Bootstrap percent-
age / Bayesian posterior probability); only nodes with BS = 85 and PP = 0.85 are displayed on the tree. Support values BS = 99
and PP = 0.99 are marked with an asterisk (+ ). Authentic strains are marked with an asterisk (*).
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The sequences of the analyzed genomic regions from
strains IBSS-171 and IBSS-167 are completely identical. In
the phylogenetic tree, these strains are included in a clade
that encompasses several D. multivariabilis strains, includ-
ing the authentic D. multivariabilis SAG 2058 and the vari-
ety D. multivariabilis var. turskensis, as well as more than ten
unidentified Desmodesmus sp. isolates (Fig. 2). The Bayesian
support of the node (posterior probability, PP) was 1.00, and
the bootstrap support (BS) was 94%, indicating high reliabil-
ity of this cluster. The closest phylogenetic neighbours of the
Crimean strains are the unidentified isolates Desmodesmus
Jo.4 and Desmodesmus sp. Agraba 17. The genetic distances
to these isolates, calculated using the Kimura twoparameter
(K2P) model, amount to 1.0% and 1.2%, respectively. For the
nearest sister lineage, characterized by high statistical sup-
port and comprising six Desmodesmus sequences, including
the identified D. subspicatus GB6 strain, the genetic distance
values range between 2.2% and 4.5%.

Based on their position in the phylogenetic tree and the
estimated genetic distances, the novel strains IBSS-171 and
IBSS-167 were assigned to the D. multivariabilis lineage and
deposited in NCBI under accession numbers PX606285 and
PX606286, respectively. Nonetheless, further investigation of
this lineage is needed, ideally employing a more extensive set
of genetic markers.

Strain IBSS-164 belongs to a clade comprising over 20
strains, predominantly identified as Tetradesmus obliquus
(including synonyms Acutodesmus/Scenedesmus), which also
includes the sequence of the authentic strain T. obliquus SAG
2761. The cluster is strongly supported by high posterior
probability (PP = 0.99) and bootstrap (BS = 99%) values.
Evolutionary distances within this lineage range from 0 to

100/1

1.4%. The distance between strain IBSS-164 and its closest
neighbours is approximately 0.5%, which corresponds to the
average value for the T. obliquus clade. Evolutionary distances
to the nearest lineages of other species within the genus (T.
arenicola and T. bajacalifornicus), represented on the phylo-
genetic tree and characterised by high node support, range
from 2.6 to 4.2%. Based on these data, the sequence of strain
IBSS-164 was assigned to the Tetradesmus obliquus lineage
and deposited in the NCBI database under accession number
PX606287.

The sequence of strain IBSS-98 (the third of the isolated
representatives of the family Scenedesmaceae) belongs to a
clade of Coelastrella thermophila strains that shows maximum
statistical support: PP = 1.00 and BS = 100% (Fig. 2). Genetic
distances to the closest neighbours, including the sequence
of the authentic C. thermophila strain FACHB-2300, do not
exceed 0.3%. Evolutionary distances within the entire C. ther-
mophila clade, including distinct variants, range from 0.6 to
1.3%. At the same time, genetic distances to the sequences of
the socalled “core” group of Coelastrella species (in particular,
C. rubescens, C. yingshanensis, C. saipanensis, and C. aeroter-
restrica) range from 3 to 9%. Thus, the available data allow
for the reliable differentiation of distinct Coelastrella species
based on the analysis of the examined ribosomal gene cluster
region. The C. thermophila IBSS-98 sequence has been depos-
ited in NCBI under accession number PX606288.

The sequence of strain IBSS-163 is completely identical
to the corresponding genomic region of the authentic strain
Dictyosphaerium ehrenbergianum CCAP 222/14. In the phylo-
genetic tree (Fig. 3), these sequences, together with the type
strain of D. ehrenbergianum CCAP 222/45, form a sister lin-
eage to the clade comprising two strains of D. libertatis. This

[— FM205854.1 Chlorella vulgaris CCAP 211/81

I— LR215793.1 Chlorella vulgaris RUC-1

MK975491.1 Halochlorella rubescens SAG 5.9

S FM205846.1 Parachlorella kessleri SAG 211-11g
100/1 _|:

JQ797561.1 Parachlorella kessleri HY-6

100/0,99

TR HM744739.1 Parachlorella kessleri BAFC CA10

FM205845.1 Parachlorella beijerinckii SAG 2046

-/0,99
HM126551.1 Parachlorella hussii ACOIl 939
100/1

HM126548.1 Parachlorella hussii ACOIl 1508

99/0,99 GQ176858.1 Dictyosphaerium ehrenbergianum CCAP 222/14

PX606289.1 Dictyosphaerium ehrenbergianum |BSS-163
HMO066008.1 Dictyosphaerium ehrenbergianum CCAP 222/45

GQ176854.1 Dictyosphaerium ehrenbergianum CCAP 222/1A*
o 99/1

100/1

GQ487211.1 Dictyosphaerium libertatis CB 2008/76

MF664499.1 Dictyosphaerium libertatis GL32-3

-/0£|: PP915602.1 Dictyosphaerium lacustre FACHB-3701

-1 100/1

MF664528.1 Dictyosphaerium lacustre YN1-4

GQ487204.1 Dictyosphaerium lacustre strain CCAP 222/62*

98/ I_ MF086578.1 Dicloster acuatus HND2-2

I— FM205848.1 Dicloster acuatus SAG 41.98

100/1

I_ FM946015.1 Chloroidium ellipsoideum SAG 2143

I— FM946000.1 Chlorella saccharophila SAG 211-9a

3.0

Fig.3. Position of the new strain IBSS-163 on the phylogenetic tree of representatives of the Chlorellaceae family, recon-
structed from the ITS rDNA sequence using the maximum likelihood (ML) method. Support values are indicated as BS/PP
(Bootstrap percentage / Bayesian posterior probability); only nodes with BS = 0.85 and PP = 85 are displayed on the tree.
Authentic strains are marked with an asterisk (*).
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topology is strongly supported by PP = 1.00 and BS = 96%.
Evolutionary distances in the studied genomic region between
the species D. ehrenbergianum and D. libertatis range from 3 to
4%, whereas intraspecific distances for D. ehrenbergianum are
approximately an order of magnitude lower (around 0.3%).
Based on the presented phylogenetic analysis results, strain
IBSS-163 has been assigned to the Dictyosphaerium ehrenber-
gianum lineage and deposited in NCBI under accession num-
ber PX606289.

3.2. Strain identification using an
integrative approach

The morphological characterization of the new strains
was carried out using LM, based on diagnostically significant
morphometric and biological features observed at different
stages of the microalgae life cycle. Scanning electron micros-
copy (SEM) revealed fine cell wall structures that were not
visible under LM in some algal species. Together, these meth-
ods provided a more comprehensive morphological descrip-
tion of the studied strains. In addition, the type, shape, and
color of colonies formed on solid agar medium were taken
into account; colonies typically appeared approximately two
weeks after inoculation.

Based on a combination of diagnostic features, including
morphotype, cell shape and size, intracellular contents, and
life cycle characteristics, the isolates were assigned to two
classes of the algal lineage Chlorophyta: Chlorophyceae (4
strains) and Trebouxiophyceae (1 strain).

Coelastrella thermophila strain IBSS-98 Qinghua Wang,
Huiyin Song, Xudong Liu, Guoxiang Liu & Zhengyu Hu 2019
(Chlorophyceae, Sphaeropleales, Scenedesmaceae).

Habitat

The strain was isolated from red biofilm on an open plas-
tic container with fresh water that had been exposed to air
for a long time (Point 3, Table 1). The isolate was identified
as an aerophyte.

Morphology and Biology

On agar nutrient medium, the colonies of the isolated
strain are solitary and dark green, turning bright orange as
they aged. The cells in liquid culture are spindle-shaped,
ovoid, or ellipsoid, with a parietal cup-shaped chloroplast
clearly marked by a single pyrenoid (Fig. 4 A, B).
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Cell sizes range from 6.5 to 12.5 pum in length and from
2.8 to 9.7 um in width. The morphological features of the
strain correspond to those typical of the genus Coelastrella
Chodat 1922. A characteristic feature of this species, accord-
ing to Wang et al. (2019), is the presence of asymmetrically
elongated, ellipsoidal young cells, sometimes pointed at only
one end.

Asexual reproduction occurs through the formation of
autospores (2-4). Before division, the cells acquire a rounded
shape. Sexual reproduction was not observed. SEM images
reveal a characteristic cell wall sculpture in the form of
meridional ribs (mostly 10-14) converging toward the cell
poles (Fig. 4 C, D).

Based on an integrative analysis of morphological and
molecular genetic characteristics, the new strain IBSS-98 has
been identified as Coelastrella thermophila.

Strain IBSS-164 Tetradesmus obliquus (Turpin) M.J.Wynne
2016 (Chlorophyceae, Sphaeropleales, Scenedesmaceae)

Habitat

The strain was isolated from the eutrophic brackish waters
of Lake Kyzyl-Yar, located in the steppe zone near Crimea’s
western coast. The sample was collected in August from the
part of the lake furthest from the sea (Point 2, Table 1).

Morphology and Biology

On agar nutrient medium, colonies of the isolated strain
are small, dark green, and acquire a yellow-green tint upon
long-term storage (over two months). In liquid culture, the
cells are solitary, oval or spindle-shaped, and form coeno-
bium-like clusters of four cells without a mucous wrapper,
arranged in a single plane (Fig. 5 A, B). The chloroplast is
parietal, filling the interior of the cell, and one pyrenoid is
located near the cell center.

Cell dimensions vary between 3.5-6.5 pm in length and
between 1.7-4.7 um in width. As the culture ages, the cells
primarily occur as coenobium-like clusters. In the SEM image,
the cell wall surface is smooth with polar thickenings and
sparse meridional ribs (Fig. 5 C, D).

Reproduction is asexual, with autospores in groups of
2-4, without zoospore formation. Sexual reproduction was
not observed.

Based on a combination of morphological character-
istics, in particular, cell size and shape, as well as the pat-
tern of their organization into a coenobium (Cho and Lee,
2024), strain IBSS-164 fully corresponds to the description
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Fig.4. Images of young vegetative cells of the IBSS-98 Coelastrella thermophila strain: A, B — LM; C, D — SEM, scale bar 10 pum.
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Fig.5. Images of young cells of the Tetradesmus obliquus strain IBSS-164: A, B — LM, scale bar 10 um; C, D — SEM, scale bar

5 pm.

of Tetradesmus obliquus (Oliveira et al., 2021; Cho and Lee,
2024). This morphological assignment is supported by molec-
ular genetic data.

Strains IBSS-167, IBSS-171 Desmodesmus multivariabilis E.
Hegewald, Antal Schmidt, A. Braband & P. M. Tsarenko 2005
(Chlorophyceae, Sphaeropleales, Scenedesmaceae).

Habitat

Two strains of the same species were isolated from stag-
nant waters of a cascade system of rock baths on the slope
of Mount Legener in the Karadag massif (Point 4, Table 1),
collected in August. The samples were independent due to the
lack of hydrological connection between the collection sites
at the time of sampling.

Morphology and Biology

On agar nutrient medium, colonies of both strains are
bulky and dark green. In liquid culture, single oval cells are
found as well as 2—4-celled coenobiums arranged in a plane,
suggesting that the algae exhibit pleomorphism at various
stages of growth and development (Fig. 6).

The cells are nonmotile, and epistructures such as lat-
eral “spines” and “horns” are not visible under a light micro-
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scope. Cell dimensions vary between 3-8 um in length and
2-7 um in width. The chloroplast occupies most of the cell’s
volume, with a single distinct round pyrenoid. SEM images
clearly show small warts and a few horn-like structures of
equal length, located perpendicular to the cell wall (Fig. 6).
Along the cell are uneven and knobbly meridional ribs, which
may be entire or partially reduced.

Reproduction is asexual, with the formation of auto-
spores; sexual reproduction has not been observed.

Both strains match the description provided in the liter-
ature (Gorelova et al., 2015; Demura et al., 2021; Xu et al.,
2024). Based on morphological characteristics and phyloge-
netic analysis, strains IBSS-167 and IBSS-171 were identified
as Desmodesmus multivariabilis.

Strain IBSS-163 Dictyosphaerium ehrenbergianum Nageli
1849 (Trebouxiophyceae, Chlorellales, Chlorellaceae).

Habitat

The strain was isolated from brackish waters (2%o) at the
upper part of Lake Donuzlav with depths of 3-4 m, separated
from the main water area (Point 1, Table 1).

Fig.6. Images of Desmodesmus multivariabilis cells: A, B — LM of strain IBSS-167, C, D — LM of strain IBSS-171, scale bar = 10
um; E, F — SEM of strain IBSS-167, G, H — SEM of strain IBSS-171, scale bar = 5 um.

316



Dantsyuk N.V. et al. / Limnology and Freshwater Biology 2026 (4): 310-337

Algae: Problems of Taxonomy and Ecology,
Use in Monitoring and Biotechnology

Morphology and Biology

On agar nutrient medium, the isolated colonies are
solitary and bright green. In liquid culture, the cells form
free-floating colonies consisting of four or more oval (ovoid)
cells arranged in a cross-shaped pattern, laterally attached
to gelatinous mucus cords in the transverse position. (Fig. 7
A, B). The cords extend radially from the colony center and
divide dichotomously or tetratomously. Young cells range in
size from 4.5 to 6.5 pm in length and from 2.5 to 5 um in
width. Older colonies consist of 8-16 rounded cells at the
ends of mucus cords, forming “inflorescences,” and may
sometimes be surrounded by mucous membranes.

Reproduction occurs through colony fragmentation into
segments of four cells arranged in a cross-like pattern on
mucous cords (Fig. 7 B). The chloroplast is parietal with a
single pyrenoid. In the SEM images, the cell walls and mucous
cords are covered with warts (Fig. 7 D, E). As the culture
aged, cells gradually increased in size, ranging from 4.5 to
7.5 pm in length and from 3.5 to 5 pm in width. Over time,
the colonies compacted, obscuring the visibility of the muci-
laginous strands (Fig. 7 C). Mature colonies disintegrated into
individual cells due to the degradation of the mucilaginous
connections (Fig. 7 F).

Based on morphological characteristics (Bock, 2010) and
molecular genetic analysis (Fig. 3), the new strain IBSS-163
was identified as Dictyosphaerium ehrenbergianum.

4. Discussion

The role of national and regional microalgae culture col-
lections in the development of biotechnologies and the con-
servation of biodiversity has been repeatedly emphasized in
the literature (Kurpan et al., 2025; Lourenco, 2020). In this
context, the expansion of the carotenogenic microalgae col-
lection at the IBSS is of particular importance: since 2021,
the number of maintained strains has increased from 44 to
131, while the proportion of local isolates (from Crimea and
the Black Sea coastal regions of the Caucasus) has risen from
25% to 40%. Targeted screening of the Crimean algal flora
has enabled the isolation of approximately 40 new strains in
pure culture, which require detailed taxonomic and biotech-
nological characterization.

Taxonomic identification of five isolates was performed
using an integrative approach that combined molecular
genetic methods with morphological data (light and scanning
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electron microscopy). The species assignment of the isolates
is supported by molecular phylogenetic analyses and is con-
sistent with the morphological, ecological, and ontogenetic
characteristics of the respective taxa described in the liter-
ature (Komaéarek and Fott, 1983; Tsarenko, 1990; Andreeva,
1998).

Selecting appropriate molecular markers for species
differentiation in green algae remains a methodological
challenge, largely due to the inherent limitations of mor-
phological identification, specifically, high intraspecific vari-
ability and the similarity of closely related taxa (Krivina et
al., 2025). In the present study, molecular identification of
the new strains was based on phylogenetic analysis of the ITS
region — a marker widely used to address taxonomic issues in
green microalgae, alongside traditional DNA barcodes (SSU,
rbsL, tufA) (Hoshina, 2014; Proeschold and Darienko, 2020;
Krivina et al., 2024; Temraleeva and Bukin, 2022).

The resulting phylogenetic reconstructions show unam-
biguous placement of all new strains within four distinct
clades characterized by high node support; these clades corre-
spond to the species Desmodesmus multivariabilis, Tetradesmus
obliquus, and Coelastrella thermophila (Chlorophyceae) and
Dictyosphaerium ehrenbergianum (Trebouxiophyceae). Genetic
distances calculated using the K2P model for the ITS region
effectively differentiate intra and interspecific variability lev-
els: intraspecific values typically remain below 2.2%, while
distances between closely related species range from 3-4%
and may reach 8-9% for more distantly related species. The
observed genetic distance values are consistent with the data
obtained for the ITS2 region (Hoshina, 2014). Thus, analy-
sis of the ITS region allows reliable differentiation of species
within the studied monophyletic lineages of Chlorophyceae
and Trebouxiophyceae. At the same time, resolving the intra-
specific structure and identifying potentially new species
require the use of additional markers. According to current
recommendations, this can be achieved through detailed
analysis of the ITS2 region structure, as well as multigene
reconstructions based on concatenated sequences of ribo-
somal and plastid genes or on the complete plastid genome
(Krivina et al., 2025; Cho and Lee, 2024).

All identified strains are new to the FRC IBSS collection
and have been isolated in pure culture from the Crimean algal
flora for the first time. Considering the published data on the
capacity of representatives of these taxa to accumulate valu-
able bioactive compounds, they represent promising candi-
dates as biotechnological producer strains (see Table 2).
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Fig.7. Images of Dictyosphaerium ehrenbergianum IBSS-163 cells: A, B — LM, young colonies; C — LM, mature colony (3-week
culture), scale bar = 10 um; D, E — SEM, young colonies; F — SEM, mature cells without the cell wall, scale bar = 5 pm.
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Table 2. Systematization of literature data on microalgae species new to the IBSS collection: biotopes, biologically active

substances, application areas, and representation in collections.

Microalgae Biotope Bioactive compounds Application Collections featuring the
species
Coelastrella Aquatic, soil, moist sur- Carotenoids, Bioenergetics, SyKoA, FACHB,
thermophila faces, extreme %52 Lipids, PUFAs © Cosmeceuticals and CCCryo, SAG
MUFAs, SFAs ° Pharmaceuticals &°
Tetradesmus Aquatic (including rocky Carotenoids, lutein '3 Bioenergetics, UTEX, SAG, CCAP, VKM
obliquus pools) *13 Lipids, MUFAs, SFAs ° Pharmaceuticals and
Nutraceuticals 128
Desmodesmus Aquatic (freshwater, PUFAs ! Pharmaceuticals BCAC, CCAP, SAG, UTEX,
multivariabilis | brackish); soil; symbiont and Nutraceuticals ! VCA, TAU-MAC, FBCC
of benthic invertebrates 7 Bioremediation !!
Dictyosphaerium Aquatic (freshwater, Lipids, MUFAs, SFAs 104 Bioenergetics %4 CALU, CCAP, UTEX,
ehrenbergianum brackish) 3#* FACHB

Note: PUFAs (polyunsaturated fatty acids); MUFAs (monounsaturated fatty acids); SFAs (saturated fatty acids).
1Akgiil and Kosel, 2023; 2Baldanta et al., 2025; *Bock, 2010; “Borah et al., 2018; *Boutarfa et al., 2022; Goecke et al., 2020;
’Gorelova et al., 2015; ®Huang, 2025; °Ismagulova et al., 2018; °Jiang et al., 2018; !Onyancha et al., 2022; 12Scoculi de Lira et

al., 2025; 3Uniivar and Unlii, 2022.

SYKOA Strain collection of microalgae and cyanobacteria from northern and arctic regions in the Institute of Biology of Komi
Scientific Centre (http://ib.komisc.ru:8008/sykoa/collection/)

VKM All-russian collection of microorganisms (http://www.vkm.ru/rus/Catalogue.htm)

FACHB Freshwater Algae Culture Collection Chinese Academy of Sciences (http://english.ihb.cas.cn/research/platforms/

npmp/202012/t20201202 255451.html)

CCCryo -Culture Collection of Cryophilic Algae (https://www.izi-bb.fraun)

SAG Sammlung von Algenkulturen at University of Gottingen (https://www.unigoettingen.de/de/184982.html)

UTEX Culture Collection of Algae (https://utex.org/)

CCAP Culture Collection of Algae and Protozoa (https://www.ccap.ac.uk/)

BCAC Bashkortostan collection of algae and cyanobacteria
CALU Collection of cyanobacteria, algae, and algal parasites (Collection of Algae of Leningrad University)
VCA Collection of Cyanobacteria and Algae of the Laboratory of Botany of the Federal Research Center for Biodiversity FEB

RAS

TAU-MAC MicroAlgae and Cyanobacteria culture collection (http://cyanobacteria.myspecies.info)
FBCC Bioresources Culture Collection (https://fbp.nnibr.re.kr/fbcc/?lang = en).

The isolated species are all cosmopolitan and demon-
strate high ecological plasticity, allowing them to thrive in a
wide range of habitats (Table 2). Most species within the gen-
era Coelastrella, Tetradesmus, and Desmodesmus are aerophytes
that inhabit soil, rock and concrete surfaces, brick walls and
tree bark (Table 2). In contrast, species of the Dictyosphaerium
genus are common freshwater inhabitants and can dominate
the phytoplankton community, forming blooms (Bock, 2010;
Scoculi de Lira et al., 2025). Our sampling sites align well
with the known natural biotopes of the identified microalgal
strains.

In response to deteriorating external conditions (dehy-
dration, salt stress, and exposure to high solar radiation), the
aforementioned microalgae genera accumulate secondary
metabolites, particularly fatty acids (FAs) (Ancona-Canché et
al., 2017; Zhu et al., 2020). Microalgal lipids and triacylglyc-
erols (TAGs) represent promising feedstocks for third-gen-
eration biofuel production (Jaremko et al., 2023). Species
of the genus Tetradesmus efficiently produce lipids that can
be used for biodiesel synthesis (Ismagulova et al., 2018; do
Carmo Cesério et al., 2022). Notably, the total lipid content
of their biomass varies considerably, ranging from 10% to
56% (Oliveira et al., 2021). For the IPPAS S-2023 strain,
Ismagulova et al. (2018) determined the potential lipid con-
tent to be 20-40% of the total FAs under nitrogen-starvation
conditions. Microalgae of the genus Coelastrella are also a
promising source of renewable energy, since their biomass
contains 18% lipids, which are suitable in quality for bio-
diesel production (Nayana et al., 2025). The fatty acid com-
position of lipids isolated from Coelastrella sp. KKU-P1 bio-
mass is mainly represented by monounsaturated (MUFA) and
unsaturated (USFA) fatty acids, which account for 49.7% and
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43.7% of the lipid fraction, respectively (Thepsuthammarat
et al.,, 2023). Mixotrophic cultivation of Coelastrella spp.
yielded biomass with mainly MUFAs and USFAs (67.8-
91.2%) (Boutarfa et al., 2022). Representatives of the genus
Desmodesmus showed significant lipid accumulation under
nitrogen starvation — from 36% to 58% of the dry biomass,
while the percentage of TAGs in the total lipid pool reached
64-78% (Pan et al., 2011). Dictyosphaerium ehrenbergianum
strain IL2 is characterized by high levels of saturated fatty
acids (SFAs) (approximately 40%) and MUFAs (42% to 60%),
primarily C16 and C18 fractions (Jiang et al., 2018). Research
by Borah (2018) confirms the potential for using D. ehrenber-
gianum lipids as an alternative feedstock for biodiesel.
Microalgae are also a source of valuable bioactive com-
pounds with a wide range of applications in the pharma-
ceutical, cosmetic, and nutraceutical industries and as feed
additives in mariculture and livestock farming (Oliveira et
al., 2022). Their metabolites exhibit antitumor, antidia-
betic, anti-inflammatory, and antioxidant activities, which
opens up opportunities for the development of functional
foods with increased biological value (Oliveira et al., 2022).
Members of the Desmodesmus genus can be used in the food
industry as nutraceuticals and pharmaceuticals due to their
diverse biochemical composition (Akgiil and Kosel, 2023).
The Desmodesmus multivariabilis strain has an exceptionally
high PUFA content — 72% of the total lipids (Akgiil and
Kosel, 2023). The Desmodesmus sp. KNUA231 showed record
activity in omega-3 fatty acid synthesis up to 54% (Shin et
al.,, 2025). In T. obliquus, under nitrogen deficiency, C18:1
accounted for 50.6% and 53.4% of total FAs in heterotrophic
and mixotrophic cultures, respectively (Oliveira et al., 2021).
Coelastrella sp. FGS-001 also demonstrated a strong ability to
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produce PUFAs with their proportion of total FAs reaching
about 44-45%, especially linolenic acid (C18:3n3) — 30-34%
(Goecke et al., 2020). A high PUFA content (45.6-65.2%) was
observed during photoautotrophic cultivation of Coelastrella
spp. Minyuk et al., 2017). In contrast, Coelastrella thermoph-
ila var. globulina was dominated by MUFAs, accounting for
51% of the total FAs (Boutarfa et al., 2022), with a significant
proportion of PUFAs (22%) and SFAs (27%). The FA composi-
tion of C. multistriata MZ-Ch23 was dominated by a-linolenic
acid (29.4-38.1% of the total FA), and this strain is consid-
ered a potential producer of omega-3 fatty acids (Maltsev et
al., 2021).

T. obliquus has a strong antioxidant potential due to its
rich content of phenolic compounds, flavonoids, and pig-
ments, in particular, carotenoids. It is used in the aquacul-
ture, food, and pharmaceutical industries (do Carmo Cesario
et al., 2022). Microalgae of the genus Coelastrella exhibit a
pronounced ability to accumulate secondary carotenoids of
the astaxanthin group - highly valuable pigments, widely
demanded in aquaculture and pharmacology as antioxi-
dants and immunomodulators with cardio- and neuropro-
tective properties (Maltsev et al., 2021; Minyuk et al., 2017;
Ismagulova et al., 2018; Chekanov, 2023). The ability to
secondary carotenogenesis has been revealed in a number of
strains of Coelastrella terrestris, Coelastrella aeroterrestrica, and
C. thermophila var. globulina (Chekanov, 2023; Goecke et al.,
2020). Under two-stage cultivation, Coelastrella rubescens pro-
duces biotechnologically significant amounts of astaxanthin
(Chubchikova et al., 2010).

In addition to their biotechnological value, microalgae
from these four genera are promising for use in bioremedi-
ation. Their effective biosorption and detoxification mech-
anisms enable them to accumulate substantial amounts of
heavy metals, pesticides, and pharmaceutical residues, mak-
ing them suitable both for the remediation and for the mon-
itoring of polluted ecosystems (Luo et al., 2016; Alwaleed et
al., 2025; Onyancha et al., 2022). The effectiveness of this
approach has been demonstrated in the phytoremediation of
wastewater, including agricultural and industrial effluents
(Baldanta et al., 2025; Ogbonna et al., 2021).

5. Conclusion

As part of a project to establish a bioresource collection
of carotenogenic microalgae from the Crimean region, five
new strains of green microalgae were isolated from diverse
extreme biotopes in the western and southeastern parts of
Crimea. Their species affiliation was determined using an
integrative taxonomic approach. These strains are new to
the IBSS collection and represent the first records from the
Crimean algal flora. They belong to the genera Coelastrella,
Tetradesmus, Desmodesmus, and Dictyosphaerium, constituting
a valuable biological resource. A comprehensive assessment
of their biotechnological potential will require a series of
studies, including elucidation of the evolutionary relation-
ships among the strains and physiological investigations into
the mechanisms regulating intracellular metabolism under
environmental stress. An important aspect is the develop-
ment of costeffective cultivation methods, including special-
ized protocols for the targeted accumulation of biomass and
specific metabolites. The emerging living culture collection
serves as both an experimental platform for comprehensive
research and a tool for preserving species diversity. It lays
the foundation for a new economic sector in Crimea — the
industrial cultivation of carotenogenic microalgae. This sec-
tor holds significant potential for the production of bioactive
feed supplements, food additives, cosmetics, and lipids for
industrial applications, offering broad prospects for the prac-
tical implementation of research findings.
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AHHOTAIIUS. VcciieqoBaHue BHIIIOJHEHO B paMKax MpoeKTa I0 CO3[JaHuI0 OHMOpecypCcHOU KOJLIEK-
IIUY KapOTUHOTEHHBIX MUKPOBOAOpPOCiell KPEIMCKOrO pervioHa € LeJIbI0 BHISABJIEHUsA IepCHEKTUBHBIX
ITAMMOB, aJallTUPOBAHHAIX K KJIMMaTHYeCKUM ycJ1oBusaM 1ora Poccun. B xone maccoBoro cb6opa obpas-
I[OB U3 3KCTPEeMaJIbHBIX OMOTOMOB 3aMaJJHON U IOr0-BOCTOYHOM YacTell MOJIyOCTPOBa OBLIU BBIJIeIE€HbI
Y 0XapaKTepH30BaHHI IIATh HOBBIX IITAMMOB 3eJIEHEIX BogopocJieii. TakcoHoMuYeckas naeHTuGuKanms
MpOBeJieHa C MpUMeHeHNeM MHTErpaTUBHOTO MOAX0Aa, KOTOPBIN BKJIIOYAJI aHAJIN3 OCOOEHHOCTEN JXU3-
HEHHOT'0 IMKJIa, MOp(dOoJIOrnyecKoe OMycaHye ¢ UCI0JIb30BaHNEM CBETOBON U CKAHUPYIOLIEH 3JIEKTPOH-
HOM MUKDOCKOIIUM, a TakXe QujioreHeTHYecKuil aHaJin3 ydacTtka siiepHoro reHoma (ITS1-5.8S-1TS2).
B pe3yJibTaTe ITAaMMbI OBLJIM OTHECEHBI Y€THIPEM pojiaM B cocTaBe kiiraccoB Chlorophyceae (Coelastrella
thermophila IBSS-98, Tetradesmus obliquus IBSS-164, Desmodesmus multivariabilis IBSS-167 u IBSS-171)
u Trebouxiophyceae (Dictyosphaerium ehrenbergianum IBSS-163). Bce mtamMMbl — HOBBIE [JIS1 KOJUTIEKITUA
WuBIOM Buapl, BliepBhle NIOJyUYeHHbIE B YKUCTOM KYJIbTYpe U3 KPBIMCKOU ajibrodopsl. MHoroobpasue
HamnpaBJIeHUH HCIOJIb30BAHUSA 3TUX BUIOB B OMOTEXHOJIOTHYECKUX IpoIleccaX — OT OYHCTKU OKpyXa-
IoIel cpefBl 10 IPOU3BOJCTBA IIeHHBIX POAYKTOB Ui (hapManeBTUYeCKOl, KOCMeTUYECKOH U MuUIle-
BOH IPOMBIILIEHHOCTH, a TakXe OHOTOILINBA — ONpedessieT aKTyaJIbHOCTh UX JajbHEHIIero n3y4eHus,
OTKpHIBas MEPCIEKTUBEI [JIA PAa3BUTHUsA PETrOHATIBHON SKOHOMUKU.

Kitiouegsie ct06a: MUKPOBOIOPOC/IN, KOJUJIEKINA KYJIbTYD, QUIOreHeTUUeCKU aHaIn3, MHTerPaTUBHBIN OAX0[,
Coelastrella thermophila, Tetradesmus obliquus, Desmodesmus multivariabilis, Dictyosphaerium
ehrenbergianum, 6UOTEXHOJIOTUU

Jla nutupoBaHus: Jlanmok H.B., Mancyposa U.M., [lertsap U.B., Kynemosa O.H., [[poGenkas U.B., Bouaposa E.A., JIumaes B.H.,
Kupun M.II., Kpusenko O.B. HoBble mTaMMBI 3eJI€HBIX MUKPOBOAOPOCIIEN M3 3KCTpeMaJslbHbIX OMOTONOB KphiMa: TakcOHOMMYe-
cKas uAeHTU(UKAIA ¢ UCIOJIb30BaHMEM NHTerpaTUBHOrO noaxoxa // Limnology and Freshwater Biology. 2026. - Ne 4. - C. 310-
337. DOI: 10.31951/2658-3518-2026-A-4-310

1. Beepenne KOBBIX T'a30B B PA3JIMYHBIX OTPACIIAX XO3AHCTBEHHOU

nesaTtenbHocTH ([BOopeukuii u gp., 2022; Ende and
BUOTEXHOIOrMN KyJIbTUBHPOBAHUA MUKPOBO- Abomohra, 2024).

JopocJiell  06J71aJal0T 3HAYUTEJIBHBIM OTEHINAJIOM
OJIA peajn3alnuy KOHIENIMY 3KOHOMUKU 3aMKHYTOTO
nukia (Santos et al.,, 2025). OHM NO3BOJIAIOT rapMoO-
HUYHO COYEeTaTh DSKOJIOTHYECKHE U 3KOHOMUUYECKUe Llecce MapasUlesbHON 3BOJIONUM 3a CUST OJHOKPAT-
npuopuTeTH, ofecneuyrBas co3faHue O0e30TXOOQHBIX HOTO WM MHOXeCTBEHHOTO SHAOCHMOMO3a MpPUOG-

IPOMBIIIJIEHHBIX CHCTeM, MUHUMU3AIUI0 aHTPONOTeH- penu crocoBHoCT K doTocunTesy (Glibert, 2024).
HOTO BOBAEHCTBUA W COKpalleHHe BbIGPOCOB NMapHM- duoreHeTMYECKOE PpaCXOXJeHHe JIMHUI MHKpPOBO-

C TakCOHOMHYECKON TOYKH 3peHUsA MHUKPOBO-
JIOpOCJIN TIPeACTaBJIAIT CcO0O0M MOJIUPUIETUIECKYIO
IPyIIy OAHOKJIETOYHBIX 3YKapUOT, KOTOphle B IpO-
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JopocJiell HavuajloCch Ha caMbIX PaHHUX 3Tamnax 3BOJIIO-
UM aBTOTPOQHBIX 3YKAPUOT, YTO O0YCJIOBUIJIO UCKJIIO-
YuTeJIbHOEe pa3HooOpasuvie MeTaboJIMYecKuX ceTeil uUx
coBpeMeHHbIX mnpencraBureseii (Hildebrand et al.,
2013). KyeTku MHUKPOBOJOpOCIIEHl CIIOCOOHBI Haka-
IUIMBAaTh 3HAuYUTeJIbHBIE KOJIMuecTBa OeJika, yIJeBo-
0B, TOJIAPHBIX U HeUTpasbHBIX JINMHIOB C OOraThiM
HaboOpOM JXXUPHBIX KHCJIOT, a TaKXe CUHTEe3UpOBaTh
MIMPOKUN CHeKTp OuoJiornyecky aKTHUBHBIX COeJIUHe-
HUH, BKJTIOYas MUTMEeHTH (KapOTUHOUAHI, XJIOpOoOUILI),
BUTaMUHBI, GuToropMoHsl u antubuoruku (Elsayed et
al., 2024). dTo ompenenseT HAay4YHBIH UHTEPEC K U3Y-
YeHUI0 UX OMOTEeXHOJIOTMYEeCKOTro MOoTeHI[hala, CTUMY-
JIMpyA MOUCK HOBBIX LIEHHBIX MeTaboJIMTOB U UJIeHTU-
(urkanuio nepcrneKTUBHBIX ITAMMOB-IPOAYIIEHTOB AJIA
MPOMBIIJIEHHOTO TMOJIyYeHUs LieJIeBhIX COeqUHEeHU.
TexHoJIOTHYECKUIT MTPOTPecC OTKPHIBAET BO3MOXXHOCTU
A7 UCIOJIb30BaHUA OMOMAacchl MHUKPOBOAOpPOC/el B
HECKOJIBKUX KJIIOUEBBIX HalpaBJIeHUAX: KaK BO30OHOB-
JseMoro uctouyHuka Tommsa (Jaremko et al., 2023);
B KayecTBe CHIPbs /I SKOJIOTMYECKU YHUCTOTO MPOU3-
BOJICTBA OMOIUJIACTHKA U OGHOIMOJIMMEpOB; IJis BOCCTa-
HOBJIEHMs1 HapyIIIeHHBIX BOJIHBIX 1 Ha3eMHbIX OLOTONIOB
(Kim et al., 2022; Silva et al., 2025).

CKpUHUHT MPUPOJHOr0 pa3HOOOpasusi MUKPO-
BOJIOPOCJIEl B 9KCTPeMaJsIbHbIX OMOTOMAX CJIYXUT KJTIO-
YeBBIM IOAXOJIOM [JiA BHIABJIEHUS IITaMMOB C BBHICO-
KUM OMOTEXHOJIOTMYECKUM ITOTEeHIIMaJoM. ANanTalus
K 3KCTpPeMaJIbHBIM YCJIOBUSIM COIpsiKeHa CO CABUTOM
BHYTPUKJIETOYHOT'O MeTaboJiu3Ma B CTOPOHY OHMOCHUH-
Te3a BTOPUYHBIX MeTabOJIUTOB — COeNUHEHUH, 4acTo
o0J1ajaolmX BBICOKON OMOJIOTMUYECKON aKTHBHOCTBHIO
(Solovchenko and Minyuk, 2021; Debnath et al., 2024).
JlemoHupoBaHue IITAaMMOB B KOJUIEKIMAX KUBBIX
KYJbTyp fBJIAETCA KPUTHUYECKH BaXXHBIM 3TarloM MJis
pa3BuTUA OUOTEXHOJOTUYEeCKUX wuccienoBaHuil. OH
obecrnieuriBaeT NOATBEPXAEHHBI TaKCOHOMHYECKUN
craTyc 06beKTa, XpaHeHre MUKPOBOAOPOCIell B CTPOTO
KOHTPOJIUPYEMBIX VCJIOBUAX, a Takke MNoAAepXaHue
YHCTOTH U XKU3HEeCIocobHoCcTH KyabTyphl (TempasieeBa
u CuneroBa, 2023). Takue KoJuleKHMOHHbIE (HOHJIBI
CJIyXKaT HaAEXKHON OCHOBOHM [Jis MCIOJIB30BaHUA 3Ta-
JIOHHBIX IITaMMOB Kak B (yHJaMeHTaJIbHBIX HCCJIe[O-
BaHMAX, TaK U B pa3paboTKe NMPOMBIILJIEHHBIX TEXHOJIO-
rUyecKux IMpoljeccoB. 3aKOHOATeJIbHOe 3aKperjieHre
UX pOJid B coxpaHeHUU OuopasHoobOpasusa (O3 PO ot
27.11.2024 «O OuopecypCHBIX IIeHTpax...») MOTUYEp-
KHBaeT CcTpaTerudeckoe 3HaueHHe IMOMOOHBIX KOJI-
JIEKIIMA JUIA  HAI[MOHAJIPHOM OMOTEXHOJIOIMYECKON
nHGPaCTPYKTYPHIL.

Konsexiiuss XUBBIX KyJIBTYp KapOTUHOT'€HHBIX
mukpoBogopocyaeii ®UI| MuBIOM (akponum IBSS,
peructpanuonsbiii No 1201 B8 World Data Centre for
Microorganisms, WDCM) ([anifiok u np., 2021) 6sl11a
cozgaHa B 2002 romy Kak 4acTh OOIIell KOJUIEKIUU
KUBBIX KYJIBTYpP MUKpoOBojopocieii WHcTtutyTa 6Ouo-
jorum 10kHbIX Mopeil. C 2017 roma oHa BKJIIOUeHa B
HaI[OHAJIBHBI OaHK-JEeNo3uTapuil XUBBIX CHUCTEM
«HoeB koBuer» (mpoexkt MI'Y um. M.B. JlomoHOCOBa)
noa wupentuduxkatopoM IBSS-ALGAE. IlonosHeHue
doHOa ocyniecTBJIsieTCA 32 CUET HAMPABJIEHHOTO MeX-
KOJUIEKITMOHHOTO OOMeHa U BhIJIeJIeHUsI HOBBIX LITaM-
MOB HeNoCpeICTBEHHO U3 MPUPOIHOU CpeJibl.

B cuy kamMaTHueckux ocob0eHHOCTel TeppUuTo-
pun Poccuiickoil defepanny MaccoBoe KyJIbTHBHUPO-
BaHNEe MHKPOBOJOPOCJIEH BO3MOXHO JIMIIb B OrpaHU-
YeHHOM 4YKcJjle PeroHOB. B CBA3U ¢ 3TUM NOMCK HOBBIX
MTaMMOB, [EepCHeKTUBHBIX MJiA IIPOMBIIIJIEHHOTO
BHIpAI[BaHUS B I0’KHBIX perdOHax CTPaHbl, IpeJCTaB-
JisileT coboll aKTyaJibHyI0 3a/jauy [Jisg MacitabupoBa-
HUA OMOTEXHOJIOTMYeCKUX IpolieccoB. B pamkax pas-
BuTUA Kosutekuuu IBSS B 2024 rogy HavyaT CKpUHUHT
anbrodJiopsl Kpeiva, HanpaBjieHHBIN Ha MOMCK IITaM-
MOB MHUKPOBOJOPOCJIeH, afaiTUPOBAHHBIX K MECTHBIM
ycaoBuAM. Ha Tekyuuii MOMeHT moJiydeHO 37 IITaMm-
MoB Chlorophyta, BBIAEIEHHBIX U3 3KCTPEMAJIBHBIX
OMOTOIOB 3aMaJHON U I0r0-BOCTOYHOI yacTell IOJIyo-
CTpPOBa Y OTHOCAMIMXCA K Pa3JIMUYHBIM 3KOJOTHYeCKUM
rpymmaM MHUKPOBOJOPOCJIEN — BOJAHbIE, a3poduibHbIe,
[IOYBEeHHBIe BUABI, GUKOOUOHTHI JIMIIAHUKOB.

Llenr HacrosAmell pabOTHl — oONMCaHWE IIATU
HOBBIX KPBIMCKHX IITaMMOB MHKPOBOAOPOCJIEH, erno-
HUPOBaHHBIX B Kosulekuuwo IBSS, wupeHtudukanua
KOTOPBIX BHINIOJIHEHA Ha OCHOBe M3Yy4YeHUs WX XU3HeH-
HOT0 IMKJIa, 0cOOeHHOCTelN TOHKON MOP(OJIOrYecKoi
CTPYKTYPBHI, a Takxe pe3yJIbTaTOB MOJIEKYJIAPHO-TeHe-
THYeCcKoro aHanausa. [1o JaHHBIM JIMTepaTypHbIX UCTOY-
HUKOB OOCYXXOAIOTCA IIepPCHeKTHUBB NPaKTUYeCKOro
HCIIOJIb30BaHMs HOBBIX KOJUIEKIIMOHHBIX IITaMMOB B
OMOTEeXHOJIOTUYECKUX ITpolieccax.

2. MaTtepuanbl M MEeTOADI
2.1. Panonbl c6opa npo6

OTt60p mpo0 NpPOBOAMJIA B YeTHIpeX TOYKax
B CTeMHON 4dacTu 3amagHoro Kpeima, mnpearopbsax
I0r0-BOCTOYHOM U I0r0-3anaJHOM YacTU IOJIyOCTPOBa B
BeceHHe-JieTHUM nepuof (Puc. 1, Tabauna 1).

Touka 1 — xkyToBas yacTh o3epa JloHy3/1aB y cejia
KpacHosipckoe (ceBepHas cropoHa Mocra, 5-10 M ot
MpecHOro KOoJIoAIAa). Y4acTok riybuHoit 3—-4 M othe-
JIEH pam6oii, uTo popMuUpyeT NPeCHOBOJHbIE yCIOBUA
(Pabymiko u fp., 2021). CoséHoCTh B OCHOBHOI aKBa-
Topuu — 17,5-18,2%o.

Touka 2 — IJIaBHU B BOCTOYHOH YacTH o3epa
Ke3put-AIp (ObIBIINIT THIIEPCOJIEHBINI BOJOEM y 3amaf-
Horo nob6epexbsa Kpeima). O3epo moaBepxeHO 3BTPO-
dukanuy ¥ pacupecHeHUIO 3a cU€T BoA MeXropHoro
BogoxpaHwiuima (Shadrin et al., 2018). OT6op mpob

Puc.1. Kapra or6opa npo6: 1 — 03. J[oHy3s1aB, KyToBas
4acTs; 2 — 03. Ke13bw1-fAp, BocTouHasA yacTh; 3 —r. CeBacToIoJIb,
np. HaxumoBga, 2; 4 — Kapagarckuil npupo/JHbIH 3a0BeJHUK,
r. Jlerenep.
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Ta6suna 1. PatioHsl c60opa nojieBbIx 00pasIioB.

No Paiion c6opa Koopaunatsi | BeicoTta Hag | CosieHOCTh Buorton Jara
YPOBHEM
Mops
1 3anaHbIN p-H YepHOMOPCKUIA, 45.500180, (B 2%o0 Bomoem 27.08.2024
Kpeim, cTen- | c. KpacHosipckoe, kyToBas 4acTh | 33.264876
HOU parioH 03. JloHy3/1aB
2 p-H Cakckuii, IUTaBHU 03. 45.066459, 1M 2%o0 Bopoem 27.08.2024
Kb13pU1-fIp (BOCTOYHAs YacTh 33.648638
o3epa, HauboJiee yajeHHas OT
Mops)
3 IOro- r. CeBacTomnoJib, np. Haxumosa, 2| 44.616969, 16 m 0%o0 [InactukoBas| 05.2024
3armaHbIN 33.522144 €MKOCTb C
Kpsiv, BOJIOM
npeAropbe
4 IOro- Kapaparckuit npupo/iHbIi 3ano- | 44.941943, 300 m 0%o0 Bomoem 20.08.2024
BOCTOYHBIN | BeOHUK, TOPHO-BYJIKAHIMYECKUI 35.202785
Kpbim, maccuB Kapa-/lar, r. Jlerenep
IpeAropbe

BHINOJIHEH B HauOosiee yAajIéHHOHM OT MOPS 4acTu C
COJIOHOBaATBHIMH BogaMu (2%o).

Touka 3 — eMKOCTb C IpeCcHO! BOJOH B IIpefiesiax
rOpoACKOM 3acTpoliku I. CeBacTOINOJIb.

Touka 4 — ckaJjibHble BaHHBI Ha CKJIOHE T'OPHI
Jlerenep (ropHo-ByJiKaHuueckuii maccuB Kapapar).
EcTecTBeHHbIe OKpyTJIble yIyIyOJieHuA B mopoAde (paauyc
~1 M, rinybuHa 0,5 M) pacnoJioXxeHs! KackaJoM Ha pac-
cTossHUU 2-3 M APYT oT Apyra. OT6op npob BHIIOJHEH
B aBrycTe B yCJIOBHAX OTCYTCTBUA TMIPOJIOTHYECKOH
CBA3U MeXJy BaHHaMu (3acCTOIiHOe COCTOsIHUE BOM).
ITpoOkI B3ATHI HE3aBUCUMO U3 Pa3HBIX 0OBEKTOB.

2.2. C6op maTepuana

OT60p npo6 BOABI M3 KaMeHHBIX BaHH U ecTe-
CTBEHHBIX BOJOEMOB IIPOBOAWJIM Y IIOBEPXHOCTH
(0-0,1 M) c ucnosL30BaHNEM CTEPUJIbHBIX MTOJIUIPOIN-
JIeHOBBIX IpoOupok Ttuma Falcon. CosiéHocTh ompefe-
J1A14 nopTatuBHBEIM pedpakToMeTpoM ATAGO PAL-06S
(Anonus). Kaxayo npo0y MapKUpOBaI C yKa3aHUEM:
HoOMepa, naTel cbopa, GPS koopmuHat u damuamu
COTPYAHUKA, BHIIOJIHMBIIEro oToop. J[o MOMeHTa aHa-
JM3a NpoOBl XpaHWIU B JIaOOPATOPHBIX yCJIOBUAX NpU
TeMnepaType 1 OCBellléHHOCTH, MaKCUMaJIbHO IIPUOJIN-
’KEHHBIX K in situ napaMeTpam.

2.3. U3onaumA U KYALTUBUPOBaHUe
WITAMMOB BOAOPOCAEH

BogHble 1npoOB KOHLIEHTPHPOBAINW I€HTpU-
¢yrupoBaHueM npu Hu3KoOU ckopoctu (70-130g,
2-3 muH). CynepHaTaHT yOaJsii, a K 0CaJIKy KJIETOK
J[00aBJIAIM UCKYCCTBEHHYIO MUTATeJbHYI0 Cpefly, pas-
6aBJIeHHYI0 AUCTUUJINPOBaHHOM BoAou B 2-3 pasa. B
paboTe HMCIIOIb30BaIM yHU(DUIMPOBAHHYI0 CTaHAApPT-
HyI0 MUHepayibHyI0 cpefly Bosga (BBM) s 3eyiéHbix
MukpoBogopocieit (Bischoff and Bold, 1963). Cocko6b
6uomaTepuasla Ha BaTHBIX [ajloyKaxX IIOMeIlaii B
cTekJITHHBIe (J1akoHBI ¢ pa3baBiieHHOU cpenoil BBM,
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3aKpbIBaJId BaTHO-MapJieBbIMU [TPOOKaMU U MHKYOHpO-
BaJI IIpY KOMHATHOH TeMIlepaType HeCKOJIbKO CyTOK.
JnA mnoJiydeHUsA abroJIOTUYECKU YHMCTBIX KYJIBTYP
IIPUMEHAJIM MeTOJl MHOIOKPaTHOTO IOCJeJoBaTelb-
HOTr'O pasBe/leHUsA U MHOKYJIALMIO OTJEeJIbHBIX KJIETOK
MmerooM Mukpomnunetku (TempaseeBa u ap., 2014).
@uHaJBHBIN 3Tal BKJIOYaJ [IOCEB Ha arapu30BaHHYIO
(1,5%) cpeny BBM B uamikax [leTpu MeTOqOM HCTOIIA-
omtero mrpuxa (Tempaseesa u fip., 2014).

[IpopacTtanue u obpa3oBaHue IEPBBIX KOJIOHUMN
HabyojaIu B cpefjHeM dYepe3 2 Hefesnu. A mosyuve-
HUA aKTUBHO BereTHpyollell HaKONUTEeJIbHON KyJIb-
Typbl OT/AejbHble KOJIOHHMM MHKDPOBOJOPOCJIEN Iepe-
HOCWJI MUKPOOMOJIOTHYECKOH IMeTJIEH B CTeKJISHHBIE
npobupku ¢ HeboabmuM o6béMOM (0,3 MJII) XUAKON
cpensl BBM, 3akpeiBajiu BaTHO-MapJieBBIMU TPOO-
KaMM ¥ MHKyOMpoBajy NpU KOMHATHOH TeMiepaType
1 ocBemeHuu 35 MKMoJsib GoTOHOB M%cl. KOHTpOJIb
KM3HECII0COOHOCTU KJIETOK IIPOBOJWJIM NOJ CBETOBBIM
MUKpOCKoIloM. i aHTubOakTepuaabHONH 06paboTKu
HCIIOJIb30BajId KOKTEMJb AaHTHOMOTUKOB IIHPOKOTO
cnektpa gedicteusa (Kan and Pan, 2010): ammunui-
JuH (500 mxrwr!) m medporakcum (100 MKr-morl).
OyHrunuaHylo o0pabOTKy BBIOJIHSJIM pPacTBOPOM
dyumazona (40 mxr-mr!) (MokpocHON U 30JI0TApéRa,
2012). [AnAa [JAWUTENBPHOTO XpaHEHWsA B KOJUIEKIUU
aJIbroJIOTUYeCKU YUCTBle KYJIbTYPBl MHUKPOBOAOPOC-
Jel Ha arapusoBaHHO (1,5%) cpene BBM nomemanu
B [IByX IIOBTOPHOCTAX B KOHTPOJIUpyeMEIe YCJIOBUA.
OOpa3ipl pasMemand B MOAUQUIMPOBAHHOHN XOJIO-
JUJIbHOU BUTpUHe Snaige, OCHAIIEHHOI CBETOOUO/I-
HbeiMHU JaMnaMu Feron DL 20W T4 6400K (Poccus) u
JIByMs JOIOJIHUTEJIbHEIMUA TepMoperyaAaropaMu (Tum
F/2000, npoussoautens FTWOF PRODIGY), raoe nof-
JepxuBaiu Temnepatypy 14-16°C, HUHTEHCUBHOCTH
ocBemeHusa 20-26 MkMoJib GOTOHOB M2%c! 1 ¢oTome-
puoznoM 15 4 cBeT: 9 4 TeMHOTA.

BrigeneHo 5 MITaMMOB 3eJIeHBIX MUKPOBOJIOPOC-
Jieli ¢ mprucBoeHreM HoMepoB: IBSS-98, IBSS-164, IBSS-
167, IBSS-171, IBSS-163.
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2.4. CeeroBana mukpockonusa (CM)

MopdomeTpuueckue napamMeTphbl KJIETOK BblJie-
JIEHHBIX INTaMMOB OIpeJe/isiii C MCIO0JIb30BaHNEM
WHBEPTUPOBAHHOIO CBETOBOro Mukpockona Nikon
Eclipse Ts2R. JIuHeliHble pa3Mepbl H3MepsUIH 110
MukpodororpadusaM, MOJydeHHBIM IU(PPOBON Kame-
poii Infinity 3 Lumenera, ¢ 06paboTKoil B mporpamme
ImageJ Software (National Institute of Health, USA).
BriGopka [ij1s1 aHaM3a pa3MepHOUM CTPYKTYPHI KJIETOY-
HBIX nomyJiAnuil Bkioyasa 100 kietok. [y Takco-
HOMMYeCKOH uAeHTHU(®UKAIUN HCIIOJIb30Bal XUBYIO
KyJibTypy. HaboqeHus 3a XuU3HEeHHBIM LIUKJIOM BOJIO-
pocJieli IpOBOAWIN B TeueHUe 1-4 HeJlieib.

2.5. CkaHupylowan 3NneKTPOHHanA
mukpockonusa (C3M)

Jna nosydyeHus usobOpaxeHUN IIOBEPXHOCTH
KJIeTOK o00pasinbl (GUKCUPOBAIW PacTBOPOM IJIyTa-
poBoro anpferuna B ¢docharHom Oydepe (koHeuHas
KoHI[eHTpauus - 1%) (Uybuukosa u ap., 2022). [Ipob6sr
JeruipaTupoBajii B CepuM BO3pacTalolyx KOHIleHTpa-
LU 3TaHOJIa NJIX CMeCHU dTaHoJIa U alleToHa (PrLIbKOBa
u ap., 2023). Cyuky o6pa3loB B KPUTUYECKON TOUKe
npoBoausy B ycranoBke Leica EM CPD300 (I'epmanuis)
B TeueHHUe 2,5 4 B MArKOM pexume. HamnbuieHue cria-
BoMm Au/Pd (0,5-1,0 MHH) BBIIIOJIHAJIN B cucTeMe Leica
EM ACE200 (I'epmanus). COM-usoOpaxeHus Kie-
TOK IOJIy4asld C IMOMOIIBI0 CKaHHUPYIOLIEro 3JIeKTPOH-
Horo Mukpockona Hitachi SU3500 (fAnonwus) Ha 6ase
Jlabopatopun mukpockonuu ®UIL] MTHBIOM.

2.6. MoneKyAApHO-TeHeTHYeCKHUH aHaAu3

ToranpHyo [JHK BblAensanu U3 KOHLEHTPHUPO-
BaHHBIX KYJIbTYpP MHKPOBOAOpOCJIEH C HCIOJIb30Ba-
HueM Habopa «JHK-SxcTpan-3» («CuHTtoJ1», Poccus) B
COOTBETCTBUU C MHCTPYKIMel NPOU3BOAUTEIA.

Avnindukanuoo ydacTka KjacTepa sOepHBIX
pubocoMaJibHBEIX T€HOB, BKJIIouatomero obsiactu ITS1,
5.8S pIHK u ITS2, npoBoauin MeTOAOM IMOJMMEpPas-
Hoi rfentHOH peakuuu (I[IL[P) ¢ ucnosp3oBanueM Habopa
pearenToB «Encyclo Plus PCR kit» («<EBporen», Poccus)
u nparimepos ITS1 (5-TCCGTAGGTGAACCTGCGG-3")
u ITS4 (5-TCCTCCGCTTATTGATATGC-3) (White
et al., 1990). IIpoTtokon amMIIMUKAUN BKJIIOYAT:
HavaJbHyl0 JeHaTypauuio npu 94°C B TeueHue 3
muH; 34 nukia (qenarypauusa — 30 ¢ npu 94°C, oTxur
npaiivepoB — 30 ¢ npu 60°C, ayoHranus — 60 ¢ npu
72°C); dunanbHylo sjoHranuio — 10 mun npu 72°C.
KauecTBO aMIUIMKOHOB OILlEHMBAaJINM METOJOM D3JIeK-
Tpodopesa B 1,5% arapo3HoM resie ¢ OKpallrBaHUEM
OpPOMHUCTBIM 3THIUEM B KOHIeHTparuu 0,2 MKr/miL
[NIIP-npoAyKTHl OYMIAJIN C UCIOJIb30BaHHEM Habopa
«ColGen» («CuHTOJI», POCCHSI) W CEKBEHHpPOBAJA C
noMoiipio Habopa «GenSeq» («CuHTOJNI», Poccus) Ha
reHetuyeckoM aHanusatope «Hanodop 05» (MHCTUTYT
nepcrneKTuBHBIX ucciaenoBanuii, Cesl'Y, Poccus).
PepgaktupoBaHue u cOOpPKYy IOCJIeIOBaTEIbHOCTEL
BHINIOJIHANIM B mporpaMme 4Peaks, comocraBiisas nps-
Mble ¥ oOpaTHbie XxpoMaTorpaMmmsl (http://nucleobytes.
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com/index.php/4peaks).

[MepBUYHBIA aHAIM3 HYKJIEOTHUOHBIX MOCJIEHO-
BaTEJIbHOCTEN TPOBOJWJIM C HCIOJIb30BAHUEM aJIro-
putma BLASTn (Zhang et al., 2000; Morgulis et al.,
2008). INonyueHHble AJ1A KaXAOro IITaMMa IOCIeo-
BAaTEJIbHOCTU WCIIOJIb30BAJIMCh B KayecTBe 3alpOCOB
s moucka B Oasze maHHbeIx NCBI (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Ha ocHoBaHMU IOKa3aTeJjei
MOKPBITUSA TIOCJIEIOBATENIbHOCTH, E-3HaUueHWsA U Mpo-
[[eEHTa UJIEHTUYHOCTH BBHIOUPAIN HAWJIyYIINEe COBMAe-
HUA, KOTOPBle ObLIN MCIOJIb30BAHbI IJIS AaJIbHEHAIIero
(ustoreHeTUYECKOTO aHAIM3a, C OCOOBIM aKIIEHTOM
Ha TOCJIeIOBATEJIbHOCTU 3TAJIOHHBIX (QyTEeHTUYHBIX)
IIITaAMMOB.

MHOXeCTBEHHOE BRIpaBHMBAHME MTOCJIEA0BATEIb-
HOCTE BHIOJIHAIN B mporpamme MAFFT v.7.48 (Katoh
and Toh, 2010) ¢ aaroput™moM L-INS-I, ¢ mocieqyommum
yaaJieHueM HEeOAHO3HAYHO BHIPOBHEHHBIX YYaCTKOB Ha
5’- u 3’-xoHnax. [IymMHa MoJiyyeHHOM MaTpUIlbl coCTa-
Buia 890 m.H. giia IBSS-98, IBSS-164, IBSS-167, IBSS-
171 u 4989 n.H. misa IBSS-163. ®duioreHeruyeckue
PEKOHCTPYKIMHM TMPOBOAWUIA METOJJOM MAaKCHUMaJlb-
Horo mnpaspomnofobus (ML) B nporpamme IQ-TREE
3.0.0 (Trifinopoulos et al., 2016). Mogenu HyKJ€O-
TuaHblX 3aMeH GTR+1+4+G4 u TIM2+F+1+R2 611
apToMaTudecku BbIOpaHel ¢ momorbio ModelFinder
mo GaliecOBCKOMY WH(POPMAIMOHHOMY KPHUTEPUIO
(BIC). YpoBeHb CTaTHUCTUYECKON MOJJIEPKKU TOIOJIO-
ruu GUIIOreHETUYECKOTO JlepeBa OLIEHUBAJIM C ITOMO-
IIbI0 TPEX MoKa3aTeJiel: MPUOJIMKEHHOTO TeCTa OTHO-
meHusa mpaepononobusa tuma Shimodaira-Hasegawa
(SH-aLRT, 10000 pennukanuii), «CBepxX0ObICTPOro» OyT-
crpena (ultrafast bootstrap 10000 niceBgopemMKamnmii)
1 MeTofa aBayes (MakCMMaJIbHOE YHMCJIO HEyAaYHBIX
utepauuii — 1000). BatiecoBckuii dusioreHeTuYecKun
aHaJi3 GbUT BBITIOJTHEH C MICTIOJIb30BAHUEM MTPOTrPaMMBI
BEAST v.10.5.0 (Suchard et al., 2018) 111 KOHKaTeHU-
POBAaHHOM MAaTpHIBI CO CJEAYIOIUMU MapaMeTpamu
3anycka: Mogesnb 3aMeH — GTR+I+G4 u wmopens
BUZooOpa3zoBaHusa — mporecc I0ma. PaccrosHus mo
aByxnapamerpudeckoil mogenu Kumypa (K2P) 6vuin
paccyMTaHbl C MOMOIINBI0 MPOrpaMMHOr0 obecrmeye-
Husga MEGA 11 (Kimura, 1980; Tamura et al., 2021).
Busyanuzanuio 1 peqakTupoBaHue GUIOreHeTUYeCKUX
JlepeBbEB BBHITIOJIHAJIU C UCTOJIb30BAHUEM OHJIAMH-Cep-
Buca philo.io (https://phylo.io/index.html).

OnAa  mpegBapuTesIbHONM  TaKCOHOMMYECKOM
uaeHTUGUKAMY 1O MOPGOJIOTUYECKUM MpPU3HAKaM
ucrnoss3oBanu onpenesmrtenu (Komérek and Fott,
1983; Iapenko, 1990; AunpeeBa, 1998). Cucremartuka
BOJIOpOCJIell yKa3aHa B COOTBETCTBUU € 6a30i1 JaHHBIX
AlgaeBase (Guiry and Guiry, 2026).

3. Pe3ynbTarthbl
3.1. UpeHTUdUKaAUUA WITAMMOB MeToAaMM
MOAEKYAAPHOW QUAOTEeHUH

JIA mATM HOBBIX IITaMMOB, BBIJIEJICHHBIX B
YUCTYI0 KYJIBTYPy U [ENOHUPOBAaHHBIX B KOJUIEKLIUU
IBSS, nosiyueHBl HyKJIEOTHHBIE IIOCJIEIOBATEIbHOCTU
mapkepHoro yuyactka pIHK B ITS-o61actu, BKIIOYao-
e ITS1-5.8S-ITS2 (wactuuno). O6Ias airHa noce-
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JoBaTeJIbHOCTeH cocTaBujia: 597 m. H. OJI IITaMMOB
IBSS-171 u IBSS-167, 620 m. H. mgia IBSS-98, 693 m.
H. ana IBSS-164, 706 n. H. nya IBSS-163. [lepBu4HBI
aHaJIM3 MOKa3aJl, YTO II0CJIeJOBATEJIbHOCTU KJIacTe-
pU3yIoOTCsA B IpefiesiaX OBYX CeMENCTB XJIOPOPUTOBBIX
BojiopocJiieii: Scenedesmaceae (IBSS-98, IBSS-164,
IBSS-167 u IBSS-171), Chlorellaceae (IBSS-163). s
KaXIoro ceMericTBa OblIa BBIIIOJIHEHA OTAeJIbHAsA

100/0,99
+
99/0,99

-10.99

(duoreHeTMYeCcKas PEKOHCTPYKIMA. MCMOJIb30BaHHBIE
JUIl UX TIOCTPOEHUs MHOXXECTBEHHBIE BBIPABHUBAHUA
npusBefeHbl B [IpuioxeHusx S1 U S2 COOTBETCTBEHHO
s Scenedesmaceae u Chlorellaceae (moctymHBI 1O
https://doi.org/10.6084/m9.figshare.32731128).

Ha d¢wioreHeTnyeckoM JiepeBe CeMEHCTBA
Scenedesmaceae (Puc. 2) moJTydyeHHbIE MOCIIeJOBATETh-
HOCTU paclpejieJIeHbl 0 TpeM OGJIM3KOPOICTBEHHBIM

PX606287.1 Tetradesmus obliquus |1BSS-164

99/- + FR865722.1  Scenedesmus incrassatulus

JQ082317.1 obliquus var. CCAP 276/43
KF887342.1  Acutodesmus obliquus EdL CI2 3N C
OR393094.1  Tetradesmus obliquus SMC 8F

o MK764923.1  Tetradesmus obliquus Daqing Salt Lake 2

97/~ MN738556.1 Scenedesmus sp. des
JQ082324.1  Acutodesmus obliquus CCAP 276/57
L KF470790.1 Acutodesmus obliquus 1noluscene
- FR865737.1  Scenedesmus obliquus

OR678626.1 Tetradesmus obliquus ABL_DPCRO001¢c
OR393079.1 Tetradesmus obliquus SMC 6M
KP726267.1  Acutodesmus obliquus KLL-G020 clone_a

100/0,96 ON426490.1  Tetradesmus obliquus PNKW01
KP726269.1  Acutodesmus obliquus KLL-G020 clone_c
JX046419.1 Scenedesmus sp. SP2-9
AJ249510.1 Scenedesmus naegelii UTEX 74
OR393098.1 Tetradesmus obliquus SMC 15F
OR922664.1 Tetradesmus_obliquus AGSB0011
MK975482.1  Tetradesmus obliquus SAG 276-1*
JQ684095.1  Acutodesmus obliquus SAG 276-1*
OR393099.1 Tetradesmus obliquus SMC 16F
ON426493.1  Tetradesmus obliquus PNKW04
ONG677848.1  Tetradesmus deserticola BIOTA153
OR530172.1  Tetradesmus dissociatus f. oviformis SAG 5.95"
MK975491.1  Halochlorella rubescens SAG 5.95*
HG514422.1  Scenedesmus rubescens SAG 5.95%
HQ246450.1 Tetradesmus bajacalifornicus ZA1-7
HQ246448.1 Tetradesmus bajacalifornicus ZA1-2
MH703775.1  Tetradesmus arenicola SAG 2564*
OR583897.1  Tetradesmus arenicola SAG 2564*

PX606285.1 Desmodesmus multivariabilis 1BSS-171
PX606286.1 Desmodesmus multivariabilis 1BSS-167
MWO073898.1 Desmodesmus sp. Jo 4

OR469031.1 Desmodesmus sp . Agraba 17

MH311545.1 D ivariabilis var.
MZ546603.1  Desmodesmus multivariabilis SAG 2628
OK642366.1  Desmodesmus multivariabilis TAU-MAC 2517
MHO010838.1  Desmodesmus sp . P5 MDM-2018
MHO010839.1 Desmodesmus sp . PT MDM-2018
KF689566.1 Desmodesmus sp . SC-2-2

MW136455.1 Desmodesmus sp . Jo 23

OM746668.1 Desmodesmus sp . UJS-22

KF689561.1  Desmodesmus sp.  BSH-4-1

MH010837.1 Desmodesmus sp . P3 MDM-2018
AB917136.1 Desmodesmus sp . GM4i
OR576695.1  Desmodesmus multivariabilis
DQ417525.1 ivariabilis
LR215780.1
PX503714.1
JF835987.1
KX389313.1
JF835990.1
KY639384.1
KT778059.1
KT778075.1
JX046420.1

CE1.501

Imulti
var.

S

Mary 8/18 T-1W
Desmodesmus sp . F2

Desmodesmus sp . isolate HO31/1

Desmodesmus sp . F1

Desmodesmus subspicatus GB6

Desmodesmus sp . F18

Desmodesmus sp . LBA 05

Tetradesmus deserticola SM4_3

Tetradesmus deserticola SM1_4

Desmodesmus sp . M1-20

JX046421.1

ON557718.1
KR905187.1
MK496926.1
MT462646.2
KT778078.1

AB917135.1

Desmodesmus sp . FG

Desmodesmus subspicatus BEA0750B
Desmodesmus sp . GS12

Desmodesmus subspicatus TAU-MAC 2810
Desmodesmus sp . CAFE3 CafelTS1
Tetradesmus deserticola SM20_3
Desmodesmus armatus GM4h

AB917134.1

Desmodesmus bicellularis GM4g

JX101327.1 Desmodesmus communis AICB 1007

HG514417.1
AB917139.1
FR865710.1

Desmodesmus maximus SAG 39.81*
Desmodesmus pannonicus GM4n
Desmodesmus pannonicus

FR865708.1
HG514423.1

Desmodesmus brasiliensis
Scenedesmus vacuolatus SAG 211-8b*

MH176119.1
KP702303.1
MH176119.1

Coelastrella rubescens FACHB-2296
Scenedesmus rubescens shy210
Coelastrella rubescens FACHB-2296
KP702303.1  Scenedesmus rubescens shy210
JX513884.1  Scenedesmus rubescens CCALA 475

MH176120.1  C var.

MH176131.1  Coelastrella ocystiformis FACHB-2312
JX513887.1  Coelastrella oocystiformis SAG 277-1
MZ736635.1 Coelastrella striolata ACSSI 369

FACHB-2297*

95/-

MZ920144.1  Coelastrella striolata ACSSI 350

JX513880.1
MK975486.1
MH703752.1
PP934840.1
0Q873175.1
JX513879.1
MH176129.1
MHO010853.1
MW915611.1
OR438262.1
MK330664.1
MF383401.1
EU729730.1
EU729729.1
MK975488.1
0Q054324.1
MH176125.1

MH176128.1
PP949295.1
AB762691.1
MH176130.1
+ PP748453.1

Coelastrella striolata var. multistriata CCALA 309
Coelastrella striolata SAG 16.95

Coelastrella aeroterrestrica Ru-1-8

Coelastrella aeroterrestrica K1C-3

Coelastrella aeroterrestrica 1682

Coelastrella aeroterrestrica SWK1_2*
Coelastrella yingshanensis FACHB-2311
Coelastrella sp. P2 MDM-2018

Coelastrella sp. S6

Coelastrella saipanensis G9

Coelastrella sp . K-1
Coelastrella saipanensis
Scenedesmus sp . BR8b
Scenedesmus sp . BR8a
Coelastropsis costata SAG 32.88

Coelastrella thermophila Bir ben osmane lake

C phila var. globulina FACHB-2309

Coelastrella thermophila var. globulina FACHB-2308"
Coelastrella thermophila TU2

Coelastrella astaxanthina Ki-4*

Coelastrella thermophila FACHB-2306

Coelastrella sp . KNUAO68

LY31-2*

87/~ *

PX606288.1
MH176127.1
MH176114.1
KP702302.1
KX940915.1
HM021299.1
HE610123.1
OR791100.1
OR791101.1
HM021308.1
HM021311.1

Coelastrella thermophila 1BSS-98
Coelastrella thermophila FACHB-2307
Coelastrella thermophila FACHB-2300*
Coelastrella sp . shy-188

Coelastrella sp . CORE-3

Pediastrum duplex Mj2008/54
Hydrodictyon reticulatum

Hydrodictyon reticulatum CCAP 236-1A
Hydrodictyon reticulatum CCAP236-1C
Pseudopediastrum pearsonii Kr2006/01
Pseudopediastrum alternans M;j2008/83

95/0,98

20.0

HM021305.1
KC145471.1

Lacunastrum gracillimum Mj2009/162
Parapediastrum biradiatum UTEX 37

Puc.2. Ilonoxenue HOBBIX mTamMMoB IBSS-98, IBSS-164, IBSS-167 u IBSS-171 Ha ¢dusioreHeTHYecKoM JiepeBe ceMelicTBa
Scenedesmaceae, peKOHCTPYHUPOBAaHHOM METOJIOM MaKCHUMaJIbHOTO mpaBgonono6us (ML) no nociegoaTteapsHocTU ITS-061acTH
pAHK. 3naueHus nojjiepXKu y3J0B ykazaHbl B popmare BS/PP (mponeHT GyTcTpennonaepxku / H6atiecoBckas MOCTEpUOPHAas
BEPOATHOCTH ); Ha JiepeBe 0TOOpa)XKeHsl TOJIbKO y3Jbl ¢ BS = 85 u PP = 0.85.

Mopnepxku y3710B BS = 99 u PP = 0.99 orMeueHbI cUMBOJIOM (+ ). AyTEHTUYHbIE IITAMMbI OTMeYeHBl CUMBOJIOM (*).
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ki1agaM, cOpMUPOBAHHBIM IIpPeACTaBUTEAMU POJOB
Desmodesmus (IBSS-171 u IBSS-167), Tetradesmus/
Acutodesmus (IBSS-164) u Coelastrella (IBSS-98).

[TocnenoBaTeIbHOCTY aHATIU3UPYEMBIX Y4aCTKOB
reHoMoB mtamMMoB IBSS-171 u IBSS-167 nojHOCTBIO
naeHTHuyHel. Ha ¢uioreHeTnyeckoM JepeBe OaHHBbIE
mTaMMBl BXOHAT B COCTaB KJajbl, KoTopas o0bedu-
HAET HECKOJIbKO mTaMMoB D. multivariabilis, BKIouas
ayTeHTUYHbIM mTamM D. multivariabilis SAG 2058 u
ero pasHoBUAHOCTb D. multivariabilis var. turskensis, a
Takxe OoJiee fecATH HeWJAeHTU(PUIMPOBAHHBIX MU30JIA-
TOB posa Desmodesmus sp. (Puc. 2). BatiecoBckas mof-
JepxkKa y3ia (moctTepruopHas BeposaTHOCTb, PP) makcu-
masbHas — 1,00, 6yTcpen-noaaepxka (BS) cocraBiser
94%, uyTO CBUAETEJbCTBYET O BBICOKOHM HaAEXHOCTU
MIOAAEPKKY 3TOro kjacrepa. bimkaimumu uiorese-
TUYE€CKHUMHU COCeAMMU KPBHIMCKUX IITAMMOB BEICTYIIAIOT
HenleHTUGUIMPOBAHHbE M30JATH Desmodesmus Jo.4
u Desmodesmus sp. Agraba 17. I'eHeTnYeckue JUCTaH-
LMY 10 3TUX U30JIATOB, paCCUMTAaHHEBIE II0 JByXIlapamMe-
Tpudeckoii Mosienu Kumypsl (K2P), cocrasmnsaor 1,0% u
1,2% cooTBeTcTBeHHO. J{Jis Gimkaiinieii ceCTpUHCKOM
JIMHWY, XapaKTepusylollelics BBICOKOM CTaTHCTHUYe-
CKOU MOJJepXKOU U BKJIIOYAlollel IIecTh MOcje/10Ba-
TeJIbHOCTeH poaa Desmodesmus (B TOM 4ucje UAeHTU-
dunmupoBannbi mTamm D. subspicatus GB6), 3HaueHUs
reHeTUYeCKUX [UCTaHIMI HaxoAATCA B HHTepBajie
2,2-4,5%.

C ydyeToM IOJIOXEeHUs Ha (uUIOreHeTHYecKOM
JepeBe U OLleHKM TeHeTHMYeCKUX AUCTAaHLIWI, HOBHIE
mrramMbl IBSS-171 u IBSS-167 66111 OTHECEHBI K JIMHUU
D. multivariabilis n nemonupoBaHsl B 6aze NCBI mop
HoMepamu poctymna PX606285 u PX606286 cootset-
cTtBeHHO. Ho 04eBHAHO, YTO CTPYKTypa JaHHOM JIMHUU
TpeOyeT AajibHeMIero M3y4eHUs C MCIO0JIb30BaHHEM
6oJiee MIMPOKOro Habopa reHeTUYeCKUX MapKEpOB.

[IItamMm IBSS-164 oTHOCUTCA K KJIafie, BKJIIOUalO-
m1eti cebimie 20 LITaMMOB, B OCHOBHOM UAeHTUdUIMpye-
MbIX Kak Tetradesmus obliquus (cuHoHUMBL: Acutodesmus/
Scenedesmus), B TOM uucjie [OCJIeJOBAaTEIBHOCTD
ayteHTnyHoro mramma T. obliquus SAG 2761. Beicokue
3HayeHusa PP = 0,99 u BS = 99% cBugeTesbCTBYIOT O
HaAE&XHOCTU BBIJEJIEHHOI'0 KJjlacTepa. DBOJIIOLMOHHEIE
JAUCTaHLMY BHYTPU AAHHOH JINHUU BapbUPYIOT B Aua-
nasoHe ot 0 mo 1,4%. PaccrosaHue MexAy LWITaMMOM
IBSS-164 u ero GmMXaWIIMMKU COCEOAMU COCTaBJIAET
okoJ10 0,5%, 4TO COOTBETCTBYyeT CpelHEMY 3Ha4eHUI0
it xianasl T. obliquus. OBOMIOIMOHHBIE UCTAHLIUY 1O
OrKalIIMX JIMHUN apyrux BugoB poxa (T. arenicola u
T. bajacalifornicus), nmpefcTaBJeHHBIX Ha (PUIIOTeHETHU-
YeckoM AepeBe M XapaKTepHU3YIOIIUXCA BBICOKOH IOA-
JEePKKOU y3JI0B, BApbUPYIOT B Auana3oHe 2,6—4,2%. Ha
OCHOBAHWM NOJIyYeHHBIX JaHHBIX II0CJIeJ0BaTeJIbHOCTh
mramma IBSS-164 6buta oTHeceHa K imHUU Tetradesmus
obliquus u menoHupoBaHa B 6aze NCBI moag HoMepoMm
PX606287.

[TocnegoBaTenpbHOCTh mTaMMa IBSS-98, Ttpets-
ero M3 BBbIJIeJIEHHBIX IIpeficTaBUTeslell ceMelicTBa
Scenedesmaceae, BXOOWUT B KJIaay, OOBEeIUHSAIOUIYIO
mrammbl  Coelastrella thermophila, u kotopas umeer
MaKCUMAaJIbHBIN YPOBEHb CTaTUCTUYECKOM MOJIepXKKU:
PP = 1,00 u BS = 100% (Puc. 2). 'eHeTHueckue Ouc-
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TaHIUU 0 OJKaiIIMX cocefel, BKJII0Yas MOCJIeI0-
BaTEJIBHOCTh ayTeHTWYHOro mramma C. thermophila
FACHB-2300, He mnpesbiuaioT 0,3%. DBOIIOIMOHHBIE
JUCTaHIUU B Tpefdenax Bced wiamsl C. thermophila,
BKJTIOYas OT/ieJIbHble BApHAHTHI 3TOT0 BU/a, BAPbUPYIOT
B AuanasoHe ot 0,6 go 1,3%. IIpu aTOM reHernyeckue
paccrossHuA [0 MOcJiefoBaTeJIbHOCTEN TakK Ha3biBa-
eMOU «KOPOBO» Tpymnmnsl BHUAOB poja Coelastrella (B
yacTHOCTH, C. rubescens, C. yingshanensis, C. saipanensis,
C. aeroterrestrica) coctapiAwT oT 3 o 9%. Takum obpa-
30M, UMeIoIMecs: JaHHbIe TT03BOJISIOT C BBICOKOM cTelle-
HBI0O JOcTOBepHOCTU AuddepeHIpoBaTh OT/ieIbHble
BBl poma Coelastrella Ha OCHOBaHUM aHAJIN3A UCCJIE-
AyeMOro y4acTtka pubocOMaJibHOTO KjlacTepa TeHOB.
[MocnenoBatensHOCTh C. thermophila IBSS-98 nemoHu-
poBaHa B 6a3e NCBI nog Homepom PX606288.
ITocemoBaTenbHOCTDh ImTaMMa IBSS-163 moJsiHo-
CThI0 UJEHTUYHA COOTBETCTBYIOIIIEMY y4acTKy reHoma
ayTeHTUYHOTrO mramMma Dictyosphaerium ehrenbergianum
CCAP 222/14. Ha ¢unoreHeruuyeckom nepese (Pruc. 3)
3TU NIOCJIe[I0BATEIbHOCTH COBMECTHO € 06pa3I[oM THUIIO-
Boro Buza D. ehrenbergianum CCAP 222/45 popMupyioT
CeCTPUHCKYIO JINTHUIO [0 OTHONIEHUIO K KJIajle, BKJII0Ya-
omeil asa mramMMma D. libertatis. HanéxHocTh qaHHOMI
TOIOJIOTUN TOATBepXAaeTcsi BBICOKUMU 3HauYeHUsMU
nopaepxku: PP = 1,00 u BS = 96%. OBOJIIOIIMOHHEIE
JUCTAHIIMM Ha H3y4YeHHOM YYacTKe TeHoMa MexXIy
Bugamu D. ehrenbergianum wu D. libertatis BapbUpyIOT B
npepenax 3-4%, Torga Kak BHyTPUBUAOBLIE PacCTOsA-
HusA aisa D. ehrenbergianum Ha mopsAgoK HUXe (0KOJIO0
0,3%). Ha ocHoBaHMU NOJyYeHHBIX NAHHBIX MITAMM
IBSS-163 oTHecéH k smHUU D. ehrenbergianum w 3ape-
ructpupoBaH B 6aze NCBI nog Homepom PX606289.

3.2. UpeHTUPUKaAUMA LUITAMMOB Ha OCHOBE
MHTErpaTMBHOrO NOAXoAa

MopdoJsiornueckoe omnrcaHye HOBBIX MITAMMOB
IPOBOAWIN C HcHoJb30BaHHeM CM 1O JOCTYIHBIM
JIUarHOCTUYECKW 3HAUYUMBIM MopdoMeTpHyYecKuM U
6UOJIOrMYecKVM NpU3HAKaM Ha pa3HBIX CTAIUAX XKHU3-
HEHHOTO ITUKJIa MUKpoBojopociei. IIpumenenne COM
[O3BOJIMJIO BBIABUTh MUKPOCKONHMYECKHe OCOOEHHO-
CTU CTPYKTYPHI KJIETOUYHOIN 000JI0YKM, He ITOJIA0MIN-
ecs BU3yaM3aluM y pAfda BUAOB Ipu nomomu CM.
B xommiekce ob6a Merona obecrnedryiv pacmipeHHOe
Mopdooruieckoe onucaHue NCcjielyeMbIX ITaMMOB.
JIONOJTHUTENBHO YYUTHIBAIN THI, GOPMY U I[BET KOJIO-
HUII Ha TBEPAON arapu3oBaHHOU cpefde, GOpMUPYIO-
MUXCS B CpeJlHEM 4yepe3 [Be HeesIu Iocjie IoceBa.

Ha ocHOBaHMM COBOKYIHOCTH AUArHOCTHYECKUX
npu3HaKoB — MopdoTuma, GopMsl 1 pa3MepOB KJIETOK,
BHYTPUKJIETOYHOTO COHEPXKUMOr0o U 0COOeHHOCTeH
XU3HEHHOT0 I[UKJIa — BbI/leJIeHHbIe ITaMMbl OTHEeCEHEI
K JIByM KJjaccam BojopociieBoii juuum Chlorophyta:
Chlorophyceae (4 mramma) m Trebouxiophyceae (1
HITaMM).

ItamMm IBSS-98 Coelastrella thermophila Qinghua
Wang, Huiyin Song, Xudong Liu, Guoxiang Liu &
Zhengyu Hu 2019 (Chlorophyceae, Sphaeropleales,
Scenedesmaceae).
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100/1

[— FM205854.1 Chlorella vulgaris CCAP 211/81

I— LR215793.1 Chlorella vulgaris RUC-1

MK975491.1 Halochlorella rubescens SAG 5.9

100/0,99

100/1

99/0,99

- 99/1

100/1

S FM205846.1 Parachlorella kessleri SAG 211-11g
100/1 _|:

JQ797561.1 Parachlorella kessleri HY-6

L——— HM744739.1 Parachlorella kessleri BAFC CA10

——— FM205845.1 Parachlorella beijerinckii SAG 2046

HM126551.1 Parachlorella hussii ACOIl 939

HM126548.1 Parachlorella hussii ACOIl 1508

GQ176858.1 Dictyosphaerium ehrenbergianum CCAP 222/14
PX606289.1 Dictyosphaerium ehrenbergianum |BSS-163
HMO066008.1 Dictyosphaerium ehrenbergianum CCAP 222/45

GQ176854.1 Dictyosphaerium ehrenbergianum CCAP 222/1A*

-1 100/1

98/1

100/1

GQ487211.1 Dictyosphaerium libertatis CB 2008/76

MF664499.1 Dictyosphaerium libertatis GL32-3

-/0£|: PP915602.1 Dictyosphaerium lacustre FACHB-3701

MF664528.1 Dictyosphaerium lacustre YN1-4

GQ487204.1 Dictyosphaerium lacustre strain CCAP 222/62*

I_ MF086578.1 Dicloster acuatus HND2-2
L FM205848.1 Dicloster acuatus SAG 41.98

I_ FM946015.1 Chloroidium ellipsoideum SAG 2143

I— FM946000.1 Chlorella saccharophila SAG 211-9a

3.0

Puc.3. INosoxenne HoBoro mramma IBSS-163 Ha ¢uioreHeTnueckoM AepeBe OTAEJIbHBIX NpeAcTaBUTesel ceMelcTBa
Chlorellaceae, peKOHCTPyHMPOBaHHOM METOJOM MaKcHMaJibHOro npasponofobus (ML) mo mociienoBaresibHOcTH ITS-061acTu
pAHK. 3naueHus noanepXKy y3JjoB yka3aHel B ¢popmarte BS/PP (mponeHT 6yTcTpennogaepxku / 6aliecoBckas MOCTEPUOPHas
BEPOSITHOCTS ); HA JiepeBe OTOOPaXeHBI TOJIBKO y3J1bl ¢ BS = 85 u PP = 0.85. AyTeHTUYHBIE IITAMMBI OTMEYeHbl CUMBOJIOM (*)

Mecmoobumanue

[ITaMM IOJIy4eH K3 KpPacHOro BOAOPOCJIEBOTO
HaJIéTa Ha IJIaCTUKOBOM EMKOCTU C TPECHOM BOJIOW,
KOTOpasi AJINTEIbHOE BpeMs HaXOAWIach HA OTKPHITOM
Bo3ayxe (Touka 3, Tabnuna 1). UapeHTUDUIPOBaH Kak
aspodur.

Mopdgostocusa u 6uostoeus

Ha araprsoBaHHO nuTaTeJIbHON cpejie KOJIOHUU
BHIJIEJIEHHOTO IITaMMa OJUHOYHBIE TEMHO-3eJIEHOTO
I[BETA, [10 Mepe CTapeHUs [PHUOOPETAIOT APKO-OpaHXKe-
BBIM IIBeT. B KUAKOIU KyJIbType KJIETKU BepeTeHOBU[-
HOMU, ANIEeBUIHON WU SJUTANCOUAHON (HOPMBI C IIpU-
CTEHOYHBIM U YallleBU/IHBIM XJIOPOILJIACTOM, OTYETIINBO
BUAUMBIM ofHUM nupeHougoMm (Puc. 4 A, B).

Pasmepsl KJIETOK BappUpYIOT B Ipefesax
6,5-12,5 MkM B AnuHy u 2,8-9,7 MKM B IIMpUHY.
MopdoJioruueckrie NprU3HaKy MITaAMMa COOTBETCTBYIOT
MpH3HAKaM, TUMMYHBIM A1 pofa Coelastrella, onpene-
nenHoro Chodat B 1922 rogy. Tak Xe ciegyeT oTMe-
TUTh XapaKTepHYI0 OCOOEHHOCTh [JIA 3TOr0 BHAA,
corstacHo Wang et al. (2019) - 3T0 HajMYMe acUMMe-
TPUYHO BHITAHYTHIX 3JUIAINICOUAAIBHON (HOPMBI MOJIO-
JIBIX KJIETOK, MHOTAA 3a0CTPEHHBIMU TOJIBKO C OHHOTO
KOHIIA.

Becnoyioe pa3MHOXeHHe IyTeM OOpa3oBaHUA
asrocnop (mo 2-4), mepepn mnejieHHUeM KJI€TKU IpPU-
obperanu okpyriyio ¢opmy. IlonoBoil mpolecc He
Habmonanu. Ha mnzobpaxenusx COM KJIeTOK 3aMeTHa

XapakTepHasi CKyJIBIITYpa KJIETOUHOH 000JIOUKU B BUJIE
MepUANOHAIbHBIX pebep (B ocHOBHOM 1o 10-14), cxo-
JAMMXCs K rmoyocaM kietku (Puc. 4 B, I).

Ha ocHOBaHMM KOMILJIEKCHOTO aHay3a Mopdo-
JIOTUYECKUX U MOJIEKYJISIPHO-TeHeTUYeCKUX IIpU3Ha-
KoB HOBBHIM mTamMm IBSS-98 wupeHTHduUIpOBaH Kak
Coelastrella thermophila.

MItamMm IBSS-164 Tetradesmus obliquus (Turpin)
M.J.Wynne 2016 (Chlorophyceae, Sphaeropleales,
Scenedesmaceae)

Mecmoobumanue

[ITaMM H30JMPOBAaH U3 3BTPO(HBIX COJIOHOBA-
TBHIX BoZ o3epa KeI3pu1-fIp, pacrnosioxKeHHOro B CTEITHOM
30He BOJIM3U 3amafgHoro mnobepexbs Kprsima. IIpobGa
6bUIa oTOOpaHa B aBrycre B HauboJiee yJaseHHOU OT
mops yactu o3epa (Touka 2, Tabouna 1).

Mopdgostocua u 6uosioeus

Ha arapusoBaHHOII muTaTeJIbHOMN cpejie KOJIO-
HUM BBIJIEJIEHHOTO IITaMMa MeJIKhe TEMHO-3eJIeHOTO
I[BeTa, NpPU [JINTEJIbHOM XpaHeHUHU (B TeueHHe 2-X
MecsileB) MpUOOpEeTal0T JXXeJITO-3eJIeHBII OTTEHOK. B
XKUJKON KyJIbType KJIETKU OJIMHOYHBIE OBaJIbHOM WJIU
BepeTeHOBUHON (GOpMBI U B BUe I[eHOOUEB, COCTO-
AMUX U3 YeThIpeX KJIETOK 0e3 CJIM3UCTOU 060JIOUKH,
pacnojio)keHHBIMU B ofHOU mockoctu (Puc. 5 A, B).
XJioponsiacT NMPUCTEHOYHBIH, 3aMOJIHAINMI BHYTPEH-
HIOI0 TIOBEPXHOCTh KJIETKH U OJWH NHpeHou] BOJINU3U
IIEHTpa KJIETKHU.
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Puc.4. U3o6paxeHrss MOJIOJBIX BereTaTUBHBIX KJIeTOK mrtamma IBSS-98 Coelastrella thermophila: A, B — CM; B, ' — COM,

mkaa 10 MxM.

Pa3mepsl KJIETOK BapbUpyIOT B IIpefesax 3,5-6,5
MKM B JUIMHY U 1,7-4,7 MxM B mupuHy. ITo Mepe crape-
HUA KYJIbTYPHI KJIETKH B OCHOBHOM BCTPeYaloTCs B BU/Jie
nenobues. Ha nszobpaxeHnn COM NOBEPXHOCTH Kile-
TOYHOH CTeHKU IJIafiKasA C NOJIAPHBIMU YTOJIIEHUAMU
Y peIKMMU MepuJroHaIbHBIMU pebpamu (Puc. 5 B, I').

PasmHoXeHue Gecrojioe aBTocnopaMul o 2-4,
6e3 obpazoBaHusa 300cmop. IloyioBo#l mporecc He
HaOJTI01asIn.

ITo coBokymHOcTH MOpP(OJIOrMYecKUux Ipu3Ha-
KOB, M B YacTHOCTU IO pasMepy U ¢opme KJIETOK,
mopsijka ux opraHusanuu B reHo6uii (Cho and Lee,
2024), mramm IBSS-164 1NOJHOCTBIO COOTBETCTBYET
onmcauuio Tetradesmus obliquus (Oliveira et al., 2021,
Cho and Lee, 2024), uTo mOATBEepXOAETCA MAHHBIMU
MOJIEKYJIApHO-TeHeTUUeCKUX HCCJieJOBaHUH.

A

Mitammbr  IBSS-167, IBSS-171 Desmodesmus
multivariabilis E.Hegewald, Antal Schmidt, A.Braband
& P.M.Tsarenko 2005 (Chlorophyceae, Sphaeropleales,
Scenedesmaceae).

Mecmoobumanue

JlBa mTaMma OJHOTO BU[A W30JIMPOBAaHBI U3
3aCTOMHBIX BOJ KacKaJHOI CHCTEMBI CKaJIbHBIX BaHH
Ha ckyoHe I. Jlerenep maccuBa Kapagar (Touka 4,
Ta6bsuma 1), orob6paHHBIX B aBrycre. IIpoOsl He3a-
BHUCHUMBI BBUAY OTCYTCTBUS THPOJIOTHMYECKOM CBS3U
MeXxay o0beKTaMK Ha MOMEHT 0TOopa.

Mopdgostocusa u 6uosiozus

Ha arapusoBaHHOII muUTaTeJIbHON cpejie KOJIO-
HUM 0O0OMX IITaMMOB TEMHO-3eJIEHOTO IBeTa. B xup-
KOU KyJIbTYype BCTPeYaloTCs KaK OJUHOYHBIE KJIETKU
OBaJIBHOHM (OPMEI, TaK U HEMOCTOSHHOE KOJIMYEeCTBO

- b
0 % )

1

G

Puc.5. M3o6paxkxeHus MOJIOABIX KJIeTOK mTamma IBSS-164 Tetradesmus obliquus: A, B — CM, mkana 10 mkm; B, T — COM,

IKaja 5 MKM.
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KJIETOK B LIeHOOUAX (10 2—4 KJIeTKU) PacloJIOXKeHHBIX
B OOHOH IJIOCKOCTH, YTO TOBOPUT O IJIEOMOP(HHOCTHU
BOJOPOCJM Ha PpasHBIX CTaAUAX PpOCTa U Ppa3BUTHUA
(Puc. 6).

Knetku HenmoaBuXHBIE, NOJ CBETOBBIM MHKPO-
CKOIIOM SIHCTPYKTYpPHl B BHAE OOKOBBIX «IIMIIMKOB»
U «pOroB» He 3aMeTHH. Pa3Mepsl KJIETOK BapbUPYIOT
B Ipefesiax 3-8 MKM B [UIMHY U 2-7 MKM B IIMPUHY.
XJiopoIiact 3aHUMaeT OOJIBIIYI0 4acTh 0ObeMa KJIeTKU
C OOHMM 4YeTKO BBIPaXEHHBIM KpYIJIBIM M[HPeHOU-
JoM. Ha cuumkax, nosydeHHBIX npu nomommu COM
Ha IIOBEPXHOCTU KJIETOYHOH OOOJIOUKH OTYeTJINBO
3aMeTHBl MeJikie OOpoJaBKM M HEMHOI'OYHCJIEHHBIE
pOTOBUHBIE OTPOCTKM OJWHAKOBOM [JIMHEI, paclo-
JIOXKEeHHBble NepHeHAUKYJIAPHO KJIETOYHOH 000J0uKe
(Puc. 6). Boonb kJjieTku HEPOBHBIE U OYTrpUCTHIE MepU-
JVOHaJIbHbIe pebpa, KOTOpble MOTYT OBITh IeJIBIMU HJIN
YaCcTUYHO peAyLHpOBaHHBIMU.

PasmuoxeHue Gecriosioe ¢ o6pa3oBaHueM aBTO-
CHop, ITOJIOBOM IIpoliecc He OTMeYeH.

O0a mTaMMa COOTBETCTBYIOT OIMCAHMIO, Npe.-
craBjaeHHOMy B Jurepatype (Gorelova et al., 2015;
Demura et al., 2021; Xu et al., 2024). Ha ocHoBaHUu
Mop@doJIornYecKUx IIPU3HAKOB U pe3yJIbTaToB puiore-
HETHUYeCKOro aHasmsa wramMmsel IBSS-167 u IBSS-171
naeHTUGUIMPOBaHKI Kak Desmodesmus multivariabilis.

IItamMm IBSS-163 Dictyosphaerium ehrenbergianum

Niageli 1849  (Trebouxiophyceae, Chlorellales,
Chlorellaceae).
Mecmoobumatue

[IITaMM M30JIMPOBAaH U3 COJIOHOBATHIX BoA (2%0)
KyTOBOH yYacTu o3epa JloHy3JaB ¢ riayouHamu 3—4 M,
OTTOPOXEHHOU OT oOcHOBHOU akBaTtopuu (Touka 1,
Tabsuma 1).

Mopdgosocus u 6uonocusn

Ha arapusoBaHHOII NUTaTeJbHOI cpelie KOJIO-
HUU BBIJI€JIEHHOTO IITaMMa OANHOYHEIE IPKO-3€JIeHOr0
1BeTa. B *XuAKON KyJIbType KJIETKU B BHJEe CBOOOJHO-
IJIaBaIOIIMX KOJIOHUH, COCTOAMUX U3 4-X U OoJiee Kpe-
CTOOOpa3HO PpACMOJIOXEHHBIX CHMMETPUYHBIX KJIETOK
OBasIbHOU (AlLIeBUAHON) (OPMBI, NPUKPENJIEHHBIX K
CJIM3WCTHIM JXeJaTUHU3HPOBAaHHBIM TsSXaMm OOKaMmu B
rnornepevyHoM MoJsioxkeHun kietok (Puc. 7 A, B). Tsxu

A A B
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22,9 U ) €D
22 ® (]
@ K
o) @.%
©
® &)
o ®¢ ©
2 &)
- ®
G\‘ s
S

WUIOyT paJuajibHO OT LIeHTpa KOJIOHWM U pa3feJIAlTcsA
JUXOTOMHYECKHU UJIN TeTpaToMuuecku. Pazmeps! MoJio-
JBIX KJIETOK B Ipefenax 4,5-6,5 MKM B AJIMHY U 2,5-5
MKM B HIMPHHY. Bojiee cTapble KOJIOHUH COCTOAT U3
8-16 OKpYTJIBIX KJIETOK Ha KOHI[aX CJIM3UCTHIX TsKEH B
BUJIe «COLBeTHIi», NHOTJa MOTYT OBITh OKPYXXeHBI CJIU-
3UCTBIMM 000JIOUKaMU.

OTMeueHO  pa3MHOXeHHe  ¢parMeHTanuen
KOJIOHMM Ha CerMeHThI, cocTosmue W3 4-X KpecTo-
00pa3HO pacnoJIoXKeHHBIX KJIETOK Ha CJIM3UCTHIX TAXax
(Puc. 7 B). XnoporuiacT NpUCTEHOYHBIN ¢ OJHUM MUpe-
HougoM. Ha wmsobpaxenun COM NOBepXHOCTb Kile-
TOYHON OOOJIOUKU U CJIM3UCTHIE TSXKHU MOKPHITH 60pO-
naskamu (Puc. 7 T', 1). Ilo mepe cTapeHUs KYJIbTYPhl
Habyrofa He3HauyuTeJIbHOe yBeJilueHKe pa3MepoB
KJIeTOK B Ipepgenax 4,5-7,5 MKM B JJUMHY U 3,5-5
MKM B LIMpHHY, U YILUIOTHEHHe KOJIOHWH, U3-3a 4Yero
CJIN3UCTHIE TsKU He Bu3lyanusuposammch (Puc. 7 B).
3peJible KOJIOHUM pacnafajInch Ha OTAeJIbHble OJUHOY-
Hble KJIETKU BCJIe[CTBHE NOTepU CJIM3UCTBIX cTelsiei
(Puc. 7 E).

Ha ocHoBaHuu Mop@oJsiorndecKrx IIPU3HAKOB
(Bock, 2010) u pe3ysibTaTOB MOJIEKYJIAPHO-TeHETHYE-
ckoro aHanusa (Puc. 3), HoBbil1 mTamm IBSS-163 uaeH-
TuGULUPOBAH Kak Dictyosphaerium ehrenbergianum.

4. 06cyxpenue

PoJsib HalMOHAJIBHBIX U PErMOHAJIbHBIX KOJLJIEK-
U KyJIbTYP MHKPOBOAOPOCJIEH B pasBUTUN OHMOTEX-
HOJIOTMH U cOXpaHeHuUH OuopasHooOpa3us HeOoJHO-
KpaTHO NoJquépKkuBajachk B Jureparype (Kurpan et al.,
2025; Lourenco, 2020). B 3ToM KOHTeKCTe paciiipeHue
KOJUJIEKI[UM KapOTHHOT'eHHBIX MUKpoBoAopocieii ®UL]
HNuBIOM mnpuobperaer ocobyio 3HauuMocTb: ¢ 2021
roja 4ucJio NoAAepXXUBAaeMBbIX IITAMMOB YBEJINYNIIOCh
¢ 44 no 131, npu 3TOM A0 MeCTHBIX U30JATOB (KphiM
1 Ipu4YepHOMoOpcKHe palioHbl KaBkasa) Bo3pociia ¢ 25
0 40%. lleneHarnpaBJieHHbIN CKPUHUHT aJjibrodJophl
KprIMa 1103B0J11J1 BBIAEIUTD OKOJIO 40 HOBBIX IITAMMOB
B YKCTOH KyJIbType, TpeOyIoIUX AeTaJbHOro TaKCOHO-
MHYECKOro 1 01MOTeXHOJIOTNYeCKOro ONMCaHus.

Puc.6. N306paxkenus kietok Desmodesmus multivariabilis: A, B — CM mtamma IBSS-167, B, '- CM mtamma IBSS-171, mkana
10 mxm; O, E — COM mtamma IBSS-167, K, 3 — COM mtamma IBSS-171, mikana 5 MKM.
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Puc.7. N3o6paxeHus kieTok mramma IBSS-163 Dictyosphaerium ehrenbergianum: A, B — CM, MoJjiofbie KOJI
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3peJias KoJioHus (3-X HeeibHAs KyJbTypa), mkana 10 mxm; T, I — COM, mosoasie KosioHuu, E — COM, 3pesisle kiieTku 6e3 060-

JIOYKH, IIKaJa 5 MKM.

TakcoHoMuueckasa ufeHTUGUKAUUA NATU H30-
JIATOB ObLjla BBHIIIOJIHEHA C NIpUMeHeHNeM WHTerpaTuB-
HOI'O MOAXOMa, COUeTAIIIero MOJIeKyJIApHO-TeHeTHnye-
ckue MeTofbl U Mopdosioruueckue JaHHbe (CBeToBas
U 3JIeKTPOHHAasA MHUKpockonus). Buposas npuHaaiex-
HOCTb M30JIATOB O0OCHOBaHAa MeTOJaMU MOJIEKYJIAp-
HOI QUJIOTeHUHU U COIJIacyeTcs ¢ ONMCAHHBIMU B JINTe-
parype MOpQOJIOTUYeCKHMH, 3KOJIOTUYeCKUMU U
OHTOTreHeTHYeCKHMU XapaKTepUCTHKaMU COOTBETCTBY-
fomux TakcoHoB (Komérek and Fott, 1983; IlapeHko,
1990; AunpeeBa, 1998).

OnpepesieHne HauboJiee MOAXOOALIUX MOJIEKY-
JIApDHBIX MapKepoB AjiA BupoBoil AuddepeHnManuu
3eJIEHBIX BOJOPOCJIEN OCTaéTcsi MpPEeAMETOM METO-
audeckux OOCYXIIeHUH, YTO CBSI3aHO C CEPbE3HBIMU
orpaHnieHusAMN MOPGOJIOrUYecKoro moaxoAa — BEICO-
KO BHYTPUBHJOBON WN3MEHUYMBOCTBI0 U CXOJCTBOM
OM3KUX TaKCOHOB. B Hacrosmem wuccjeqoBaHUN
U1 MOJIEKYJIIpDHON HJeHTHU(}UKAIMK HOBBIX MITaM-
MOB OBLJI KCIOJIb30BaH (PUIIOreHeTHYecKUil aHaIu3
ITS-pernona, mapkepa, IMPOKO NPUMEHAEMOIO i
paspellleHrsA TaKCOHOMMYECKUX BOIIPOCOB Y 3eJIEHBIX
MUKPOBOAOpOCJIel HapAay ¢ TPaJAULMOHHBIMU OGapKo-
nmamu (SSU, rbsL, tufA) (Hoshina, 2014; Proeschold and
Darienko, 2020; Krivina et al., 2024; 2025; Temraleeva
and Bukin, 2022).

[TosyuenHsle ¢uaoreHeTndeckre peKOHCTPYK-
U1 JeMOHCTPUPYIOT OJHO3HAYHOEe pa3MelleHre BceX
HOBBIX INTaMMOB BHYTPU YeTHIPEX OTAEJIbHBIX BeTBel
C BBICOKOM MOAAEPXKOI y3JI0B; 3TW BeTBU COOTBET-
cTByIOT Bugam Desmodesmus multivariabilis, Tetradesmus
obliquus, Coelastrella thermophila (Chlorophyceae) u
Dictyosphaerium ehrenbergianum (Trebouxiophyceae).
l'eHeTnyeckue AWCTAHIMM, PACCUUTAHHbIE C HCIIOJIb-
3oBaHueM mofenu K2P nna ITS-pernona, mo3BoJiAmOT
3 deKTUBHO pasrpaHUYUBATh YPOBHU BHYTPU- U MEX-
BUJOBOY M3MEHYMBOCTU: BHYTPHUBHOBBHIE 3HAUeHUN,
KakK MpaBuWJIo, He mpeBhmanT 2,2%, Torga Kak AuUCTaH-
1Y MexXy 0JIM3KOPOACTBEHHBIMU BUAAMU BapbUpYIOT
B Anana3oHe 3-4% u MoryT gocturatb 8-9% mia 6oJiee
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oThasiéHHbIX BuAoB. HabsonaeMele 3HaUeHNs reHeTU-
YecKHUX AUCTAaHLMI COrJjlacyloTcsA ¢ JaHHBIMU, IOJTy-
yeHHbIMUM i1 perroHa ITS2 (Hoshina, 2014). Takum
obpa3oM, aHammu3 ITS-perrona mo3BoJiAeT HaAEXKHO
muddepeHIpoBaTh BUABI B IIpefiesiax MCCJIeI0BaH-
HBIX MoOHObwIeTnyeckux JmHuil Chlorophyceae u
Trebouxiophyceae. BmecTe ¢ Tem pa3pelieHre BHyTpU-
BU/IOBO CTPYKTYPHI U NAeHTU(hUKALNA IOTeHINaIbHO
HOBBIX BHJOB TpeOyIOT IIpUBJIeYeHUA OONOJIHUTEJIb-
HBIX MapkepoB. CorjlacHO COBpeMeHHBIM peKOMeHa-
IUAM, JIA 3TUX IeJiell Ijejiecoo0pa3HO KCIOJIb30BaTh
JleTaJIbHBIYI aHaiu3 cTpyKTypel ITS2-peruona, a Takxe
MyJIbTUTeHHBle PEeKOHCTPYKLMM Ha OCHOBe KOHKaTe-
HUPOBaHHBIX IOCJIe[JoBaTeIbHOCTEN PUOOCOMaIbHBIX
U IUIACTUAHBIX TeHOB JIMOO IIOJIHOTO ILIACTHIHOIO
renoma (Krivina et al., 2025; Cho and Lee, 2024).

Bce npenTtuduipoBaHHble IITaMMbl ABJIAIOTCA
HOBBIMU 1A koJuiekiuu WHBIOM u BmepBele BbIIe-
JIeHBl B YKCTYIO KYJIBTYPY U3 KPBIMCKON ajbroiopsl.
C y4€TOoM JIUTEepaTypHBIX JAHHBIX O CIOCOOHOCTH Mpen-
CcTaBuTeJIell 3TUX TaKCOHOB K HaKOIUIEHHUIO I[eHHBIX
610JI0rMYecKy aKTUBHBIX COeHeHU, OHU MpeJCTaB-
JIAIOT MHTepec KakK IMOoTeHI[hajbHble OLOTeXHOoJIornye-
ckue npoayneHTs (cM. Tabiuna 2).

Bce BbiesieHHBle BUABI ABJIAIOTCSA KOCMOIIOJIU-
TaM{ U OTJIMYAIOTCS BBICOKMM YPOBHEM 3KOJIOrHYe-
CKOM IIAaCTUYHOCTH, YTO II0O3BOJIAET UM KOJIOHHU3UPO-
BaTh pa3HooOpa3Hble Mectooburtauusa (Tabswmma 2).
BonbmuHcTBO TpefcTaButesnieii  poaoB Coelastrella,
Tetradesmus u Desmodesmils OTHOCATCSA K adpoduram u
OOBIYHO BCTPEYaTCs Ha MOBEPXHOCTHU IIOYBHL, CKaJlb-
HBIX U OEeTOHHHIX CyOCcTpaTax, KUPHOUYHBIX CTEHaX U
KOpe [JepeBbeB. B oTyinune OT HUX, IpefCcTaBUTENU
poma Dictyosphaerium — mMUPOKO pacmpoCTpaHEHHBIE
obuTaresu IpecHOBOAHBIX BOJOEMOB, CIOCOOHBIE (HOp-
MHpPOBaTh UX «1BeTeHUs» (Bock, 2010; Scoculi de Lira
et al., 2025). MecTta or6opa HaIIUX HU30JIATOB MMOJTHO-
CTBIO COOTBETCTBYIOT TUIIMYHBIM OMOTOIIAM, XapaKTep-
HBIM JJIA eCTeCTBeHHOr'0 pacnpocTpaHeHus naeHTudu-
I[POBAaHHBIX HITAMMOB MUKPOBOJOPOCJIEH.
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Ta6suna 2. CucreMaTr3anys JUTepaTypPHBIX JaHHBIX O HOBHIX AJIA kojuleknuu IBSS Bupax MukpoBomopocieil: G1OTOIH,
610JI0TYeCcK aKTUBHBIE BelllecTBa, 06J1aCcTy MpUMeHeHNs, [Ipe/ICTaBJIeHHOCTh B KOJIJIEKI[UAX.

Bup BuoTtonsl BuoakTuBHBIE BenecTBa IIpumeHeHue Kosnnekuuu, rage
MHUKPOBOAOPOCIIH IpeACTaBJIEH BUL
Coelastrella BopHbie, TOYBEHHBIE, KapoTtunouusr, BuosnepreTuka SYKOA, FACHB,
thermophila BJIXXHBIE TIOBEpXHOCTH, |JIunuapl, [THXK ¢ JTunumsr, KocMmereBTHKa U CCCryo, SAG
dKCTpeMaJibHbie 552 MHXK, HXK 5 dapmarnesTuka *°
Tetradesmus Bogtbie (B T. 4. ckasbHble | KapoTUHOUIB, JIIOTEUH '3 BuosHepreTuka, UTEX, SAG, CCAP,
obliquus BaHHEI) 13 JIunuaer, MHXK, HXK ° dapmareBTUKa U VKM
HyTpUIIEBTHKA *128
Desmodesmus Bonubie (pecHsie, TMHXK ! dapmareBTHKa U BCAC, CCAP, SAG,
multivariabilis COJIOHOBATHIE); IOYBEH- HyTPUIIEBTHKA UTEX, VCA, TAU-MAC,
Hble; CUMOMOHT JIOHHBIX Buopemequanus ! FBCC
6€eCIT03BOHOYHBIX 7
Dictyosphaerium BogHble (TIpecHsIe, JIunuaser, MHXK, HXK %4 |  BuosHepreruka %4 CALU, CCAP, UTEX,
ehrenbergianum CoJIOHOBaThbIe) >4 FACHB
I[IpumeuaHnue:

I[MHXK - nosuHeHachIieHHble XupHble KucjaoTe; MHXK — MoHOHeHachIeHHEIe XupHble KucjaoTe; HXXK — HachileHHbBIE

JKVPDHBI€ KHCJIOTHI.

1Akgiil and Kosel, 2023; 2Baldanta et al., 2025; *Bock, 2010; “Borah et al., 2018; SBoutarfa et al., 2022; °*Goecke et al., 2020;
’Gorelova et al., 2015; ®Huang et al., 2025; °Ismagulova et al., 2018; °Jiang et al., 2018; 'Onyancha et al.2022; 2Scoculi de Lira

et al., 2025; ¥*Uniivar and Unlii, 2022.

SYKOA KoJiyteKnus )KUBbIX IITAMMOB MUKpOBoopociieil UHctuTyTa 6rosoruu Komu Hu Ypo Pan (http://ib.komisc.ru:8008/

sykoa/collection/)

VKM Bcepoccuiickas Kosuiekiysa Mukpoopranuamos (http://www.vkm.ru/rus/Catalogue.htm)

FACHB KoJutekiius KyJbTyp MPeCHOBOJHBIX Bojopocielt Kutakickoin akagemun Hayk (http://english.ihb.cas.cn/research/

platforms/npmp/202012/t20201202 255451.html)

CCCryo Kosuteknus KyJibTyp KpuoduibHeIX Bogopocieit (https://www.izi-bb.fraun)

SAG - Kosnekiys KyJIbTyp Bogopocsied I'értunckoro yHusepceuteta (https://www.unigoettingen.de/de/184982.html)

UTEX - KoJuteknus KyJbsTyp BogopocJieil Texacckoro yHuBepcurera (https://utex.org/)

CCAP KoJuteknus KyJIbTyp Bogopociel u mpocredmux (https://www.ccap.ac.uk/)

BCAC Kosnekiuu BofopocJieii u niuaHobakrepuii bamkoprocraHa

CALU Kosutekuus 1iuaHo6aKTepuii, BOAOPOCIIEN 1 Mapa3uToOB BOAOPOCIEN

VCA Kosnnekiusa nuaHobakTepuii u Bojjopocseii jadoparopun 6orannku ®HI] BuopasHoobpasusa [[BO PAH

TAU-MAC KoJutekuus KyJabTyp MUKPOBOAOpOCyIei u nuaHobakrepuii (http:

cyanobacteria.myspecies.info)

FBCC KoJuiekuus KyJIbTyp npecHoBogHbIX 6mopecypcos (https://fbp.nnibr.re.kr/fbec/?lang =en)

B ycroBusAx HeOJIarONpUATHBIX BHEMIHUX (ak-
TOpPOB, TakuMx Kak 00e3BOXHBaHUE, COJIEBOHI CTpecc,
BBICOKAsA MHCOJIALMSA U a30THOE roJjiofjaHre, MUKPOBO-
nopocau ponos Coelastrella, Tetradesmus, Desmodesmus
u Dictyosphaerium aKTHMBHO HaKallJIUBAIOT JIUMUIBL,
npeuMyliecTBeHHO B (¢dopMe TpHALWITJIUIEPHUHOB
(TAT) (Ancona-Canché et al., 2017; Zhu et al., 2020),
YTO AeJlaeT UX NePCHeKTUBHBIM CBIPBEM [AJ1A IPON3BOJ-
cTBa OMOTOIUIMBA TpeThero nokoJieHusA (Jaremko et al.,
2023).

JlaHHble JUTEpaTyphl MOATBEPXAAIOT BHICOKYIO
CIIOCOOHOCTh 3TUX TAKCOHOB K HAKOIJIEHUIO JIUIIHIOB.
B cTpeccoBBIX yCJIOBUAX coAepkaHUe OOIIUX JIMIHUIA0B
B Ouomacce Tetradesmus u Desmodesmus IOCTUTAET
20-56% u 36-58% COOTBETCTBEHHO; IIPHU 3TOM MOJIA
nesieBbix TAI' y Desmodesmus MOXeET COCTaBJIATH OO
64-78% ot obmiero nyJa gunugos (Ismagulova et al.,
2018; Pan et al., 2011; Oliveira et al., 2021; do Carmo
Cesario et al., 2022). JlunugHasa pakuus Coelastrella
u Dictyosphaerium Ttakxe o6JiafaeT 3HAYUTEJHHBIM
noreHnuagoM (Ao 18% u Beillle) U XapaKTepU3yeTcs
npodusieM XHUPHBIX KHUCJOT, OJarONpUATHBIM [Jif
MpOM3BOJICTBA OWMOAM3EJIA, @ B YACTHOCTU, BBICOKHM
cofepXaHUeM HeHacChII[eHHBIX )KUPHBIX KHCJIOT, BKJIIO-
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yass MoHoHeHachIeHHble (MHXXK) 1 mmosimHeHacHIIeH-
svele (ITHXXK) (Jiang et al., 2018; Thepsuthammarat et
al., 2023; Boutarfa et al., 2022; Nayana et al., 2025).
TakuM 06pa3oM, coveTaHHWE BBICOKOH MPOAYKTHBHO-
CTU 1O JINIUAAM W ONTHUMAJIBHOTO XUPHOKHCIIOTHOTO
coctaBa 0OOCHOBBIBAET BO3MOXHOCTH MCIIOJIb30BaHUSA
JAHHBIX MHUKPOBOJOPOCJIE B KayecTBe aJbTEPHATUB-
HOTO ChIpbs Aj1A 6uoausesa (Borah et al., 2018).
[ToMUMO 3HAYUMOCTH [Jii OHMOIHEPTeTHKH,
MHUKpoBogopociiu pofioB Coelastrella, Tetradesmus u
Desmodesmus Tipe[iCTaBJIAIOT UHTEPEC KaK HCTOYHUKU
OMOJIOrMYECKU aKTHUBHBIX COeIMHEHUN [JiA papmaleB-
TUKA U TPOU3BOACTBA (YHKUMOHAJIBHBIX MPOAYKTOB
nutanud (Oliveira et al., 2022; Akgiil and Kosel, 2023).
KJTtoueBbIM MPEUMYIIECTBOM 3TUX TAaKCOHOB SIBJIAETCSA
UX CIOCOOHOCTh CHUHTE3WPOBATh IMOJMHEHACHIIIEeH-
Hele xupHble kucaoTel (ITHXK), B ocobeHHOCTH COe-
IuHeHUs omera-3 psaa. CorJjiacHO omny6JIMKOBAaHHBIM
naaHeM, cogepxanue ITHXKK y Desmodesmus Moxet
nocturath 54-72% ot cymMmbl XUpHBIX KuciaoT (Akgiil
and Kosel, 2023; Shin et al., 2025), a y Coelastrella —
o 45-65% (Goecke et al., 2020; Minyuk et al., 2017;
Boutarfa et al., 2022); npu 3ToM OTAeIbHbIE IITAMMBI
paccMaTpUBaIOTCA KaK IepCleKTHUBHBIE MPOAYIEHTHI


http://ib.komisc.ru:8008/sykoa/collection/
http://ib.komisc.ru:8008/sykoa/collection/
http://www.vkm.ru/rus/Catalogue.htm
http://english.ihb.cas.cn/research/platforms/npmp/202012/t20201202_255451.html
http://english.ihb.cas.cn/research/platforms/npmp/202012/t20201202_255451.html
https://www.izi-bb.fraun
https://www.unigoettingen.de/de/184982.html
https://utex.org/
https://www.ccap.ac.uk/
http://cyanobacteria.myspecies.info
https://fbp.nnibr.re.kr/fbcc/?lang=en
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Q-JIMHOJIeHOBOM KucsioThl (Goecke et al., 2020; Maltsev
et al., 2021). BapnabesibHOCTb XUPHOKHCIJIOTHOTO MPO-
¢us, ob6yciioBiieHHAass BUIOBON IPUHAAJIEXHOCTBIO
U YCJOBUAMHU KyJIbTUBUPOBAHUs, IO3BOJIAET lieJieHa-
[IpaBJIeHHO IIOJIyyaTh JIMMUIHBIE (pakiuu c 3aaaH-
HBIMU cBOMcTBaMHu — oT oboraméHHsx MHXXK 1o BeIcO-
KoHachImeHHbIX HeHHpIMU [THXK (Oliveira et al., 2021;
Boutarfa et al., 2022), 4yTo pacmIMpseT CIEKTP UX MPO-
MBIIJIEHHOT'O IPUMeHEeHUsI.

M3y4yeHHBIE MUKPOBOAOPOCIIN XapaKTepU3yITCs
BHIpaXXeHHBIM AHTHOKCHUJAHTHHIM IIOTEHI[AJIOM, 9YTO
pacmupsieT CIeKTp UX NpUMeHeHHUsA B IUIeBOH Npo-
MBIIUIEHHOCTH, (apMalieBTHKe U aKBaKyJbType. B
yacTHOCTH, Tetradesmus obliquus oTM4aeTcs BHICOKHUM
cofiepxxaHreM (eHOJIBHBIX CcOoeAUHeHUH, (aBoHOU-
noB u kaporuHongoB (do Carmo Cesério et al., 2022).
Oco0bIil UHTEpEC NMPeICTABIIAIT BUAB poja Coelastrella:
OHU CITIOCOOHBI KO BTOPUYHOMY KapOTHHOTeHe3y 1 HaKo-
IJIEHNI0 aCTAaKCAaHTHHA — IIeHHOr'o NMUTMeHTa C UMMY-
HOMOAYJIMPYIOIMMY, KapAUONPOTEKTOPHBIMU U HeH-
ponpoTekTOpHBIMU cBoiicTBamu (Maltsev et al., 2021;
Minyuk et al., 2017; Ismagulova et al., 2018; Chekanov,
2023). Croco6GHOCTh aKTUBHO CHUHTE3WPOBATh acTak-
CaHTHH 3KCIIEPUMEHTaJIbHO NONTBepXeHa i MHO-
rux BHAOB, Bkiwouasa C. terrestris, C. aeroterrestrica u
C. thermophila var. globulina (Chekanov, 2023; Goecke
et al., 2020). IIpu 3TOM HCIIOJIb30BAHUE ABYXCTAIUM-
HBIX CXeM KyJIbTHBHpOoBaHUsA (Ha npuMepe C. rubescens)
[I03BOJISIET JOOUTHCSA TEXHOJIOIMYeCKU 3HAYMMOMH Npo-
AYKTUBHOCTHU 1O AaHHoMy nurmeHTy (Chubchikova et
al., 2010; Minyuk et al., 2017).

[ToMuMo  GHOTEXHOJIOTMYECKON  1IeHHOCTH,
MUKPOBOZOPOC/IN YKa3aHHBIX YeTHIpEX pOJOB Iep-
CIeKTHBHHl [JIA MpUMeHeHHUs B OuopeMeaualiviul.
OdbdexTUBHBIE MeXaHU3MbI OOCOPOLMN U IeTOKCUKA-
[[MY [TO3BOJIAIOT UM HAaKaIlJINBATh 3HAYUTEIIbHBIE KOJIU-
YecTBa TSDKEJIBIX MeTaJUIOB, MECTUIUIOB U OCTAaTKOB
(dapmMareBTHUeCKUX IpernapaTroB, YTO 3TO OAET BO3-
MOXXHOCTh HCIIOJIb30BaTh MX KaK I OYMCTKU, TaK U
JUIsT MOHUTOPUHIA 3arpsA3HEHHBIX dKocucTteM (Luo et
al., 2016; Alwaleed et al., 2025; Onyancha et al., 2022).
O deKTUBHOCTh TAKOr0 MOAXOAa MOATBEpXJAeHa IMpU
dutopemenuanyuy CTOYHBIX BOJl, B TOM YHCJIE CeJIb-
CKOXO3SIMICTBEHHBIX M TPOMBINLIEHHBIX (Baldanta et al.,
2025; Ogbonna et al., 2021).

5. 3akniouenue

B pamkax peanmzaluy IPOeKTa MO CO3JaHUI0
O6UOpecypCcHOIl KOJUIEKIINY KapOTUHOT'€HHBIX MHKPO-
BOZOpOCJIell KPBIMCKOTO permoHa Hu3 3KCTpeMaib-
HBIX OMOTONOB Ppa3jIMYHON MPUPOJBl B 3amagHOU U
I0r0-BOCTOYHO! YacTsax KpriMa ObUTM BbIJIeJIEHBI IATH
HOBBIX IITAMMOB 3eJ€HBIX Bojopociell. Mx Bumopas
MIpUHAJJIEXXHOCTh ObLIa ONpefiesieHa Ha OCHOBe UHTe-
rpaTuBHOro mnonxoxa. IlojiyueHHble IITAMMEI SBJIS-
I0TCA HOBBIMU 1A KoJutekiuu ®UL] MHBIOM Bugamu,
BIIEpBBIE M30JIMPOBAaHHBIMM U3 ajbrodJsiops KprMa.
Onu npuHajyiexat K pogam Coelastrella, Tetradesmus,
Desmodesmus u Dictyosphaerium, npepcrapsii co0oi
LIeHHBbII Ouostormueckuii pecypc. [y BceCcTOpOHHeM
OLIeHKM UX OHOTEeXHOJIOTMYECKOro IOTeHInaja Heob-
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XOANMO MpPOBEeeHUE psAfa WCCJIeJOBAHMIL, BKIIIOYAIO-
X YTOYHEHME 3BOJIIOLMOHHBIX CBs3ell H3yYaeMbIX
ITaMMOB, GU3NOJIOTMYECKUE UCCJIeJOBAHNUA MEXaHU3-
MOB pETyJIALMY BHYTPUKJIETOYHOTO MeTaboJsin3Ma B
OTBET Ha KOMILJIEKCHOE BO3ZEMCTBHE CTPECCOBHIX (hak-
TOPOB OKpYXamwIeil cpelsl. BaxHbIM HampaBjieHUEM
ABJseTCA pa3paboTka SKOHOMHYECKH 3¢ GdEKTUBHBIX
METOJIOB KYJIbTUBUPOBaHHUsA, B TOM YUCJIE CO3[jaHUeE
CIelUaJu3upOBaHHBIX TPOTOKOJIOB [JIA HalpaBJjeH-
HOT'0 HaKOIUJIEHHsI GMOMAacCCH U IIeJIeBBIX MeTab0JIUTOB.
Co3faBaeMasi KOJUIEKIUA KUBBIX KYJIBTYD BBICTYHAET
B KaueCTBe JKCIIEPUMEHTaIbHON 06a3bl JJiA MpoBefe-
HUS KOMIUIEKCHBIX WCCJIEJOBAHUI U CJIYXUT UHCTPY-
MEHTOM COXpaHeHUs BUJOBOTro pa3HooGpasua. OHa
3aKjafpiBaeT GyHOaMeHT [JA pa3BUTHUSA HOBOI X035
CTBEHHOI oTpacyiu B KpeIMy — IPOMBINLIIEHHOTO KYJIb-
TUBUPOBaHUA KapOTHMHOTEHHBIX MHKPOBOJOPOCJIEH.
OTo HampaBJieHHe KMMeeT 3HAUUTEJIbHBIA MOTeHIHa
JUIA TIPOU3BOJCTBA OGHOJIOTUYECKU AKTUBHBIX KOPMO-
BBIX U INUIIEBBIX JOGABOK, KOCMETUKUA U TEXHUYECKUX
JIUIUAOB, YTO OTKPHIBAET MIMPOKYE MEPCIEKTUBHI PAK-
TUYECKOTO MTPUMEHEHU MOJIyYeHHBIX Pe3yJIbTaTOB.
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