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ABSTRACT. The present study provides the results of morphological, molecular genetic, and biochem-
ical analyses of six strains of green microalgae belonging to the genus Coelastrella, isolated from tundra
soils of Duvanny Yar, a key reference section of Upper Pleistocene deposits on the right bank of the
Kolyma River in the Nizhnekolymsky District of the Republic of Sakha (Russia). Strains were identified
using light microscopy and molecular phylogenetic analysis based on internal transcribed spacer ITS2
sequences. Three strains, D2 3cl, D4 8k, and D7_11k, were identified as C. affinis; two strains, D2_6a2
and D4 _1/5, —as C. polaris; and one strain, D4_4/5, —as C. multistriata. These findings represent the first
documented evidence of the presence of these three species in modern soils of Duvanny Yar. Fatty
acid profile analysis revealed that a-linolenic acid dominated in all studied strains, with its concen-
trations ranging from 35% to 42% of the total fatty acid pool. The highest values were recorded in C.
polaris strains (40.4-42.1%). C. polaris and C. affinis strains also exhibited high concentrtions of palmitic
(20-23%) and linoleic (9-12%) acids. Strain C. multistriata D4_4/5 showed significant accumulation
of 7,10,13-hexadecatrienoic acid (16%), the concentration of which was 1.6-3.3 times higher than in
the other studied strains. The obtained results expand our understanding of the species diversity of the
genus Coelastrella in Arctic ecosystems and demonstrate the significant biotechnological potential of the
isolated strains as producers of polyunsaturated fatty acids for applications in aquaculture and the food
industry.
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1. Introduction rary aggregations of cells or colonies, i.e. “cell aggre-

. gates” (Kalina and Puncochéafova, 1987; Wang et al.,

) The genus Coelastrellfz, with the type Spe- 2019; Kawasaki et al., 2020; Wang et al., 2021; Nikulin

cies C. striolata, was described by R.I. Chodat in et al., 2025; Novakovskaya et al., 2025). This genus
1922 and placed within the family Scenedesmaceae has a complex taxonomic history and has undergone
(Chloropvhyceie, ?hlorophyta) (Chodat, 1922; Kalina several revisions based on morphological or molecu-
and Puncochafova, 1987; Novakovskaya et al., 2025). lar data. As a result, some species originally assigned
The original description was based solely on light to the genera Cryptodesmus, Scenedesmus, Scotiellopsis
microscopy data. However, accurate identification of (Scenedesmaceae), Scotiella (Oocystaceae), and oth-
representatives of this genus based only on morpholog- ers have been transferred to the genus Coelastrella
ical characters is not always possible, as they exhibit (Kalina and Punéochéfova, 1987; Novis and Visnovsky,
heterogeneity. Cell shape varies from oval and spherical 2012; Kaufnerova and Eli4s, 2013; Ancona-Canché et
to lemon-shaped. Meridional ribs and polar thickenings al., 2017; Krivina et al., 2024). Currently, the genus
at the cell poles may be pronounced or absent. In most includes 23 species (Guiry and Guiry, 2026). At the
species, cells are solitary, but some show small tempo- same time, nucleotide sequences of the 18S rRNA gene
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and the internal transcribed spacers ITS1 and ITS2 are
known for only 20 species, which somewhat compli-
cates the study of the species diversity of these algae.

Members of this genus are widely distributed
around the world and occur on all continents. They are
found in soil, water bodies, as part of biological crusts
and biofilms on various substrates, and can act as epi-
phytes of lichens and phycobionts. Many of them are
cosmopolitan and are characterized by a wide range
of temperature tolerance—from the boreal zone of the
Arctic to tropical regions (Wang et al., 2019; Kawasaki
et al., 2020; Novakovskaya et al., 2025). However, our
knowledge of the species composition of polar algae
remains fragmentary, including the ecosystems of
the Russian Far North. Duvanny Yar is a unique nat-
ural site. It is one of the world’s largest exposures of
Yedoma (Pleistocene Ice Complex) on the right bank
of the Kolyma River in the Nizhnekolymsky District of
the Sakha Republic. Its extent reaches 8-10 km, and
the thickness of the exposed deposits is up to 50 m. It is
one of the key sites (stratotype) for the study of perma-
frost, Yedoma deposits, and the history of the region.
However, information on the species richness of algae
in modern soils and their biotechnological potential is
practically absent. The available information concerns
mainly phototrophic microorganisms isolated from
permafrost deposits (Vishnivetskaya et al., 2001; 2020;
Vishnivetskaya, 2009).

The study of new Coelastrella strains, first iso-
lated from modern soils of Duvanny Yar, is of not only
purely scientific but also practical interest. The ability
of Coelastrella members to accumulate fatty acids and
carotenoids, especially under stress conditions, is well
known. Many strains of this genus are rich in polyun-
saturated fatty acids, including a-linolenic acid—an
essential component of a balanced, healthy human diet
(Minyuk et al., 2017; Goecke et al., 2020; Maltsev et
al., 2021).

Here, we present the results of a study of six
Coelastrella strains isolated from tundra soils of Duvanny
Yar (Republic of Sakha, Russia).

2. Materials and methods
2.1. Study object

The study object was six strains of green algae
isolated from soils of Duvanny Yar (Sakha Republic,
Russia). This area is located at the boundary between
the southern tundra and the forest-tundra of the Kolyma
Lowland and is characterized by a mosaic of tundra and
sparse larch communities. The climate is sharply con-
tinental, of Arctic type, with a long cold winter and a
short cool summer. The average January temperature
is —30...—35 °C; July temperature is +10...+14 °C,
and annual precipitation is low, ~150-250 mm, with
permafrost being widespread. This region is charac-
terized by polygonal cryogenic microrelief (biogenic
hummocks and cracks associated with ice-wedge occur-
rence), formed under permafrost conditions. Strain
D7_11k was isolated from peat-cryozem, while strains
D2 3cl, D2_6a2, D4 8k, D4 1/5, and D4_4/5 were iso-
lated from gleyic peat-cryozem. Sampling was carried
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out in September 2019. Soil samples, including peat and
litter, were taken from the upper Al horizon (0-10 cm
depth). The material was collected during the period
of maximum seasonal thawing. Samples were placed in
sealed sterile bags, stored, and transported at —20 °C.

2.2. Isolation and cultivation of microalgal
strains

Algal strains were isolated using the enrichment
method in water-soil and Petri dish cultures, as well
as by plating soil suspensions on liquid and agarized
BG-11 media. Monocultures were obtained by streak
plating, followed by the isolation of individual colonies
using a Pasteur pipette. The studied strains were then
cultivated on solid BG-11 medium (1% agar; pH 7.2) in
a climatostat under standard conditions (temperature
21-23°C; light intensity 60-75 pmol photons m-2 s-1;
photoperiod 12 h).

2.3. Light microscopy

Morphology and life cycles of the studied strains
were examined by light microscopy using a Leica DM750
microscope (Germany). Observation results were docu-
mented with photographs taken using a Leica Flexacam
C3 color digital camera (Germany). Observation peri-
ods ranged from 1 week to 12 months. Morphological
identification of algal strains encompassed important
diagnostic characters such as thallus organization type,
cell shape and size, presence of polar thickenings and
ribs, ability to form cell aggregates, number and type of
chloroplasts, presence of pyrenoid, presence and thick-
ness of mucous sheaths, mode of reproduction, etc.
Morphometric measurements were performed using
Leica Application Suite X software. For size compar-
ison, at least 100 cells of each strain were measured.
The algal classification system adopted in the interna-
tional electronic database AlgaeBase (Guiry and Guiry,
2026) was used as the basis for this study.

2.4. Total DNA isolation, amplification,
purification, and amplicon sequencing

For molecular genetic identification of strains,
the second internal transcribed spacer ITS2 was used as
a DNA barcode. Total DNA was extracted from strains
using the “PhytoSorb” kit (“Syntol”, Russia) follow-
ing the manufacturer’s protocol. For amplification,
the ready-to-use mixture Screen Mix-HS (“Evrogen”,
Russia) was used. Conditions and primers for ITS2
amplification are specified in Johnson et al. (2007):
ITS-AF 5’-CGTTTCCGTAGGTGAACCTGC-3’, ITS-BR
5’- CATATGCTTAAGTTCAGCGGG-3’ (95°C, 3 min;
95°C (30 sec), 57.6°C (30 sec), 72°C (1 min), 35 cycles;
72°C, 10 min). Target PCR products were detected elec-
trophoretically in a 1% agarose gel. Amplicons were
purified from the gel using the Cleanup Standard kit
(“Evrogen”, Russia). Sequencing was performed at the
commercial company “Evrogen” (Russia).
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2.5. Molecular phylogenetic analysis

For molecular genetic identification of microalgal
strains, a homology search of ITS2 nucleotide sequences
was performed using the BLASTn algorithm in GenBank
NCBI (https://blast.ncbi.nlm.nih.gov). Sequence selec-
tion was based on criteria of maximum similarity (=
95%), read quality (no degenerate or unknown nucle-
otides), read length, and belonging to type species and
authenticated collection strains. Multiple alignment
was performed using MAFFT ver. 7 (Katoh et al., 2019).
Nucleotide substitution models were selected using
IQ-TREE v. 2.2, based on the minimum BIC (Bayesian
information criterion) value. Phylogenetic reconstruc-
tion using maximum likelihood (ML) was performed in
PhyML, with Bayesian inference (BI) using the software
package BEAST v10.5.0 (Baele et al., 2025). SH-aLRT
(Shimodaira-Hasegawa-like approximate likelihood
ratio test), ML bootstrap (BP), and BI posterior prob-
abilities (PP) were indicated as statistical support for
tree nodes. Convergence of runs and sufficient sampling
were checked in Tracer v1.7 (Rambaut et al., 2018),
ensuring that all parameters reached effective sample
size (ESS) > 200. Phylogenetic trees were visualized
in FigTree v. 1.3.1. Differences between nucleotide
sequences were characterized using genetic differences,
measured as the percentage of nucleotide mismatches
in pairwise comparisons of aligned sequences and cal-
culated in MEGA 11 using the Kimura 2-parameter
model (complete deletion) (Tamura et al., 2021).

2.6. Fatty acid composition analysis

To determine the fatty acid (FA) composition of
total lipids, pre-fixed biomass was saponified with 1M
aqueous-alcoholic alkali (80%), and non-saponifiable
components were washed from free FAs with n-hexane.
Free FAs were obtained by adding 20% sulfuric acid,
extracted with n-hexane, and methylated. Fatty acid
methyl esters were analyzed on a Chromatec Crystal
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5000.2 NP instrument with a quadrupole MS detector
and a Restek Rtx-2330 column (60 m, cat. No. 10726).
Total lipids were estimated by the number of esterified
FAs per 1 g of dry cell mass. The internal standard was
margaric acid. Measurements were performed in three
biological replicates (Krivina et al., 2024).

3. Resulits

All studied strains exhibited Coelastrella-like mor-
phology (Fig. 1 A-F, Table 1). Strain D4_4/5 was char-
acterized by ovoid, oval, and round cells with numer-
ous ribs but without apical thickenings (Fig. 1A). Cells
of strains D2_6a2 and D4_1/5 were spherical, oval, or
broadly oval; ribs and polar thickenings were absent
(Fig. 1 B, C). Strains D2_3c1, D4_8k, and D7_11k had
solitary, oval, or lemon-shaped cells with eight ribs,
with and without polar thickenings at the cell poles
(Fig. 1 D-F). Cells of strains D2_3c1, D4_8k, D7_11Kk,
D2 _6a2, and D4_1/5 were slightly larger than those of
strain D4_4/5 (4-11 X 3-10 pum). The chloroplast in
young cells of all strains was parietal; in mature cells
it disintegrated into disc-shaped plates. There was
one pyrenoid with a starch sheath composed of sev-
eral shells. The number of autospores in strain D4_4/5
reached 16, whereas in other strains it did not exceed 8.

According to the results of molecular genetic
analysis using the internal transcribed spacer ITS2 as a
phylogenetic marker, all studied strains fell within the
genus Coelastrella (Fig. 2). Strains D2_3c1, D4_8k, and
D7_11k clustered with maximum statistical support with
the authenticated strain C. affinis VKM Al-356. Genetic
distances between them and VKM Al-356 ranged from
0 to 0.8%. Strains D2_6a2 and D4_1/5 formed a sin-
gle group with the authenticated strain C. polaris VKM
Al-421 (SH-aLRT-99%, BP-100%, PP - 1.00), and
genetic differences did not exceed 0.4%. Strain D4_4/5
fell within a single cluster with the authenticated strain
C. multistriata CCALA 309 (SH-aLRT-96%, BP-99%,
PP-1.00), with genetic distances between them of 0.4%.

(C

Fig.1. Morphology of the studied strains of the genus Coelastrella: (A) C. multistriata D4_4/5; (B) C. polaris D2_6a2; (C) C.
polaris D4_1/5; (D) C. affinis D2_3c1, (E) C. affinis D4_8k; (F) C. affinis D7_11k. Scale bar: 10 pum.

393


https://blast.ncbi.nlm.nih.gov

Krivina E., Khazanova K. / Limnology and Freshwater Biology 2026 (4): 391-404

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

Table 1. Morphological characteristics of the studied strains

Ribs Apical Cell Cell shape Cell Chloroplast Number of
thickening |aggregates size, pm autospores
C. multistriata| yes no sometimes | ovoid, ellipsoidal | 4-11 X |parietal, divided into plate-like 2-16
D4._4/5 yes to globose 3-10 segments one of which con-
tains a pyrenoid with starch
envelope
C. affinis yes sometimes no broadly oval, fusi-| 6-16 x | parietal, divided into plate- 2-8
D2_3cl, spindle shape, form or citriform 4-8 like segments; single pyrenoid
D4 _8k, with and without is surrounded by two starch
D7_11k polar thickenings grains and a thylakoid bundle
C. polaris no no no oval, broadly | 6-16 X | in young cells was parietal, 2-8
D2 6a2 u oval, globose 4-10 in mature cells in the form of
D4.1/5 disk-shaped plates

Analysis of the fatty acid (FA) profile showed
that a-linolenic acid (18:3A9,12,15), which belongs
to the group of essential omega-3 unsaturated FAs,
predominated in all studied strains. At the same time,
its concentration was highest in members of C. polaris
(C. polaris D2_6a2-40%; D4_1/5-42%) compared to
the other strains (C. affinis D2_3c1-35%; D4_8k-37%;
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Fig.2. Rooted phylogenetic tree of green algae of the genus Coelastrella constructed by Bayesian method based on ITS2 frag-
ment sequences (267 bp). SH-aLRT and BP values below 80% and PP below 0.8 are not shown. Nucleotide substitution model:
TIM2 +1+ G4. Designations: *—authenticated strain; (T)-type species; *-maximum statistical support. Studied strains are shown

in bold.
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Table 2. Fatty acid profiles of the studied strains, %

Fatty acids C. multistriata| C. polaris C. polaris C. affinis C. affinis C. affinis
D4 4/5 D2 _6a2 D4.1/5 D2 3cl D4 _8k D7 11k
14:0 1.5+0.2 0.4+0.1 0.5+0.1 0.3+0.1 0.4+0.1 0.3+0.1
16:0 19.0+0.4 20.4+0.2 22.5+0.4 22+0.3 23+0.4 23+0.2
16:1A7 - - 0.5%0.1 0.3x0.1 0.4+0.1
16:1A9 1.8+0.1 1.3+0.1 1.2+0.1 0.7+0.2 0.7+0.1 0.7+0.1
16:2A7,10 2.4+0.1 1.7+0.1 1.5+0.2 5.4+0.2 4.2+0.1 4.8+0.3
16:3A7,10,13 16.0+0.4 4.8+0.3 4.9+0.3 10+0.3 9.8+0.4 9.7+0.3
18:0 2.3+0.3 5.7x0.7 4.7+0.8 3.2+0.4 3+0.2 3.1+0.3
18:1A9 7.9%0.1 6.5+0.1 5.6x0.2 7.4x0.1 6.8+0.2 7.0x0.2
18:1 Al11 6.3x0.1 4.6+0.1 3.6x0.2 2.9+0.1 2.1+0.1 2.7+0.1
18:2A9,12 7.1x0.1 9.6+0.1 9+0.1 11.9+0.2 12+0.3 11.7+0.2
18:3A9,12,15 35.0x£0.9 40.4+0.7 42.1+0.4 35+0.9 37+0.6 35+0.8
21:0 0.3+£0.1 - - - -
22:0 0.4+0.1 - - - -
24:0 - 1.6+0.2 1.6+0.2 0.8+0.1 0.9+0.1 0.8+0.1
26:0 - 2.9+0.9 2.9+0.7 - - -

4. Discussion

All studied strains exhibited morphology typical
of members of the genus Coelastrella: cells oval, spheri-
cal, broadly oval, or lemon-shaped; meridional ribs and
apical thickenings at the cell poles were present in some
strains; the chloroplast was parietal, divided into seg-
ments in mature cells; a single pyrenoid with a starch
sheath was present; reproduction occurred by auto-
spores (Kalina and Puncochafova, 1987; Kaufnerova
and Elias, 2013; Wang et al., 2019; Kawasaki et
al,, 2020; Wang et al.,, 2021; Nikulin et al., 2025;
Novakovskaya et al., 2025). However, due to the mor-
phological heterogeneity of these algae, accurate iden-
tification became possible only after molecular genetic
analysis using ITS2 as a phylogenetic marker. Strains
D2_3cl, D4 8k, and D7_11k were identified as members
of C. affinis, strains D2_6a2 and D4_1/5-as C. polaris,
and strain D4_4/5-as C. multistriata CCALA 309. No sig-
nificant morphological differences were found between
the studied strains and the typical descriptions of the
corresponding species. They clustered with high sta-
tistical support with authentic strains of these species.
At the same time, the genetic distances within these
clusters corresponded to the intraspecific level (D2_3cl,
D4 8k, D7_11k and C. affinis VKM Al-356—<0.8%;
D2_6a2, D4_1/5 and C. polaris VKM Al-421-< 0.4%; C.
multistriata D4_4/5-0.4%), since the minimum interspe-
cific threshold for ITS2 between C. multistriata and C.
concortica was 1.6%.

As already noted above, members of the genus
Coelastrella have a wide geographical distribution: from
polar to equatorial latitudes (Kalina and Puncocharova,
1987; Mikhailyuk et al., 2019; Kawasaki et al., 2020;
Boutarfa et al., 2022). Meanwhile, there are still quite a
few blank spots on the map, and Duvanny Yar is one of
them. This study presents information on the first find-
ings of the species C. affinis, C. polaris, and C. multistri-
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ata in modern soils of this exposure, which serves as a
stratotype of the typical Yedoma thickness. The studied
strains were soil inhabitants, which is rather typical for
members of these species (Kaufnerova and Elias, 2013;
Wang et al., 2019; Kawasaki et al., 2020; Wang et al.,
2021; Krivina et al., 2024; 2025).

Analysis of the fatty acid profile showed that in all
studied strains of green algae of the genus Coelastrella,
a-linolenic acid (ALA, 18:3A9,12,15) is the dominant
fatty acid, which belongs to the group of essential
omega-3 polyunsaturated fatty acids. Its concentration
varied from 35% to 42.1% of the total fatty acid pool,
which is characteristic of many members of this genus
and reflects the high activity of desaturases and elon-
gases responsible for the biosynthesis of polyunsatu-
rated fatty acids (Goecke et al., 2020; Maltsev et al.,
2021; Boutarfa et al., 2022; Krivina et al., 2024). At the
same time, in members of C. polaris, its concentration
was the highest among all studied strains: maximum
values were recorded in strain D4.1/5 (42.1%) and
D2_6a2 (40.4%). Although this is slightly lower than in
the authenticated strains C. polaris VKM Al-421 (43.4%)
and C. striolata SAG 16.95 (44.2%), which shows the
highest results within the genus (Lang et al., 2011,
Krivina et al., 2025), these strains can be promising for
biotechnological production of omega-3 fatty acids. In
strains of C. affinis, the level of a-linolenic acid was
slightly lower and remained stable in the 35-37% range
(D2_3¢1-35%; D4 _8k-37%; D7_11k-35%). Moreover,
in members of C. polaris and C. affinis, the concentra-
tion of palmitic acid ranged from 20% to 23%, which is
typical for green algae, where it performs a structural
function in membranes and serves as a substrate for
the synthesis of polyunsaturated fatty acids (Lang et al.,
2011; Minyuk et al., 2017; Maltsev et al., 2021; Doppler
et al., 2022; Krivina et al., 2025). Linoleic acid, belong-
ing to the class of essential omega-6 polyunsaturated
fatty acids, was also present in significant amounts: in
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C. daffinis strains its level reached 11.7-12.0%, and in C.
polaris strains—9.0-9.6%. The omega-3/omega-6 ratio
(approximately 3.5:1 for C. polaris and 2.9:1 for C. affi-
nis) is physiologically favorable and indicates the high
nutritional value of these microalgae for aquaculture
and biotechnology (Patterson et al., 2012; Maltsev et
al., 2021).

In contrast to the other two species, strain C.
multistriata D4_4/5 showed a different fatty acid pro-
file, which is close to strain MZ-Ch23 (Maltsev et al.,
2021). The concentration of a-linolenic acid in D4_4/5
was 35%, which is comparable to the values of C. affi-
nis. At the same time, along with palmitic acid (19%),
7,10,13-hexadecatrienoic acid (16:3A7,10,13) consti-
tuted a significant proportion, the content of which
reached 16%-this value was 1.6-3.3 times higher
than in other studied strains (from 4.8% to 10%).
7,10,13-hexadecatrienoic acid, which is a short-chain
homolog of a-linolenic acid and belongs to omega-3
polyunsaturated fatty acids, accumulates in the chlo-
roplast membranes of green algae (Heilmann et al.,
2004; Lang et al., 2011). It should also be noted that in
D4_4/5 the concentration of linoleic acid was minimum
(7.1%) compared to other strains, indicating a redistri-
bution of carbon flux toward the synthesis of 16-car-
bon polyunsaturated fatty acids (16:2 and 16:3) at the
expense of 18-carbon omega-6 derivatives.

5. Conclusion

Thus, for the first time in modern soils of Duvanny
Yar (Republic of Sakha, Russia), members of three dif-
ferent species of the genus Coelastrella were found, and
their fatty acid profiles were studied. Strains D2_3cl,
D4_8k, and D7_11k belonged to the species C. affinis;
strains D2 6a2 and D4_1/5-to C. polaris; and strain
D4_4/5-to C. multistriata. All of them have significant
biotechnological potential as producers of polyunsatu-
rated fatty acids. The studied C. polaris strains are dis-
tinguished by maximum production of a-linolenic acid;
C. affinis strains-by balanced concentrations of a-lin-
olenic and linoleic acids; while C. multistriata D4_4/5
is characterized by a relatively high concentration of
7,10,13-hexadecatrienoic acid, which makes it an inter-
esting object for studying adaptation mechanisms and
a potential source of rare polyunsaturated fatty acids.
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lNepBble HAXOAKHM NPEeACTaBUTENEHN poAa
Coelastrella (Chlorophyta) B TYHAPOBBIX
nouBax AysaHHoro fipa (Pecnybnuka Caxa,
Poccun)

Kpusuna E.C.'*, Xazanosa K.I1.?2

T Bcepoccutickasa KOJUTeKYUA MUKPOOPeaHu3mos, HHcmumym 6uoxumuu u ¢usuostoeuu mukpoopearusmod um. I.K. Ckpabura PAH,
@HI] ITHI[BH PAH, IIpocnekm Hayku, 5, e. ITywuno, 142290, Poccusa
2 Mockogckuii eocyoapcmaeHHblli yHugepcumem, JleHuHckue eopel, 1, 2. Mockaa, 119991, Poccua

AHHOTAIIHA. B paGoTe nipeAcTaBJIeHE pe3yJIbTaTel MOPHOJI0TNYECKOT0, MOJIEKYIAPHO-TeHeTUYeCKOI 0
1 OMOXMMHUYECKOTO aHAJIM3a MIECTU IITaMMOB 3eJIEHBIX BojiopocJier poaa Coelastrella, n30TMpOBAHHBIX
13 TYHAPOBHIX NMOYB J[yBaHHOrO fIpa, OMOPHOr0O pa3pe3a BepXHeIIelCTOLeHOBEIX OTJIOXKEHUH Ha Ipa-
BoM Gepery peku Kosbivbl B HikHekosieiMckoM patioHe Pecny6iiuku Caxa (Poccus). MUnenTudukarys
HITaMMOB IIPOBOJMJIACh C KUCIOJIb30BAaHWEM CBETOBOM MHKPOCKONHNHU U MOJIEKYJIApHO-GuIoreHeTnye-
CKOro aHaju3a Ha OCHOBe IOocjiefoBaTeJIbHOCTel BHYTpeHHero TpaHcKpuOupyemoro cmericepa ITS2.
VYcraHoBJIeHO, uTo Tpu mTamma D2_3cl, D4_8k, D7_11k npunamiexat k BuAy C. affinis, qBa mramMa
D2 6a2, D4_1/5 — k Buay C. polaris, u oguH mtamm D4_4/5 — x Buny C. multistriata. JlJaHHbIE HAXOAKA
ABJIAIOTCS MEpPBHIM AOKYMEHTaJIbHBIM IOATBEPXAEHUEM IIPUCYTCTBUA 3THUX TPEX BUAOB B COBpeMeH-
HBIX nTouBax JlyBaHHoro flpa. AHanu3 nNpoduiisa XKUPHBIX KUCJIOT II0Ka3ajl, YTO BO BCEX HCCJIeyeMbIX
mITaMMax JOMUHUPYeT O-JIMHOJIEHOBas KHCJIOTa, cofepXaHre KOTOPOU BapbupoBasio oT 35 mo 42%
OT OOIIero MyJia XUPHBIX KUCJIOT. MakcuMajibHble 3HaUeHHUsA 3adUKCAPOBAHBI y mTaMmoB C. polaris
(40,4-42,1%). Y wtammoB C. polaris u C. affinis oTMeYaeTcs TakXe BHICOKOE COAEPKaHUe MaJTbMUTHUHO-
BoH (20-23%) u smmHONEeBON (9-12%) kucyort. Illtamm C. multistriata D4_4/5 xapakTepu3yeTcs 3HAYU-
TeJIbHBIM HakoIUleHueMm 7,10,13-rekcajiekaTprueHoBou KucioTh (16%), comepxaHue KoTopoi B 1,6-3,3
pasa BhIllle, YeM y APYTUX U3y4YeHHBIX MTaMMOB. [IosyuyeHHble pe3yJIbTaThl PacCIIUPAIOT IpeACTaBIeHNs
0 BUJI0BOM pa3Hoobpasuu poaa Coelastrella B apKTHUeCKUX S5KOCHUCTEMAX U IeMOHCTPUPYIOT 3HAUUTETb-
HBII 0MOTEXHOJIOTMYeCKUi IIOTeHIHaJl BblJeJIeHHBIX ITAMMOB KaK IIPOAYLEHTOB MOJIMHEeHACHIIeHHbIX
XUPHBIX KHCJIOT [JIA IpUMeHeHHA B aKkBaKyJIbType U MUIIeBOI [IPOMBIIIIIEHHOCTH.

Kiouegwie ciioga: Kpatinuii Cesep, 3ejieHble BOOOPOC/IH, MOPGOJIorus, GUIOreHNs, )XUPHble KUCIIOTHI

Juia nutupoBauus: Kpusuna E.C., Xazanosa K.II. IlepBrie Haxonku npefncraButesieil poga Coelastrella (Chlorophyta) B TyH-
npoBbix mouBax JlysaHHoro flpa (Pecny6sinka Caxa, Poccus) // Limnology and Freshwater Biology. 2026. - Ne 4. - C. 391-404.
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1. Beepenne péGpa M MOJIApPHBIE YTOJIIEHUSA Ha IMOJIIOCaX KJIETOK

MOTYT OBITh KaK APKO BBIPAXXEHBI, TAK U OTCYTCTBOBATb.
V GOJIBIIMHCTBA BUIOB KJIETKU OJJUHOYHBIE, HO Y HEKO-
TOPBIX OTMEYATCA HeGOJIbINNe BpeMeHHbIe CKOTIJIEHUS
KJIETOK WJIA KOJIOHHH, T.€. TaK Ha3bIBaeMble «KJIETOU-
Hble arperatbl» (Kalina and Punc¢ochérovd, 1987; Wang
et al., 2019; Kawasaki et al., 2020; Wang et al., 2021,
Nikulin et al., 2025; Novakovskaya et al., 2025). Stot
PO MMeEEeT CJIOXKHYI TaKCOHOMHUYECKYI0 WMCTOPUI0 U

Pox Coelastrella ¢ tunoseiM BumgoM C. striolata
o6p1 omucad R.I. Chodat B 1922 rogy u Bomesn B
coctaB cemelictBa Scenedesmaceae (Chlorophyceae,
Chlorophyta) (Chodat, 1922; Kalina and Puncochéfova,
1987; Novakovskaya et al., 2025). IlepBoHavajbHOE
onuvcaHue ObLIO COCTABJIEHO MCKJIIOYUTEJIPHO Ha JaH-
HBIX CBETOBOI MuKpockonuu. OJHaKo BepHas WJEeH-

TudUKaIMA MpeACTaBUTENIEN 3TOro0 poda TOJBKO Ha
OCHOBe aHan3a MOPGhOJIOTUYECKUX IPU3HAKOB HE
BCErJja BO3MOXHA, MOCKOJIbKY MM CBOVCTBEHHa rere-
poreHHOCTh. DOpMa KIJIETOK BapbUpyeT OT OBAaJIbHOM
Y MIapOBUAHON IO JUMOHOBUAHON. MepuauoHaIbHbIE

mpeTepnesl HeCKOJIbKO pPeBH3Hil Ha OcHoBe Mopdo-
JIOTUYECKUX WJIM MOJIEKYJIAPHBIX aHHBIX. B pe3yJib-
TaTe HEKOTOPhle BUJbI, [epBOHAYAJBHO OTHECEH-
Hble K pofam Cryptodesmus, Scenedesmus, Scotiellopsis
(Scenedesmaceae), Scotiella (Oocystaceae), Graesiella
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

(Chlamydomonadales incertae sedis) u zip., 6bLH Mepe-
HeceHBl B poA Coelastrella (Kalina and Puncocharova,
1987; Novis and Visnovsky, 2012; Kaufnerovd and
Elias, 2013; Ancona-Canché et al., 2017; Krivina et
al., 2024). B HacTosIIee BpeMs poJi BKJIIOYaeT 23 BUAA
(Guiry and Guiry, 2026). B To e BpeMsA HYKJIEOTHIHbIE
nocyuenosaresibHocTU reHa 18S pPHK u BHyTpeHHHMX
TpaHckpubupyeMsix creticepoB ITS1 u ITS2 nsBecTHb
TOJIBKO /111 20 BUJOB, YTO HECKOJIBKO 3aTPyAHSET U3Y-
YeHHe BUJOBOIO pa3sHOOOpas3uA STUX BOOOPOCIIE.

[IpencraBuTeN I 3TOrO poAa IWIMPOKO paclpo-
CTpaHeHH! [10 BceMy MUPY U Ha BceX KOHTHHeHTax. OHU
BCTPEYAIOTCA B [IOYBE, BOJOEMAX, B COCTaBe GHOKOPO-
YeK U OMOIUIEHOK Ha pa3/IMYHBIX cybcTpaTax, MOIYT
BHICTYNIaTh B POJIM 3MUGUTOB JIMIIAHHUKOB U (PUKO-
6uoHTOB. MHOrMe U3 HUX SABJISIOTCA KOCMOIIOJIUTAMU U
XapaKTepHU3yIoTCs MHUPOKUM AUANa30HOM TeMIepaTyp-
HOU YCTOMYUBOCTU — OT 6H0peasibHOM 30Hb APKTUKU 0
Tponmyeckux peruoHoB (Wang et al., 2019; Kawasaki
et al., 2020; Novakovskaya et al., 2025). BmecTe c TemMm,
Hallll 3HaHUs O BUJIOBOM COCTaBe IOJIAPHBEIX BOIOPO-
cnell ocraiorcs dparMeHTapHBIMU, B T.4. B OTHOIIe-
HuM sxocucreM KpaiiHero Cesepa Poccumn. JlyBaHHHBIN
flp mpencTaBysieT YHUKAJIBHBIA IPUPOAHBIN OOBEKT.
OTO OJIHO U3 KPyNHEeHIINX B MUpe OOHaXXeHU! eJOMBI
(;tlemoBoro KoMIulekca ILIEMICTOIIEHOBOTO BO3pacTa),
pacroJioxxeHHOe Ha npaBoM Oepery peku KoJibIMEI B
HuxHekosbiMckoM patioHe Pecnybnuku Caxa. Ero
NPOTAXKEHHOCTh JocTturaer 8-10 kM, a MOIIHOCTb
BCKPBIBAaEMBIX OTJIOKeHUN — A0 50 M. DTo oOuH U3
KJII0OYEeBBIX O0BEKTOB (CTPATOTHUII) AJIA U3yUeHUs Bed-
HOI Mep3JIOTH, €[JOMHBIX OTJIOXEHHUH 1 NCTOpUU peru-
oHa. OHaKo CBeJleHUs O BUAOBOM 6orarcTse BOAOPO-
cjiefl COBpeMeHHBIX II0YB U UX OMOTEXHOJIOTHYECKOM
MOTeHNMaje MpaKTUYecKy OTCYTCTBYIOT. HMeromrascs
nHbopManusa Kacaercs NpenMyllecTBeHHO (OTOTpo-
(GHBIX MUKPOOPraHHW3MOB, BBIIEJIEHHBIX U3 MHOIOJIET-
HeMmep3Jybix oTioxeHud (Vishnivetskaya et al., 2001;
2020; Vishnivetskaya, 2009).

HccieqoBanue HOBBIX ImTamMoB Coelastrella,
BIIEpBBIE H30JINPOBAaHHBIX M3 COBPEMEHHBIX IIOYB
JyBanHoro fIpa, MeeT He TOJIBKO CYr'y0O HayYHBIN, HO
U TIpakTuieckuil nHTepec. XOpoIIo U3BEeCTHA CIIOCO0-
HoCTb npeficTaButesiell Coelastrella HakanIMBaTh XUP-
Hble KHCJIOTH U KapOTUHOHW[BEl, OCOOEHHO C YCJIOBUSAX
cTpecca. MHorue mraMMEl 3TOr0 pojia 60raTel IOJIMHe-
HACHIIIEHHBIMH XUPHBIMU KHCJIOTaMU, BKJIIOYAs O-JIU-
HOJIEHOBYI0 KHCJIOTY He3aMeHUMBINI KOMIIOHEHT
cOaIaHCUPOBAHHOTO 3[J0OPOBOr0 IHMTAHUsA YeJIoBeKa
(Minyuk et al., 2017; Goecke et al., 2020; Maltsev et
al., 2021).

B Hactosmieii paboTe IMpeACTaBIEHH pe3yJyib-
TaThl MccJieqoBaHuA Iectu ImTaMMmoB Coelastrella,
M30JIMPOBAHHBIX U3 TYHAPOBBEIX Ho4B JlyBaHHOrO flpa
(Pecmmybsnmika Caxa, Poccus).

2. MaTepuanbl U MeTOADI
2.1. 06beKkTbI MICCACAOBaAHUA

Ob6bekTaMM MCCJIeloBaHMA cTajlu 6 HITaMm-
MOB 3eJIeHBIX BOJOPOCJIeH, W30JMPOBAaHHBIX U3 IIOYB
HysanHoro fIpa (Pecny6iuka Caxa, Poccus). JanHas
TeppUTOpHUA pacloJioXkeHa Ha rpaHulle I0XXKHOU TYHIPHI
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1 JiecoTyHApPH KOJBIMCKOM HU3MEHHOCTU U Xapak-
TepU3yeTcs MO3auKOU TYHJPOBBIX U PeIKOCTOMHBIX
JINCTBEHHUYHBIX cooOmecTB. KimuMaT pe3ko KOHTH-
HEeHTaJIbHBIN, apKTU4eckoro THIA, C [AJIMTeJIbHOU
XOJIOAHOM 3MMOM M KOPOTKUM IIPOXJIaJHBIM JIETOM.
CpenHsaa Temmeparypa fAHBapsa cocrasisger — 30...
—35 °C, urossg — +10...+14 °C, roqoBoe KOJHUYECTBO
0CaJKOB HEBEJIMKO M COCTaBJIsIeT 0KoJio 150-250 MM,
IIPU 3TOM IIOBCEMECTHO paclpocTpaHeHa MHOIOJIeT-
HAA MepsJyoTa. J[aHHBII peruoH XxapakTepusyeTcs
[IOJIMTOHAJIBHBIM KPUOTeHHBIM MUuKpopesbedom (61o-
reHHble KOYKM U TPeLIWHBI, IpUypOYeHHble K 3ajlera-
HUIO JIeAAHBIX XWJI), COPMUPOBAHHBIM B YCJIOBUAX
MHoOroJiIeTHeH MepayioThl. Iltamm D7_11k BeigesieH
n3 TopdsaHo-kpuozeMa, wmTamMMmbel D2 _3cl, D2_6a2,
D4 8k, D4_1/5, D4_4/5 — u3 TopdsAHO-KpHO3eMaA TJie-
epatoro. IIpo6ooTbop mpoBoaunu B ceHTsAOpe 2019
rofga. O6pasubl MOYBHL, BKJIIOYasg TOpd U MOACTUIIKY,
OBLJIN B3ATH 13 BepxHero ropusoHTa Al (ryry6una 0-10
cM). Martepuai 6pu1 coOpaH B IepHOoJ] MaKCUMaJIbHOTO
Ce30HHOro orrauBaHuA. O6pasubl ToMeniaayd B repMe-
THYHble CTepPUJIbHBIE NTAKeThl, XpaHWJIN U TPaHCIOPTU-
poBasu npu TemrepaTtype -20°C.

2.2. U3onAuMA N KYALTUBUpPOBaHUE
WTAaMMOB MUKPOBOAOPOCAEH

[ItaMMBbl BOJOpPOCJIEH BBIAEJISIM C IIOMOIIBIO
MeTo/Ja HaKOIMTEJIbHBIX BOJHO-NIOYBEHHBIX M yYallley-
HBIX KyJIBTYP, a TaKXXe C [IOMOIIbI0 T0CEeBOB NTOYBEHHOM!
CyCIIeH31U Ha XKUJKWe U arapu3oBaHHbIe cpeanl BG-11.
MOHOKYIbTYpHl OBLIIN MOJIyYeHHl ITyTeM IToceBa IITPU-
XOM € TocJIefiyIolleil n30JisAnreil OTAeIbHbIX KOJOHUMI
¢ noMmomipio numnetku Ilactepa. [lasee ucciegyemble
MTaMMB! KyJIbTUBHPOBAJIM Ha TBEpPAOHU NUTATeJIbHOMN
cpene BG-11 (1% arap, pH=7,2) B kiIuMmarocraTe
MpU CTAHJAPTHBHIX ycJioBuAX (Temneparypa 21-23°C,
WHTEHCUBHOCTh ocBeljeHus 60-75 MkMoib (GOTOHOB
M-2 c-1, doromnepuon 12 u).

2.3. CeeroBafA MMKpPOCKONUA

Mopdosoruio 1 XuU3HEHHble IUKJIBl hccieaye-
MBIX HITaMMOB U3y4ajIl MeTOJJOM CBETOBOI MUKPOCKO-
MUY C TOMOIIbI0 MUKpockora Leica DM750 (T'epmanmuis).
PesynbpTaThl HaOJIOAeHUI JOKyMEHTHpOBaHH (OTo-
rpadusAMH, CHATBIMU C IIOMOIIBIO I[BETHOU IU(POBOI
kaMmephlI Leica Flexacam C3 (Tepmanus). Cpoku HabJTIO-
JeHUs cocTaBjiv oT 1 Hepenu Ao 12 mecsAues. Ilpu
Mop@oJsiorndyeckoil naeHTUUKANMK MTaMMOB BOJO-
pociell yuuThIBaJd BaxHble OUaKpUTHYecKue IIpH-
3HaKH, Takye KaK THUII OpraHusalnuu tajaaoma, popma
1 pa3Mephl KJIETOK, Haju4ue MOJIAPHBIX YTOJIIeHu! 1
pebep, crocoGHOCTh GOPMUPOBATh KJIETOYHEIE arrpe-
raThbl, KOJIMYeCTBO M TUIl XJIOPOILIAacTa, MPUCYTCTBUE
nyMpeHoua, HaJu4ude W TOJIIMHA CJIU3UCTHIX 000JI0-
4ek, crnoco0 pasMHoxeHUs U Ap. A mopdomerpu-
4ecKUX M3MepeHHH HCIoJIb30BaJM IporpaMMmy Leica
Application Suite X. [[sia cpaBHeHUsS pa3MepoOB H3Me-
pAnu He MeHee 100 KJIeTOK KaxAoro mraMma. 3a
OCHOBY B JJaHHOI paboTe BbIOpaHa cucTeMa BOJOPOC-
Jieli, IpUHATasA B MeXYHApOJHOM 3JIEKTPOHHOI 6aze
naHHbex Algae Base (Guiry and Guiry, 2026).
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2.4. BbipeneHHe TOTaAbHOM
AHK, amnaupukaumun, ouucTKka u
CeKBeHHpPOBaHHEe aMNAUKOHOB

Ja  MosiekyJiApHO-reHeTUu4eckoil uaeHTudu-
Kauum mraMmoB B kadectBe JJHK-6apkona ucmoJib3o-
BaJii BHYTPeHHUI TpaHCcKpubupyeMslii cnelicep ITS2.
CymmMmapnyto JJHK 13 mTaMMOB BBIAEJIAIN € IOMOILBIO
Habopa «dutoCopb» («CruHTOI», Poccus), cieays npo-
TOKOJIy npousBoauTesid. 1A aMiinguKanuy 1CroJib-
30Basii roroBylo cmech Screen Mix-HS («EBporen»,
Poccusi). YesoBusa u npatiMepsl AJIA aMIUTUGUKAIUN
ITS2 ykazaubl B ctatbe Johnson et al. (2007): ITS-
AF 5-CGTTTCCGTAGGTGAACCTGC-3’, ITS-BR 5-
CATATGCTTAAGTTCAGCGGG-3” (95°C, 3 muH; 95°C
(30 ¢), 57,6°C (30 c), 72°C (1 muH), 35 nukaos; 72°C,
10 vuH). [letexkuuio 1eseBbix [TI[P-pogyKTOB MPOBO-
JAWIIN 3JIeKTpodopeTryecku B 1%-HOM arapo3HoM reJie.
OuncTka aMIUIMKOHOB U3 rejig IPoBOJAMJIach C IOMO-
mpio Habopa Cleanup Standard («EBporen», Poccus).
CexBeHHpOBaHUe [IPOBOANJIOCH HA 6a3e KOMMep4ecKok
xommaHum «EBporen» (Poccus).

2.5. MoneKyrnapHO-QUAOTeHeTHYECKHH
aHanu3

J1a MoJiekyJIsipHO-TeHeTHYecKo! njeHTuduKa-
UM IMTaMMOB MHUKPOBOJOPOCJEl ObLI OCYyIlecTBJIeH
[IOMCK TOMOJIOTMH HYKJIGOTUAHBIX II0CJIeoBaTesIb-
Hoctel ITS2 no anroputmy BLASTn B GenBank NCBI
(https://blast.ncbi.nlm.nih.gov). Ot6op mnocnemosa-
TeJIbHOCTEeH OCYIIeCTB/IAJIM MCXOAsA W3 KpUTepueB
MaKCHUMaJIbHOTO pojctBa (cxomcTtBo = 95%), kaue-
cTBa npoureHusa (6e3 BBIPOXIEHHBIX M HEW3BECTHHIX
HYKJICOTUOB), [JIMHBI NPOYTEHUS WU IPUHAAJIEXHO-
CTH K TUIOBBIM BHJaM U KOJUIEKI[MOHHBIM ayTeHTWY-
HBIM IITaMMaM. MHoOXecTBeHHOe BblpaBHUBaHUe ObLIO
BHINIOJIHEHO B mporpamme MAFFT ver. 7 (Katoh et al.,
2019). BribOp HYKJIEOTUAHBIX 3aMeH OCYILIECTBIIUIN C
noMoipio nporpammel IQ-TREE v. 2.2, opueHTHPYACH
Ha MHUHHMaibHOe 3HaueHue BIC kpurepus (Bayesian
information criterion). PekoHCTpyKIui0 duioreHe-
TUYEeCKUX B3auMMOCBA3ell C IMOMOIIbI0 MeTofa Mak-
cumasibHoro mpasgonoaobus (ML) ocymecTBisu
B mporpamme PhyML, ¢ wucnosb3oBaHueM 6aiiecoB-
ckoro BeiBoAa (BI) — ¢ mcrosib3oBaHHWEM IPOTrpaMM-
Horo makera BEAST v10.5.0 (Baele et al., 2025). B
KayecTBe CTAaTUCTHYeCKOH MNOJJepXKHU Y3JI0OB AepeBa
ykaszaubl 3HaueHus SH-aLRT (SH-aLRT - Shimodaira-
Hasegawa-like approximate likelihood ratio test), 6yT-
ctpen ML (BP — bootstrap percentages) u anocTepuop-
HbIX BeposTHoOcTer BI (PP — posterior probabilities).
CxoquMMOCTh 3alyCKOB U JOCTaTOYHas BhHIOOpKa ObLIN
mpoBepeHsl B nporpamme Tracer v1.7. (Rambaut et
al., 2018), obecrneurBas JOCTHUXEHHE BCEMM Tapame-
Tpamu 3 dekTrBHOrO pasMmepa Boidbopku (ESS) > 200.
dusoreHeTnueckre AepeBbsa ObLJIY BU3yaIu31POBaHbI B
nporpamme FigTree v. 1.3.1. Paziuuusa mexay HyKJieo-
TUAHBIMU IIOCJIeOBaTeJIbHOCTAMHU OXapaKTepu3oBasn
C TIOMOIIIbI0 TeHETUYECKUX Pa3INYuil, Mepoi KOTOPBIX
ABJISUICAL TIPOLIEHT HeCOBIaJIeHul HYKJIEOTUAOB IpHU
[IOIIapHOM CpaBHEHUU BBIPaBHEHHBIX II0CJIeI0BaTeJIb-
HOCTel, BhIUKCJIeHHbI B Tporpamme MEGA 11 ¢ nomo-
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b0 2-apamMerpuieckoii Mogesn Kumypsl (complete
deletion) (Tamura et al., 2021).

2.6. OnpepeneHMe cocTaBa XXMPHbIX
KMCAOT

Hdna onpenenenusa xupHokucyotHoro (KK)
coCcTaBa CyMMAapHBIX JIMIIKAOB [IpeJBapUTeJIbHO 3a(puK-
CcHpoBaHHyl0 OnoMaccy, oMbULAIM 1M BOAHO-CIMPTO-
BoH mesioubio (80%), OTMBIBAJII HEOMEBLJIIEMbIEe KOM-
nmoHeHTHl OT cBoOomHbIX XK H-rekcaHoMm. CBOOOHBIE
KK nmonyuanu pnob6asieHuem 20% cepHOI KHCJIOTHI,
OKCTparupoBajii  H-TEKCAHOM M  MeTUJINPOBAJIM.
Metunossle 3¢pupn KK ananusupoBanu Ha npubope
Xpomatak Kpucrann 5000.2 NP ¢ kBagpynosasHeIM MC
JIETEKTOPOM U KoJIOHKOI Restek Rtx-2330 (60 M, kar.
Ne 10726). CymMapHble JUNUAB OLIEHUBAIN MO KOJIU-
yecTBY 3Tepudurupoattbix XK Ha 1 r cyxoil macchl
KJIeTOK. BHyTpeHHUIT craHfgapT — gobaBjieHHas Map-
raprHoBas KucjaoTa. MsMepeHUsa IPOBOJWJINCH B TpeX
6uosornyeckux noBropHoctax (Krivina et al., 2024).

3. Pe3ynbTarthbl

Bce ucciienyemoie mrammbl umesn Coelastrella-
nofgobnywo Mopdosoruto (Puc. 1 A-F, Tabmuma 1).
Oitamm D4_4/5, xapaktepusoBajcsA SAHIEBUIHBIMU,
OBaJIBHBIMU M KpPYIJIBIMU KJIETKaMH{, C MHOTOYMC-
JIeHHBIMU pebGpaMu, HO 0e3 anuKaJIbHBIX YTOJIIIeHU
(Puc. 1A). Knerku mrammoB D2 6a2 u D4_1/5 6puiu
IapOBUAHBIMY, OBAJBHBIMU WJA HIMPOKOOBAJIb-
HBIMH, pebpa U NOoJIApHBIE YTOJIIEeHNsA OTCYTCTBOBAJIN
(Puc. 1 B, C). IllItammer D2_3c1, D4_8k u D7_11k umesnu
OAMHOYHEBIE, OBaJIbHBIE WM JIMMOHOBHUJHBIE KJIETKHU
¢ 8 peGpaMy, ¢ MOJIAPHBIMHU YTOJIIEHUAMH Ha IOJIIO-
cax kiieTok U 6e3 Hux (Puc. 1 D-F). Kierku mrawm-
moB D2 _3cl, D4 8k, D7_11k u D2_6a2 u D4_1/5 Geuin
HECKOJIBKO KpymHee, yeMm y mrtamMma D4_4/5 (4-11 X
3-10 mkM). XJopomiacT B MOJIOJBIX KJIeTKax y BcexX
ITaMMOB OBLJT IIPUCTEHHBIM, BO B3POCJIBIX KJIeTKax —
pacnagasca Ha AUCKOBUAHBIE ITacTUHKU. [InpeHonn
1, c kpaxMaJIbHOU OOBEPTKOU U3 HEeCKOJbKUX CKOPJIY-
nok. KonuuectBo aBrocnop y mramma D4_4/5 poctu-
rasio 16, Toraga Kak y ocTajIbHBIX IITAMMOB He IIPEBHI-
masio 8.

[lo pesysbTaTaM MOJIEKYJIAPHO-T€HETUYECKOIro
aHasu3a C MCIO0JIb30BaHNEM B KauyecTBe (UJIOreHeTU-
4ecKOoro MapKepa BHYTpeHHEro TpaHCKpHOHpyeMOro
cnelicepa ITS2 Bce uccieayeMble IMTaMMBl BOLLINA B
coctaB poma Coelastrella (Puc. 2). Iltammer D2_3cl,
D4 8k, D7_11k ¢ mMakcMMaJIbHBIMH CTaTHUCTHUYECKUMMU
noAAepXKamMy KJIaCTepU30BAJIMCh € AyTeHTUYHBIM
mramMoM C. affinis VKM Al-356. T'eHeTuueckue auc-
TaHuu Mexay Humu u VKM Al-356 BapbupoBaiu B
npepenax ot 0 go 0,8%. Hltammel D2 6a2 u D4.1/5
dopmMupoBay OAHY I'PyIIy ¢ ayTeHTUYHBIM TaMMOM
C. polaris VKM Al-421 (SH-aLRT — 99%, BP — 100%,
PP - 1,00), a reHeTUYecKre pa3IdyuUs He MpeBHIIAIN
0,4%. IlItamm D4_4/5 BXOoOuWJI B COCTaB OAHOIO KJla-
cTepa c ayTeHTUYHBIM ITammoM C. multistriata CCALA
309 (SH-aLRT - 96%, BP — 99%, PP — 1,00), npu 3ToM
reHeTyuyeckue OUCTAHIUU MeXOy HUMHU COCTaBJIAIA
0,4%.


https://blast.ncbi.nlm.nih.gov

KpusuHa E.C., Xa3aHosa K.I1. / Limnology and Freshwater Biology 2026 (4): 391-404

Bo@opocnu.‘ ﬂpOﬁﬂeMb/ maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

A B

(C

Puc.1. MopdoJiorus ucciiegyeMbix mramMmoB pofa Coelastrella: (A) C. multistriata D4_4/5, (B) C. polaris D2_6a2, (C) C. polaris
D4_1/5, (D) C. affinis D2_3c1, (E) C. affinis D4_8Kk, (F) C. affinis D7_11k. lllkana: 10 MKM.

Ananus npoduia xupHbx kucjiaor (KK) moka-
3aJjl, 4YTO y BCEX HCCJIe[yeMBIX IMITAMMOB ITpeobJsiaaeT
a-mHOJieHOBass kucyotra (18:3A9,12,15), kotopas
OTHOCHUTCA K TpYyIllle He3aMeHUMBIX OMera-3-HeHachl-
menHbx JKK. IIpu atoMm, y mpeacrasuteneit C. polaris
ee cojiepxanue 6bu10 HaubosbsiuM (C. polaris D2_6a2 —
40%, D4_1/5 — 42%) no cpaBHEHUIO C IPYTUMU IITaM-
mamu (C. affinis D2_3c1 — 35%, D4 _8k — 37%, D7_11k
— 35%; C. multistriata D4_4/5 — 35%). V npencrasu-
teneir C. polaris u C. affinis 3aMeTHBIN BKJIA[ B IPO-
e KK BHOoCcnm nasemutrHoBasA (16:0) (20-23%) u
auHoseBass KuciaoTe (18:2A9,12) (9-12%), y mrramma
C. multistriata D4_4/5 - mnanpmutuHoBasg (19%) wu
7,10,13-rekcanekarprueroBas (16:3A7,10,13) (16%)
kucyioTH (Tabmaura 2).

4. Amckyccun

Bce uccieayemble MITaMMBI AEMOHCTPHUPOBAIN
Mop@oJIoruio, TUNNYHYI0 [JIA NpelcTaBUTesell poja
Coelastrella: xieTKy oBaJibHbIE, MMAPOBU/IHbIE, ITUPOKO

OBaJIbHbIE, JIMMOHOBHJHBIE, MepUANOHAIbHEIE pEOpa
Y anvKajbHBIE YTOJIIEHUS Ha IMOJI0CAaX KJIETOK TpU-
CYTCTBOBAJIX Y YaCTU IITAMMOB, XJIOPOILJIACT MPUCTEH-
HBIF, BO B3POCJIBIX KJIE€TKaX pasfejieH Ha CerMeHTHI,
MpeHon]1 OJUH C KpaxMaJIbHOH 0OBEPTKOH, pa3MHO-
xkeHue aBrocnopamu (Kalina and Puncocharova, 1987;
Kaufnerova and Elias, 2013; Wang et al., 2019; Kawasaki
et al.,, 2020; Wang et al., 2021; Nikulin et al., 2025;
Novakovskaya et al., 2025). OgHaxo u3-3a MopdoJio-
TUYECKON reTepOTeHHOCTH 3THUX BOJOPOCJelH yCTaHO-
BUTh TOYHBIHM JJUAarHO3, CTAJI0 BO3MOXHO TOJIBKO MOCJTIE
MPOBeJIEHNUs] MOJIEKYJIIPHO-TEHETUYECKOTO aHajn3a
¢ ucnoJsb3oBaHueM ITS2 B kauecTBe ¢uioreHernuye-
ckoro mapkepa. IlItammer D2_3c1, D4_8k, D7_11k 66111
naeHTUGUIMPOBaHb Kak npencraButrennn C. affinis,
mramMbl D2_6a2 u D4_1/5 — C. polaris, mramm D4_4/5
— C. multistriata CCALA 309. He 610 OGHapyXeHO
CyIIeCTBEHHBIX MOPG)OJIOTUYECKUX OTJIUYMN HCCIIEY-
€MBIX IITAMMOB OT THUIIOBOTO OMKCAHUS COOTBETCTBY-
omux BuoB. OHU KJIaCTEPH30BAJIUCh C BHICOKMMU
CTaTUCTUYECKUMHU TMOAJEPKKAMU C ayTeHTUYHBIMU

Ta6sauna 1. Mopdosiornueckue xapakTepUCTUKH HCCIeAyeMbIX HITaMMOB
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C. multistriata| na HET MHOT A AUIeBUIHBIE, 4-11x3-10 MIPHCTEeHHBIN, 2-16
D4 4/5 ecTh OBaJIbHEbIE, pasze’sieH Ha cer-
HIapOBUHbIE MEHTBHI BO B3pOC-
C. affinis Ja | y yactua HeT IIMPOKO OBAaJIbHbIE, 6-16 x4-8 JIbIX RIIETKAX, 2-8
OOVIH NMUPEHOU]
D2_3cl, KJIETOK BEpeTEeHOBUHbIE WJIU °
€ KpaxMaJIbHOU
D4 _8k, JIMMOHOBUIHbIE 5 .
D7 11k 06BepTKOM
C. polaris | Het HeT HeT OBaJIbHBIE, LINPOKO | 6-16 X 4-10 2-8
D2 6a2 u OBaJIbHBbIE,
D4.1/5 IapOoBUHbIE
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la polaris VKM Al-489 (PQ56556
la polaris VKM Al-488 (PO565567
la polaris VKM Al-421* &P 565566)
la polaris D2_6a2 éPZ59 3. %)

I\flljZ5933 4%

Coelastrella sp. KNUA037 (KT883911)

Coelastrella thermophila var. globulina FACHB-2308% (

Coelastrella thermophila var, globuling FACHB-2309 (M
Coelastrella thermophila FACHB-2307 (MH176127)
Coelastrella thermophila VKM Al-523 ( X549904)l
Coelastrella thermophila FACHB-2300* (MH176114)
Coelastrella thermophila FACHB-2303 (MH176117)
Coelastrella thermophila FACHB-2298 (KP702302)
Coelastrella thermophila VKM Al-524 (PX549905)
Coelastrella thermophila FACHB-2304 (MH1761 I8§

3

MFE

1176128)
H

176125)

'Pseudospongiococcum Iprotococcoides’ T
a
thina Ki-4* (AB762691)
861977 Coelastrella thermophila FACHB-2306 (M
2294 (KP702304)
! Coelastrella saipanensis FACHB-2138* (MF383401)

—

6199/ Coelastrella cogersae DS
Coelastrella cogersae VKM Al-504 (PV199121

3

Coelastrella thermophila FACT IB—ZZégé M}—%1761 15

CALU 221* (MZ126559)
Coelastrella thermophila FACHB-2302

H176130
Coelastrella sp. SAG 2123 (JX513883)
Coelastrella cho?ﬁqingensis FACHB-3315* (MW718822)

-2078* (MH311539

Coelastrella laevis VKM Al-504 (PV081916)

Coelastrella thermophila FACHB-2 MH17611
H176116)
Coelastrella thermophila var. astaxan.
<o) Coelastrella saipanensis FACHB-

%steraggsl )quadricell ulare' FACHB-2316 (MH176123)

Coelastrella tenuitheca FACHB-2313 (MH17
4‘&" Coelastrella tenuitheca VKM Al-484 (PP937762)
oelastrella tenuitheca FACHB-2314* (MH176122)

94/99/

Coelastrella vacuolata CCAP 211/8P ( ‘R865687)>
Coelastrella vacuolata CCAP 211/8C (FR865685

C
oo,.| Coclastrella vacuolata SAG 211-8b* gHG5|4423)
3499 1 Coelastrella vacuolata CCAP 211/15 (FR865661)
g
Coelastrella vacuolata CCAP 211/11N (MK 541794

B ea— )
! Tetradesmus deserticola BCP-SNI-2* (AY510462; AY510471)

Tetradesmus wisconsinensis (1) SAG 22.81 (AB037096; HG514430)

0.03

Puc.2. YkopeHeHHOe (pruioreHeTHUeCKOe epPeBO 3eJIeHBIX Bojopociieil poxa Coelastrella, mocTpoeHHoe MeTomoM Barieca,
Ha OCHOBe IocJjiefjoBaTebHOCcTel pparmenta ITS2 (267 H.). 3Hauenus SH-aLRT u BP menee 80%, PP menee 0.8 He yka3aHEI.

5

Mogesnp Hyk1eoTUAHbIX 3aMeH: TIM2 + 1+ G4. O6o3HaueHusA: * — ayTEHTUYHBI

¥ mramM; (T) — TUIIOBOM BU; * — MaKCHMMAaJIbHas

cratucThyeckas noaaepxka. I1oyXupHbIM mpUGTOM BblJieJIeHbl HCCIIelyeMble IITaMMEIL.

mTamMMaM¥ 3THUX BUAOB. [Ipy 3TOM reHeTnyeckue Ouc-
TaHIUY B paMKaX JaHHBIX KJIACTEPOB COOTBETCTBOBAJIN
BHyTpuBHAOBOMY ypoBHIO (D2_3cl, D4 8k, D7_11k u
C. affinis VKM Al-356 < 0,8%; D2 6a2, D4.1/5 u C.
polaris VKM Al-421 - =0,4%; C. multistriata D4_4/5 -
0,4%), MOCKOJIbKY MUHHMAJIbHBI MeXBUAOBOI MOPOT
nis ITS2 mexay sugamu C. multistriata v C. concortica
- 1,6%.

Kak yxe oTMeuasoch BEIIIe, IpPeICTABUTEIN
pona Coelastrella menT mMUPOKOe reorpaduyeckoe
pacnpocTpaHeHue: OT IMOJIAPHBIX [0 3KBAaTOPHUAJIBHBIX
muport (Kalina and Punéocharova, 1987; Mikhailyuk et
al., 2019; Kawasaki et al., 2020; Boutarfa et al., 2022).
Mexy TeM, OcTaeTcA elle He MaJio OeJsbIX IATEH Ha
kapre, u [yBaHHbI!I flp — oiHO U3 HUX. B JaHHOM
vcceJoBaHUM IpeficTaBieHa WHGoOpManusa O NePBHIX
Haxoakax BugoB C. affinis, C. polaris u C. multistriata
B COBpPEMEHHBIX II0YBAaX 3TOro0 OOHaXeHHUsA, KOTOpoe
CJIyXUT CTPAaTOTHUIOM TUINYHON eJOMHOIN TOJILIH.
HUccenyeMble IITAaMMBI ABJIAJINCH [TOYBEHHBIMU OOU-
TaTeJsIMH, YTO SIBJIAETCA BeCbMa TUIWYHBIM JJIA Npef-
craButesierl atux BugoB (Kaufnerova and Elias, 2013;
Wang et al., 2019; Kawasaki et al., 2020; Wang et al.,
2021; Krivina et al., 2024; 2025).
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AHaym3 TpoduIIA KUPHBIX KHUCJIOT II0Ka3aJl,
9TO y BCeX HcCaeAyeMbIX IITaMMOB 3eJIEHBIX BOJO-
pocneri poma Coelastrella JOMUHUPYIOIIEH >XAPHOU
KHCJIOTOHN sABJIAETCA O-JIMHOJIEHOBas kucjora (ALA,
18:3A9,12,15), koTOpasi OTHOCUTCA K IpyIIle He3aMe-
HUMBIX OMera-3-II0JINHEeHACHIIIeHHBIX JXUPHBIX KIC-
Jaot. Eé comepxaHue BapbupoBasio oT 35% mo 42,1%
OT OOIIero IyJia XUPHBIX KUCJIOT, YTO XapaKTepHO AJIsA
MHOTUX IIpe/ICTaBUTEJIEN 3TOT0 pojia 1 OTpaxkaeT BEICO-
KyI0 aKTHBHOCTb JiecaTypas U 3JIOHTa3, OTBETCTBEHHBIX
3a O6UOCHHTe3 IOJIMHEHACHIIEHHBIX XUPHBIX KHCJIOT
(Goecke et al., 2020; Maltsev et al., 2021; Boutarfa et
al., 2022; Krivina et al., 2024). IIpu 3TOM, y mpencTa-
Butesiei C. polaris eé cofepxaHue 6bUI0 HANOOJIBIINM
cpeiy BCeX W3yYEHHBIX IITaMMOB: MaKCHMaJbHBIE
3HaueHus 3adpukcupoBaHsl y mramma D4_1/5 (42,1%)
u D2 _6a2 (40,4%). X0TA 3TO HECKOJIBKO HHXe, YeM Yy
ayTeHTUYHBIX ITaMmMoB C. polaris VKM Al-421 (43,4%)
u C. striolata SAG 16.95 (44,2%), KOTOpBIE TOKA3bIBAIOT
HauboJiee BBICOKME pe3yJIbTaThl B pamMKkax pofa (Lang
et al., 2011; Krivina et al., 2025), 5Tu mTaMMbl MOXHO
paccMaTpuBaTh Kak IepCIeKTHBHblE IJiA OHOTEXHO-
JIOTUYECKOTO TOJIyYeHUs oMera-3-KUpHBIX KHCJIOT. Y
mraMmoB C. affinis ypoBeHb Q-JINHOJIEHOBON KHCJIOTHI
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Ta6suna 2. ITpoduny KUPHBIX KUCJIOT UCCIeqyeMBbIX IITaMMOB, %

XKupusie kucyoTsl | C. multistriata C. polaris C. polaris C. affinis C. affinis D4_8k C. affinis
D4 4/5 D2 _6a2 D4.1/5 D2 3cl D7_11k
14:0 1,5%0,2 0,4+0,1 0,5%+0,1 0,3+0,1 0,4+0,1 0,3+0,1
16:0 19,0+0,4 20,4+0,2 22,5+0,4 22+0,3 23+0,4 23+0,2
16:1A7 - - - 0,5+0,1 0,3x0,1 0,4+0,1
16:1A9 1,8+0,1 1,3+0,1 1,2+0,1 0,7+0,2 0,7+0,1 0,7+0,1
16:2A7,10 2,4+0,1 1,7+0,1 1,5+0,2 5,4+0,2 4,2+0,1 4,8+0,3
16:3A7,10,13 16,0+0,4 4,8+0,3 4,9+0,3 10+0,3 9,8+0,4 9,7+0,3
18:0 2,3+£0,3 5,7+0,7 4,7+0,8 3,2+x0,4 3+0,2 3,1+0,3
18:1A9 7,9+0,1 6,5+0,1 5,6+0,2 7,4+0,1 6,8+0,2 7,0+0,2
18:1 Al11 6,3+0,1 4,6+0,1 3,6+0,2 2,9+0,1 2,1+0,1 2,7+0,1
18:2A9,12 7,1x0,1 9,6+0,1 9+0,1 11,9+0,2 12+0,3 11,7+0,2
18:3A9,12,15 35,0+0,9 40,4+0,7 42,1+0,4 35%0,9 37+0,6 35+0,8
21:0 0,3+0,1 - - - - -
22:0 0,4+0,1 - - - - -
24:0 - 1,6+0,2 1,6+0,2 0,8+0,1 0,9+0,1 0,8+0,1
26:0 - 2,9+0,9 2,9+0,7 - - -

OBbLJI HECKOJIBKO HUKe U OCTaBaJICA CTAOMJIBHBIM B JI1a-
nasone 35-37% (D2_3c1 - 35%, D4_8k — 37%, D7_11k
— 35%). Takxe y npencrasuresieit C. polaris v C. affinis
cofepXaHue MajJbMUTUHOBOM KMCJIOTHI HaXOAWJIOCh B
nuamna3oHe 20-23%, 4TO TUIUYHO JiS 3€JIEHBIX BOMO-
pocJieli, rfje OHa BBINIOJIHAET CTPYKTYPHYI0 QYHKIIMIO B
MeMOpaHax U CJIYXXUT cybCTpaToM [JIsl CUHTe3a MOJIN-
HeHacCHIIeHHBIX XUpHBIX kucjior (Lang et al., 2011;
Minyuk et al., 2017; Maltsev et al., 2021; Doppler et
al., 2022; Krivina et al., 2025). JIuHoJieBasA KHCJIOTA,
OTHOCALAsACA K KJIacCy He3aMeHUMBIX oMera-6- MoJiu-
HEHACHIIEeHHbIX XUPHBIX KUCJIOT, TaKXe MPUCYTCTBO-
BaJia B 3aMEeTHBIX KOJIMYeCTBax: y mrraMmmoB C. affinis eé
ypoBeHb mocturain 11,7-12,0%, y mrammos C. polaris
- 9,0-9,6%. CooTHomeHue oMera-3/omMera-6 KHCJIOT
(mpumepno 3.5:1 y C. polaris u 2.9:1 y C. affinis) aBysa-
eTcsi GU3MOJIOTUYEeCKd OJaronpuATHBIM U yKa3blBaeT
Ha BBICOKYIO0 IMUIEBYIO IIEHHOCTh 3THUX MHKPOBOAOPO-
cJjiell OJig UCHOJIb30BaHUsA B aKBaKyJIbType U OHOTeX-
Hostoruu (Patterson et al., 2012; Maltsev et al., 2021).

B oTinuue oT ABYyX APYruUx BUAOB, y mtamma C.
multistriata D4_4/5 nHabyroascs WHONU XUPHOKHUCIIOT-
HBIH pOGUJIb, KOTOPHIM 6JM30K K mTamMmy MZ-Ch23
(Maltsev et al., 2021). ComepxaHue Q-JIMTHOJIEHOBOM
kucyaotel 'y D4.4/5 eé copepxaHue coctaBuiio 35%,
YTO COMOCTaBUMO ¢ mokasarteysamu C. affinis. Ilpu
3TOM, HapsAAy € NaJbMUTHHOBOM kucaoToi (19%) 3Ha-
YWUTEeJIbHYIO JOJII0 cocTasisaa 7,10,13-rekcagexkarpue-
HOBas KHUCJIOTa, cofepXkaHue KOTOpol aocturaino 16%
— 3TOT NOKa3aTeJsb Obu1 B 1,6-3,3 pa3a Bhillle, YeM y
OCTaJIbHBIX M3ydeHHbIX mTaMmoB (oT 4,8% mo 10%).
7,10,13-rekcagekaTpreHoBass KHCJIOTa, ABJIAKOLIAACA
KOPOTKOI[eTI0YeYHBIM 'OMOJIOTOM Q-JIMHOJIEHOBOH KHC-
JIOTHI U TaKXe OTHOCAMIaACA K omera-3-IoJIMHeHaCH -
IIeHHBIX XMPHBIX KUCJIOT, HaKalBaeTcs B MeMOpa-
HaX XJIOPOIJIACTOB 3eJIEHBIX Bogopocsel (Heilmann et
al., 2004; Lang et al., 2011). OT™MeTUM TaKxe, 4TO y
D4_4/5 conepxaHue JIMHOJIEBOIM KHUCJIOTH OBLJIO MUHU-
ManbHBIM (7,1%) mo cpaBHEHUIO C APYTMMH ILITaM-

MaMmu, 4YTO yKa3blBaeT Ha IlepepacrpefejieHue yrie-
POAHOro MOTOKa B CTOPOHY CHHTe3a 16-yrjiepoAHbIX
MOJINHEHACHIIIEHHBIX XUPHBIX KUCJIOT (16:2 u 16:3) B
yiiep6 18-yriepoaHeiM oMera-6-nponu3BOAHBIM.

5. 3akniouenue

TakuMm o0pa3oM, BIEpPBEE B COBPeMEHHBIX
nouBax JlyBanHoro flpa (PecnyGsuka Caxa, Poccus)
ObUIM HaliIeHbl IIPeICTaBUTEIN TPEX Pa3IMUHbIX BUIOB
pona Coelastrella v n3y4eHbl UX TPOPUIIU KUPHBIX KHUC-
Jiot. Illtammer D2_3c1, D4_8k u D7_11k npunHaiexasnu
K Bugy C. affinis, mrammel D2_6a2 u D4_1/5 — x Buay
C. polaris, mramm D4_4/5 — x Buny C. multistriata. Bce
OHM 00JIaIal0T 3HAYUTEJIBHBIM OHMOTEXHOJIOIMYeCKUM
NOTEeHLHAJIOM, fBJIAACH MPOAYLeHTaMU IIOJIMHEHACHI-
IMIeHHBIX XUPHBIX KUCJIOT. MccienyeMele mTamMMel C.
polaris oTIMYaOTCA MaKCUMAJIBHOU MPOAYKIUEN Q-JIU-
HOJIEHOBOI1 KUCJIOTHI, mTamMel C. affinis — cbayiancupo-
BaHHBIM COJiepXKaHNeM O-JINHOJIEHOBOH U JINHOJIEBOM
KHUCJIOT, TorAa Kak mramm C. multistriata D4_4/5 xapak-
TEPU3YEeTCS OTHOCUTEJIBHO BBICOKMM COJiepKaHUeM
7,10,13-rekcajiekaTpeHOBON KHCJIOTH, YTO JeJiaeT
€ro UHTepeCHHIM 00BEKTOM IS N3YUeHNsA MeXaHU3MOB
ajantaniy M TMOTEHINMAJIBHBIM HCTOYHUKOM PpeJKUX
MOJIMHEHACHI[EHHBIX XUPHBIX KHUCJIOT.
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