Limnology and Freshwater Biology 2026 (2): 78-102 DOI:10.31951/2658-3518-2026-A-2-78

Original Article

Identlflcaflon_and comprehetlswe [ IMNOLOGY
characterization of a new soil FRESHWATER
strain of carotenogenic microalgae BIOLOGY
Chlorosarcinopsis sp. VKM Al-296 - —
(Chlorophyta)

Chubchikova I.N.'*; Dantsyuk N.V.!, Drobetskaya I.V.!, Temraleeva A.D.?

TA. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, 2 Nakhimov Ave., Sevastopol, 299011, Russian Federation
2 All-Russian Collection of Microorganisms (VKM), G.K. Skryabin Institute of Biochemistry and Physiology of Microorganisms,
Pushchino, Scientific Center for Biological Research, Russian Academy of Sciences, 142290 Pushchino, Russian Federation

ABSTRACT. We conducted a complex study of the new green microalgae strain VKM Al-296, isolated
from arable soil and identified as Chlorosarcinopsis sp. (Chlamydomonadales, Chlorophyta), using molec-
ular phylogenetic analysis (18S rDNA and ITS2 sequences) and light and scanning electron microscopy.
The strain’s morphology, growth, and carotenogenesis during two-stage batch cultivation were studied.
In a liquid medium, the cells occurred singly or in packages surrounded by extracellular mucilage, with
cell sizes of 3-6 um. By the end of the “green” stage (vegetative growth) lutein was the predominant
pigment, accounting for >60% of the total carotenoids. Other primary carotenoids were also present:
beta-carotene (14.6%), neoxanthin (11.1%), and antheraxanthin (7.1%). At the end of the “red” (sec-
ondary carotenogenesis) stage, the culture’s dry biomass content was 1.92+0.04 g/L, with carotenoids
accounting for 0.3% of the dry biomass. The pigment profile was dominated by ketocarotenoids: astax-
anthin (mono- and diesters), canthaxanthin, and adonixanthin monoesters (35%, 21% and 20% of the
total carotenoid content, respectively). Over the entire cultivation period (17 days), the average bio-
mass productivity and total carotenoid productivity were 0.10 g/L/day and 0.2 mg/L/day, respectively.
Chlorosarcinopsis sp. VKM Al-296 may be a perspective object of further research aimed at optimizing
cultivation conditions as a source of lutein at the “green” stage, as well as canthaxanthin and esters of
astaxanthin and adonixanthin at the “red” stage.
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1. Introduction enduring diurnal and seasonal fluctuations of environ-
) o ) o mental conditions. These are dramatic changes in irra-
Chlorosarcinopsis is a genus of microalgae within diance, temperature, moisture, nutrient availability,

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

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

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

These features of sarcinoid microalgae suggest
that, under conditions of mass open cultivation, the
survival rate of such species will be significantly higher
than that of more sensitive planktonic species, which
may have a positive effect on the KCar and biomass
productivity.
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The two-stage batch culture method (Boussiba,
2000; Fabregas et al., 2001; Minyuk et al., 2017) enables
comprehensive studies of strains, including optical and
scanning electron microscopy, molecular phylogeny,
and evaluation of production characteristics during
both active growth and secondary carotenogenesis.

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

2. Material and Methods
2.1. Strain origin

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

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

2.2. Morphological analysis

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

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

2.3. DNA extraction, PCR, and sequencing

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

2.4. Phylogenetic analysis

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

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

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

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

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

Table 1. Primers and amplification conditions for PCR.

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

2.5. Cultivation condition

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

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

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

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

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

2.6. Monitoring of the culture growth

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

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

DW -initial DW, g/L;

DW -the final DW, g/L;

t,—t,—growth period, days;

p—specific growth rate, day 1.

2.7. Pigment assay

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

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

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

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

2.8. Statistics

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

3. Results

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

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

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

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

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

Fig.1. LM (a) and SEM (b) microscopy images of the
strain Chlorosarcinopsis sp. VKM Al-296. Black arrow indi-
cates extracellular mucilage. Scale: a-10 pm; b-3 pm.
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4 Chlorosarcinopsis sp. WIT16VENPS 1X446412
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Chlorosarcinopsis sp. AKF-2011 ZA1-8 HQ246305
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0.99-.

Chiorosarcinopsis sp. AKF-2011 ZA1-1 HQ246304
Chlorophyta sp. SL-2016 BSC-40 KX395734
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Chlorosarcinopsis sp. YACCYB224 MH651235
—[ Chlorosarcinopsis sp. XLD-T-2 IN086483
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PR X SSRGS Chlorococcaceae sp. YQ-2024¢ FACHB-3517 PPS78392
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Palmellopsis sp. BLDN-9 JF343803 — Chlorosarcinopsis eremi UTEX 1186* HQ246438
Chiorosarcinopsis sp. YACCYB223 MH651234 Chlorococcaceac sp. YQ-2024c FACHB-3518 PP578393
Chlorosarcinopsis eremi BCP-JO1VF2 HQ246314 < Chlorosarcinopsis eremi ACSSI 132 MG523292
Chlorosarcinopsis sp. YACCYB220 MH651231 % Chlorosarcinopsis eremi MKA.28 MH654823
Chlorosarcinopsis eremi BCP-ITIVF80 HQ246316 o uncultured fungus OW839387
Chlorosarcinopsis eremi UTEX 1186* AB218706 % Chlorosarcinopsis eremi BCP-JO1VF2 HQ246443
Chlorosarcinopsis eremi ACSSI 032 MH102332 E | Chlorosarcinopsis eremi BCP-JTIVF80 HQ246445
Chlorosarcinopsis eremi BCP-JIT1VF8 HQ246315 < Chlorosarcinopsis sp. YACCYB260 MH651310
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Chlorophycean sp. SEV3VF14 AF513371 H Chlorosarcinopsis sp. YACCYB224 MH651283
Chlorosarcinopsis sp. YACCYB258 MH651261 Chlorosarcinopsis eremi BCP-JTIVF8 HQ246444
Chlorosarcinopsis sp. YACCYB222 MH651233 Chlorosarcinopsis eremi BCP-JT1VF20 HQ246441
1.0p96 | Chlorogonium sp. YACCYB20 KT279433 Chlorosarcinopsis sp. YACCYB220 MH651280
|| Chlorosarcinopsis eremi BCP-FISLVF16 HQ246313 "I Chlorosarcinopsis eremi T6éa OR438278
Chlorosarcinopsis eremi BCP-JTIVF20 HQ246312 Chlorosarcinopsis sp. YACCYB213 MH651274
- Chlorosarcinopsis sp. VKM-Al 296 MT338814 opéi-|y Chlorosarcinopsis eremi BCP-SEV3VF 14 HQ246440
Chlorosarcinopsis sp. YACCYB134 MH619574 Chlorosarcinopsis eremi BCP-SEV2VF1 HQ246439
Chiorosarcinopsis sp. WIT43VENP28 JX446414 | Chlorococcaceae sp. YQ-2024¢ FACHB-3519 PP578390
Chlorosarcinopsis eremi ACSSI 142 KY 086475 Uncultured Agaricalcs soil 6471 MF487663
Chlorosarcinopsis eremi ACSSI 177 KY086481 Uncultured Neocallimastigales soil 2785 MF483993
Chlorosarcinopsis eremi ACSSI 175 KY086479 Uncultured fungus OW839066
Chlorosarcinopsis eremi ACSSI 176 KY 086480 Chlorosarcingpsis sp. ACSSI 445 OR852649

Topos|[p Chlorosarcinopsis sp. AKF-2011 BCP-EM1VF1 HQ246437
Chlorosarcinopsis sp. A KF-2011 ZA3-2 HQ246433
Chlorosarcinopsis sp. WIT16-VFNP5 IN582332
Chlorosarcinopsis sp. A KF-2011 ZA3-3 HQ246434
Chlorosarcinopsis sp. AKF-2011 ZA1-8 HQ246430

obsifll Chlorosarcinopsis sp. AKF-2011 ZA6-2 HQ246436
Chiorosarcinopsis sp. A KF-2011 ZA6-1 HQ246435
Chlorosarcinopsis sp. AKF-2011 ZA1-1 HQ246435
Chlorosarcinopsis sp. AKF-2011 ZA1-10 HQ246431
Chlorosarcinopsis sp. AKF-2011 ZA2-1 HQ246432
Uncultured fungus OW834951

Chlorosarcinopsis eremi ACSSI 142 MT340906
Chlorococcaceae sp. YQ-2024e FACHB-3516 PP578394
Chlorococcaceac sp. YQ-2024c FACHB-3515 PP578391
Uncultured Chlorosarcinopsis OTU_0197 OR065202
Chlorosarcinopsis eremi ACSSI 129 MH102336
Uncultured Chlamydomonadales soil 2673 MF483881
Chlorosarcinopsis eremi ACSSI 131 MG523297
Chlorosarcinopsis eremi ACSSI 117 MT340908

099~ | Uncultured fungus OTU677 MG207459
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— Uncultured Chlorosarcinopsis SchF130815_fcl261 OR101615
Chlorococcum isabeliense UTEX 1774* KX147357 0.02
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Chlorosarcinopsis eremi ACSSI 129 KY086470

Uncultured Dunaliellaceae Amb_18S_715 EF023381

L Chlorosarcinopsis eremi ACSSI 131 MH102321

Chlorogonium sp. YACCYB7 KT279444

Chlorosarcinopsis eremi ACSSI 117 MH102333

't Chlorosarcinopsis eremi ACSS1 007 MH102331

—— Chlorosarcinopsis variabilis UTEX1600 AB218704

Tetracystis sp. 14601-7.1 KM020016

Chlorosarcinopsis sp. XLD-M-3 IN086480

Protosiphon botryoides UTEX B 2969 IN880459
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Fig.2. Bayesian phylogenetic trees of the strain VKM Al-296 based on the comparison of nucleotide sequences of 18S rDNA
(a) and ITS2 (b). The best-fit evolutionary model for both markers was GTR + 1+ G. Statistical support for tree nodes is indicated
by posterior probabilities (PP) and bootstrap values (BP); PP values < 0.9 and BP values < 70% are not shown. Note: The stud-
ied strain is highlighted in bold; * denotes authentic strains.
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from 0 to 1.2%. Specifically, the studied strain differed
by 0.1% from C. eremi UTEX 1186, by 0.9% from C.
arenicola UTEX 1697, and by 0.4% from C. variabilis
UTEX 1600. To enhance phylogenetic resolution, the
variable ITS2 region was analyzed in addition to the
conserved 18S rDNA (Fig. 2b). However, this did not
improve clustering within the group. The strain VKM
Al-296 grouped with algal sequences that had been
misidentified as uncultured fungi. No differences were
observed among these three sequences. The genetic dis-
tance between VKM Al-296 and C. eremi UTEX 1186
was 1.7%. The range of genetic variation within the
Arenicolinia clade spanned from 0% to 12%. Based
on the ITS2 species threshold of 10% (Hoshina and
Fujiwara, 2013; Hoshina, 2014), it can be inferred
that the clade includes several yet-to-be-described spe-
cies. Unfortunately, the ITS2 sequences for C. arenicola
UTEX 1697 and C. variabilis UTEX 1600 have not been
deposited in GenBank. Comparison of the ITS2 second-
ary structures of VKM Al-296 and C. eremi UTEX 1186
revealed only hemi-compensatory base changes in heli-
ces I, II, and IV (Fig. 3).

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

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

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

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

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

Chlorosarcinopsis sp.

83



Chubchikova I.N. et al. / Limnology and Freshwater Biology 2026 (2): 78-102

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

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

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

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

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

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

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

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

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

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

4. Discussion

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

84



Chubchikova I.N. et al. / Limnology and Freshwater Biology 2026 (2): 78-102

a Stress b Stress c
6 - " l — 1 4 l . 9 1
green” red "green” | "red i
| . | B
= ] 08 | 7 4
3 = .
v | fl | I 3 .
= 4 4 | = | ;:IB-_
i | = 06 A | s 5 4
E I a | s
o ES i =
g | o [ 5 4
E S 0.4 - S
o | &) | 3 3
3 = - -
32 | £ E E ]
= I = [ 2 4
3] 0.2 4
= 1 | | 7
[ . | 11
0 - 04—+ o0 -
0 3 6 9 12 15 18 0 3 6 9 12 15 18

[ day 0 [ Jdayo [ day 17

Fig.6. Total carotenoids content in culture (a) and dry biomass (b) in Chlorosarcinopsis sp., and total Car/Chl a ratio (c).

Desmotetra, and Desmochloris. Molecular studies later a b

revealed that genus Chlorosarcinopsis is polyphyletic,

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

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

and C. variabilis, and Stephanosphaerinia, including C. 6 12 4 lutein
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Chlorosarcinopsis-like morphology. The taxonomy of 3 7
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(C. angulosa, C. caeca, and C. superba) have not yet been

sequenced, and others lack sufficient sequence diver- 1

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

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

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

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

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

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

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

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

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

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

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

5. Conclusion

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

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

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

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

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

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

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

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

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

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

1. Beeaenue [TouBa sBJIsIeTCA CpeflON OOUTAHUA AJIA MHOXe-

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

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

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

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

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

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

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

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

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

2. MaTtepuanbl M MEeTOADI
2.1. U3onauma wrtamma

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

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

2.2. MopdonornueckKkum aHanus

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

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

2.3. Boipenenue AHK, NMUP u
CeKBEeHHpOBaHHe

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

Ta6suna 1. ITpaiiMepsl U ycyioBUA aMILTH(DUKAIWLL.

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

2.4. MoneKyAapHO-QUNAOTEHEeTHYECKHUH
aHanu3

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

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

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

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

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

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

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

2.5. YcnhnOoBUA KYABTUBUPOBAHUA

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

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

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

2.6. MOHMTOPMHI POCTA KYALTYPbI

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

€Y)
(2

2.7. AHaAM3 NUIMEHTOB

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

a

— uncultured soil eukaryote FR987413

uncultured soil eukaryote FR984753

uncultured soil eukaryote FR986059

uncultured soil eukaryote 3885b096 FR985001

uncultured soil eukaryote FR985919

uncultured soil cukaryote FR987546

uncultured Chlamydomonadales HG996264

Eukaryota sp. be31a82ca2a5ac6d5320¢3661f3b76ba ON696689

0.94",

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

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

Gungnir neglectum NIES-439* AB360745

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

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

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

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

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

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

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

a
Ctpecc

"3eneHasa" l "KpacHan"

1.2 A

CB,rin(xtm)

0.4 -
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|
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|
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Bpewms, cyTku

a
L *HI
MI3OX9 Speey
— A®
Ly CHIV O HIN
1 R TTICRR T
Puc.3. BropuuHaa crpykrypa ITS2  mTammoB

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

Had JUIA BCero sKcrnepumeHTa, cocrasuia 0,20+0,01
MT/JI/CyT, YTO COIIOCTABUMO C IOKa3aTeJjieM pOJCTBEeH-
Horo mramma C. eremi VKM Al-132 (HdaHiiok u Ap.,
2024).

"3eneHan" ctagua

0.25 ~
| |:| "KpacHaa" cragua
Beck 3kcnepuMeHT
02 &
0.15 -
0.1 4
0.05 -
0 (=

Puc.4. [lunamuka cyxoi 6Guomacchl (a) U yaenapHas ckopocTb pocta (6) Chlorosarcinopsis sp. Ha «3eJI€HOM» U «KPAaCHOM»

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

3.4. ToHkocnoMHaA xpomaTorpadpua u
COCTaB KapoOTUHOUAOB

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

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

|

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

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

HecMoTpsA Ha OTHOCUTEJIPHO HM3KOE CoAepXKa-
HHE CYMMapHBIX KapOoTUHOHIOB (IIpUOJIN3UTEIHHO
0,3% oT cyxor OuOMacChl), KAPOTMHOUJHBIN COCTaB
Chlorosarcinopsis sp. VKM Al-296 uHTepeceH coepxa-
HueM LieHHbIX KKap, BKJIIOUasa KaHTaKCaHTHH, a TakXe
3upH aJOHUKCAHTUHA, aJOHUPYOMHA M acCTaKCaH-
THHA, KOTOpHIE B CyMMe COCTaBJIANT 0Koso 80% ot
CyMMapHBIX KapOTHUHON/IOB.
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4. 06cyxpeHue

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

[IpuMmeHeHUEe MeTOHa IBYXCTAJUHHOUN HAKOIU-
TeJIbHOHN KYJIBTYPH K CapLUUHOWJHBIM MHKPOBOJOPOC-
JIIM HMeeT CBOU OCOOEHHOCTH. Arperanus KJIETOK B
TpexMepHble KJIACTEPHl He IT03BOJIAET OIEHUTh COCTO-
SIHUE KYJIBTYPHI [0 CKOPOCTHU JeJIeHus KJIeTOK. M3-3a
nedopManuy KJIeTOK BHYTPU arperaToB pa3Mephl Kjle-
TOK HCKaXxaloTcs. TakuM o6pa3oMm, oleHKa IPOAYKTHUB-
HBIX KauecTB Chlorosarcinopsis OCHOBBIBA€TCs NCKJIIOYH-
TEeJIbHO Ha M3MEepPeHUU COJiepXaHUs CyXOul Oromacchl
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Ha6momaemoe 60Jiee 4eM LIECTUKPATHOE YBeJIMYeHUe
comepxanvss CB B mepro[ «3eJieHOM» CTaquu COOTBET-
CTByeT OUHAMUKe pocTa MUKpOBoopocjeii B 6ora-
TOH NUTaTeJIPHEIMU BellleCTBaMU IUTATeJIbHOH cpefie.
CoxpaHeHUe 3TOH TeHJEeHIINN pocTa Jaxke Iocjie BO3-
JelicTBUA cTpecca IOATBepXJaeT HaJIWyue afanTa-
I[OHHOI'0 MeXaHM3Ma, MO3BOJIAIONIEr0 CIPABJIATHCS C
pe3KUMU M3MeHEeHUAMU KpUTHYeckux GaKkTopoB OKpy-
xatomeii cpensl (Doppler et al., 2022; Nayana et al.,
2022), 4TO sBJIAETCA OTJIMUUTEJIbHON YepTON KapoTu-
HOTe€HHBIX MUKPOBOJIOPOCJIEN.

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

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

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

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

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

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

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

5. 3akniouenue

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

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

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

MItamMm Chlorosarcinopsis sp. VKM Al-296 saBiis-
eTcs IOTeHIUAaJbHO [epCleKTUBHBEIM KaHOUAATOM
JUIA AajibHeUIINX MCcaefOoBaHUM, HalpaBjleHHBIX Ha
ONTHUMU3ALMIO YCJIOBUH KyJIbTUBHPOBaHUA (TeMIiepa-
Typa, MHTEHCHUBHOCTb CBeTa, CHabxeHHe NHuTaTesb-
HBIMU BellleCTBaMU U IPUPOJa CTpecc-areHTa) ¢ LieJjibio
MOBBIIIEHNA pocTa O0rMoMacchl Ha «3ejIeHO» CcTaguu U
OroCHHTe3a KeTOKapOTUHON/IOB Ha «KPacHOU» CTaANM.
YcnemHoe peleHre 3TOH Npo6jeMbl MOXeT OTKPHITh
BO3MOJKHOCTH AJIA OMOTeXHOJIOTMYeCKOro NpUMeHeHNA
3TOro mraMMa B KaueCTBe NMPOAYLeHTa JII0TerHa WiIn
KeTOKapOTUHOUOB.
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